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SHOCK TUBE-MASS FILTER EXPERIKEWS ON LINUR TRIATOMIC MOLECULES 
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Introduction -- U s e  of fast mass spectrometry t o  follow high-temper- 
a tu re  gas react ions i n  a shock tube w a s  first introduced by Bradley 
and KistlakowsQr(1) and Diesen and Felmlee(2) and has been exploited 
by several groups, a l l  of whom have used a time-of-fl ight mass spec- 
trometer. We have developed a combination of shock tube and Paul 
quadrupole mass f i l t e r  and are us1  it t o  study react ions of l i nea r  
t r ia tomic molecules akin t o  c o z ( 3 - 8  

i a t ed  w i t h  them a number of common problems. These include the  un- 
c e r t a i n t i e s  I n  temperature caused by our  partial ignorance of flow 
conditions through the sampling o r i f i c e  i n t o  the region of the elec- 
t ron  beam and of the r a t e  of gas c o o l i q  by thermal t ransport  t o  the 
end p l a t e  near the  sampling leak. 

advantages accompanying each pa r t i cu la r  mass analyzer. The time-of- 
f l ight device operates  on a cycle i n  which ion iza t ion  occurs f o r  
only a small f r a c t i o n  of t o t a l  react ion time ( typ ica l ly  about 1/400). 
T h i s  fea ture  limits s e n s i t i v i t y  and i n t e r f e r e s  w i t h  noise recogni- 
t ion .  However, one gets  a f u l l  mass spectrum every cycle and can 
e a s i l y  survey the species  produced in a complex reaction. While a 
Paul mass f i l t e r  could be b u i l t  t o  operate e s sen t i a l ly  i n  the same 
fashion, it would o f f e r  no obvious advantage. It is bes t  su i ted  t o  
the continuous ion iza t ion  and study of the de ta i led  time behavior of 
a single mass. Accordingly, mass f i l t e r  detect ion is a valuable 
technique f o r  the study of r e l a t i v e l y  uncomplicated systems, i n  which 
only a few species must be followed. It is a l s o  po ten t i a l ly  usefu l  
for inves t iga t ing  the establishment of flow from the  sampling arLfice 
and the approach t o  s teady s t a t e  conditions i n  the ion source. 

r e l a t ed  pyrolyses -- NNO and OCS -- and then consider together t he  
ex i s t ing  shock tube data on a l l  molecules of the same family. Of 
t he  severa l  s t ab le  linear t r ia tomic molecules having the same outer  
e l ec t ron  s t ruc tu re  as that of CO2, only four -- C02J N20, cs2J and 
OCS -- a r e  common and have been s tudied under high-temperature shock 
conditions.  Of these, only two -- CO2 and N20 -- have been s tudied 
extensively,  and desp i te  much progress i n  the pas t  4 years, there  I s  
sti l l  disagreement about some d e t a i l s  of tQjse decompositions. 

Each reactant 3%:- be =epiSSSiit,eci E ( z ) ,  wnere C is a calcogen 
atom and AB is i soe lec t ronic  w i t h  carbon monoxide. t low pressure, 
high temperature, and high d i l u t i o n  i n  an  i n e r t  gas ?MI, the f i rs t  
k ine t i c  s t ep  is c o l l i s i o n a l  exc i t a t ion  of the in t e rna l  modes of ABC 
followed b rap id  d i s soc ia t ion  of every s u f f i c i e n t l y  energized reac- 
t a n t  as fo9iows: 

Under some conditions of temperature and d i l u t i o n  fu r the r  s teps  can 
occur rapidly. The most important are (2)  and (3): 

All the mass spectrometric shock sampling techniques have assoc- 

In  addition, t he re  a re  spec ia l  d i f f i c u l t i e s ,  but a l s o  spec ia l  

Here I shall ou t l ine  t h e  pr inc ipa l  r e s u l t s  of our s tud ies  of two 

M + A B C ( 3  -. AB(% + C(%) + M. (1 1 
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C + A X  - CA + BC, 
ABC + C - AB + Cz. 

With the mass spec t ra l  techniques it i s  easy t o  follow a l l  of the 
possible species -- eg., ABC, C, M, CA, BC AB, C 2  -- and so deter-  
mine d i r ec t ly  the ro le  of s teps  such as (27 and ( 3 ) .  

Results -- In the ni t rous oxide study(3-5) 4s and 2$ mixtures of 
N 2 0  i n  A r  were shocked t o  temperatures between 1500 and 3500'K. 
A l l  species found were accounted f o r  by Reactions (1)-(3). 
s igna l  could be ascribed t o  fragmentation. Formation of Nz, NO, 
and 02 accompanied destruct ion of NzO i n  the proportion of about 
3:2:1:h. This suggests that  Reaction (1) is immediately followed 
by (2) o r  ( 3 ) ,  with equal probabi l i ty .  
t i ons  which we have looked in to  do not explain the observed d i s -  
t r i bu t ion  of species. 
over most of the temperature range ind ica tes  that of t h e  various 
reported ex ressions f o r  k2, the most reasonable i s  that of Fenimore 
and Jones(87 with an  Arrhenius frequency f ac to r  of 1014 cc/mole sec 
and an ac t iva t ion  energy of about 28 kcal. Essent ia l ly  the same 
expression would hold f o r  k3. The general  magnitude of these r a t e s  
has been ver i f ied  i n  a number of o ther  shock experiments(9-11). 
They show an e f f i c i e n t  atomic abs t rac t ion  process w i t h  a high ac- 
t i va t ion  ba r r i e r  which Implies s t rong repulsion between t r i p l e t -  
state oxygen atom and N20.  

Step (1) is o f  fundamental i n t e re s t .  In  order  t o  invest igate  
it, one must know how Reactions (2) and ( 3 )  a f fec t  the r a t e .  I n  
t h i s  case t h e  NzO starting concentrations were su f f i c i en t  t o  insure 
tha t  the i n i t i a l  r a t e  of NzO destruct ion w a s  2kl(M)(NzO) a t  l e a s t  
up t o  2500'K. A t  much higher d i lu t ions ,  however, Steps (2) and ( 3 )  
would be su f f i c i en t ly  slow t o  be ne l ig ib le  a t  small reac t ion  times, 
and the  i n i t i a l  r a t e  would be kl(M)?NzO). If the experimental %ti- 
vat ion energy f o r  Step (1) remains much higher than f o r  Steps (2) 
and ( 3 ) ,  a t  very high temperatures the near steady s t a t e  concentra- 
t i o n  of 0 atom w i l l  not e r ta in ,  and the r a t e  w i l l  drop from 
2kl(M)(N20) t o  kl(M)(NzO$. 
appl ies  i n  our experiments; thereforeg w e  give the rate expression 
establ ished f o r  the o i n t s  below 2500 K: 
vrith A = 1.2~10~ c c z o l e  sec JaT?, E = 60 kcal/mole, n * 5.1. 

of OCS i n  A r  were shocked t o  temperatures between 2000 and 3200'K. 
Typical ion current curves a r e  shown i n  Fig. 1, an  r e s u l t s  f o r  

O+, SO+, SZ+ were seen. 0 is  e n t i r e l y  accounted f o r  by fragmenta- 
t ion,  but the others  a re  not, except t h a t  at low temperatures CS+ 
comes exclusively from fragmentation of oCS. X l a t i v e  concentra- 
t i ons  of SZ and SO over a temperature ran e e s t ab l i sh  t h a t  the a c t i -  
vat ion energy f o r  (2) exceeds t h a t  f o r  (35 by ca. 19 kcal/mole. I n  
the 0.5$ mixtures, the r i s e  of S' s igna l  indicates  t h a t  a steady 
s t a t e  i n  S i s  not immediate and e s t ab l i shes  the  i n i t i a l  r a t e  of OCS 
disappearance as k l  ( M )  (OCS) .  From th i s ,  A - 1 . l ~ 1 0 ~ ~  cc/mole sec 
and n = 1.87, i f  E i s  taken as $0" = 71.5 kcal/mole. 
quant i ta t ive  behavior of the S2 , S+, and OCS+ ion  currents ,  we 
estimate k2 w 6 ~ 1 0 ' ~  $c/mole,,sec a t  2600'K. If the  s t e r i c  f ac to r  
f o r  t h i s  react ion is normal (0.1 or  greater) ,  the ac t iva t ion  energy 
i s  i n  the range 20-33 kcal/mole, and there  is a barrier t o  react ion 
of t r i p l e t  su l fur  atom w i t h  OCS tha t  is comparable t o  the correspond- 
ing  0 + NzO barr ie r .  

A l l  0' 

The chains and o ther  reac- 

That Reactions (2)  and (3) keep up with (1) 

It i s  not c e r t a i n  whether t h i s  s i t ua t ion  

kl = fi (E/RT)nexp(-E/lIT), 

I n  the carbonyl su l f ide  study(6,7) 4$, 2$, and 0.5% mixtures 

Step (1) are p lo t ted  i n  Fif. 2. Here the  ions OCS P , CO+, CS+, S+, 

From the 
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Given the magnitude of k2 so deduced, one can ca lcu la te  that a t  

Although the 2$ and 4% measure- 

t he  higher (2s and 4%) percentages of OCS, a near steady-state con- 
cen t r a t ion  of S atom would be establ ished almost immediately, and the 
measured r a t e  would be 2Br(OCS)(M). 
ments were less reliable because of t roubles  w i t h  so l id  sulfur ,  which 
deposited i n  the sampling or i f ice ,  the  data Indicated a r a t e  about 
twice that yielded by the  0.5% mixtures, except a t  the  up e r  end of 
the  temperature range, where the  values of kr from the  2$mixtures 
scattered about those from the 0.5$ mixtures. 

-- The most i n t e r e s t i n g  aspect of the  high-temperature study 
ecomposition of  t r ia tomic  molecules i s  the opportunity which it 

ca.n af ford  t o  inves t iga t e  some consequences of the details of col-  
l i s i o n a l  ac t iva t ion .  The s t rong-col l is ion assumption requires  that 
in the steady state a l l  bound quantum states of reac tan ts  are  pop- 
ulated i n  Boltzmann fashion, and that the probabi l i ty  of exc i t ing  
a molecule in to  an  unbound s t a t e  i s  proportional t o  the Boltzmann 
f a c t o r  f o r  the f ina l  s t a t e  but independent of i n i t i a l  (bound) s t a t e .  
Thus, t o  ge t  the r eac t ion  rate a t  low pressures,  one need only 
divide a l l  s t a t e s  into bound and unbound, apply the Boltzmann d i s -  
t r i b u t i o n  t o  al l ,  find the f r a c t i o n  of the Boltzmann population 
curve which covers unbound s ta tes ,  and mult iply by c o l l i s i o n  rate. 
Thus, one has ana riorl way of  pred ic t ing  reac t ion  r a t e  as a func- 
t i o n  of temperatuz- The rate should increase somewhat l e s s  
rap id ly  w i t h  temperature than would be predicted by an Arrhenius ex- 
t r apo la t ion  from low temperature. It i s  only at very high tempera- 
t u r e s  that one can expect the difference between the experimental 
and c r i t i c a l  (low-temperature ) ac t iva t ion  energy t o  become s igni f  1- 
cant. Thus, accurate  data on the temperature dependence of these 
reac t ion  rates under high-temperature shock conditions are potent ia l -  
l y  of grea t  fundamental i n t e r e s t .  

If the s t rong-col l i s ion  assumption I s  ser ious ly  at f au l t ,  then 
reac t ion  may proceed l a rge ly  by c o l l i s i o n a l  ac t iva t ion  of the high- 
energy bound molecules. This process, i n  turn,  may deplete  the 
populations of the upper bound l eve l s  and a c t  t o  l i m i t  the react ion 
ra te .  The e f f e c t  would be expected t o  increase w i t h  temperature and 
y i e ld  a negative cont r ibu t ion  t o  the experimental ac t iva t ion  energy. 

Accordingly, l e t  us examine per t inent  data so far  col lected on 
high-temperature a c t i v a t i o n  energies f o r  rupture of molecules of the 

In  the case of OCS, the  m i n i m u m  possible c r i t i c a l  ac t iva t ion  
CO2 family. 

energy I s  about 71.5 kcal/mole 
Our observed a c t i v a t i o n  energy 
64.5 kcal/mole. Since a t  2550 system of OCS is  
already exci ted by 15.5 kcal/mole and as the c o l l i s i o n  frequency 
involves cc e ~ e c t i v e  aeti-;ati~fi eiiei-w of (i;z jRT = 2.5 maiimole, 
t he  min imum expected over -a l l  ac t iva t ion  energy would be 71.5-13 = 
58.5 kcal/mole. On the  basis of any s t rong-col l is ion theory, which 
s t a t e s  that ac t ive  molecules are formed in a Boltzmann d is t r ibu t ion ,  
about 1.2RT = 6 kcal/mole i s  s tored i n  v ibra t ions  of the average 
ac t ive  molecule formed p u t t i  the expected minimum experimental 
ac t iva t ion  energy a t  64.5 kca3mole (48.51-6), i n  agreement with 
that observed. Therefore, accordlng t o  our current  knowledge of 
the  parameters involved in the OCS dissociat ion,  the st~Ong-COlli8iOn 

over -a l l  d i ssoc ia t ion  energy Do. 
the range 195O-315O0K is  



theory (such as the FElRM t r ea tden t )  is not i n  c o n f l i c t  w i t h  the  
experiment. However, we lack independent information about the c r i -  
t i c a l  ac t iva t ion  energy (which could be higher than the d issoc ia t ion  
energy, as i s  ap r e n t l y  the  case i n  NnO (5)) o r  the ac t iva ted  com- 
plex (bottleneck?configuration (which tel ls  ua how to  treat ro ta -  
t i ons  i n  the s t rong-col l is ion approach (7,12)). Therefore, predic- 
t i ons  based on t h e  s t rong-col l is ion theory may not be shown t o  agree 
w i t h  the  fac ts .  Indeed, our ca lcu la t lons  based on the RRKM theory 
(7) show t h a t  a low (-1%) c o l l i s i o n a l  acOivation e f f i c i ency  X 
required t o  f i t  the  observed rates, and this may be considere8 rea- 
sonable grounds for suspecting the s t rong-col l is ion model, as cer -  
t a i n l y  not 99 of every 100 col l is iorm are e l a s t i c .  To make X lar- 
ger, one has t o  assume a larger c r i t i c a l  ac t iva t ion  energy, wflich 
i n  t u r n  means that the experimental ac t iva t ion  energy shows a nega- 
t i v e  term not provided by the  s t rong*col l i s ioa  treatment. 

be e s s e n t i a l l g  the d issoc ia t ion  energy, Doo = 96 kcal%ole f o r  
SCS('Z) - CS( C) + S ( 9 ) ;  the  react ion proceeds through the  bent 
'A2 s t a t e  of CS2, which is s tab le .  

modes of OCS, and cor rec t ion  for the  temperature dependence of col-  
l i s i o n  frequency brings the possible  minimum expected ac t iva t ion  
energy t o  about 96. + 2.8 - 18.3 P 80.5 kcal/nole. 
c o l l i s i o n  approximation adds about 6.5 kcal t o  this, bringing the  
expected s t rong-col l ie ion ac t iva t ion  energy t o  about 87 kcal/mole. 
It I s  possible that a r o t a t l o n a l  cor rec t ion  i e  required (7,12), 
which might reduce th i s  by as much as 2 kcal/mole; regardless,  there 
i s  a discrepancy indica t i rg  the e f f ec t ive  ac t iva t ion  energy t o  be a 
b i t  too small t o  be explained w i t h i n  the  s t rong-col l is ion framework. 

a t  l e a s t  one employing an infrared detect ion technique(14), two in- 
volving u l t r av io l e t  absorption measurements (11,14 ), th ree  employing 
t ime-of-fl ight mass spectrometry, and ours using the quadrupole mass 
f i l t e r .  The various i n v e s t i  %tors  report  exper i ren ta l  ac t iva t ion  

which yielded 9 kcal /mle.  There appears t o  be an ac t iva t ion  bar- 
r i e r  t o  recombination, giving a c r i t i c a l  ac t iva t ion  energy i n  the 
v i c i n i t y  of 60 kcal/mole for N20('X) -. N2('X) + O ( 9 ) .  A t  the mean 
temperature of most of the  experiments (-225OoK), there  i s  roughly 
12.5 kcal  v ibra t iona l  exc i ta t ion ;  60-12.92.2 - 50 kcal/mole. With 
ac t ive  molecules being fonned with about 5 kcal average excess ener- 
gy, i n  the s t rong-col l i s ion  model we lnight expect an r c t i v a t i o n  

of about 55 kcal/mole; ro t a t ion  would decrerre  it by 1-2 enerY kcal 7 ) .  Fig. 3 shows deta from various s tud ies  f i t t e d  t o  a least- 
squares Arrhenius l ine .  It would be hard t o  reconcile the experi- 
ments wi th  the s t rong-col l is ion resu l t .  The discrepancy i n  act iva-  
t i o n  energy is  about 4RF. The apparent co l l l o iona l  ac t iva t ion  ef-  
f ic iency a l so  i s  very small. 

Several shock s tud ie s  of OCO decomposition are on record; a l l  
have been done by spectroscopic techniques. The experimental a c t i n -  
t i o n  energies from severa l  of the  studies a m  a6 follows: 

is 

I n - t h e  case of SCS, the  c r i t i c a l  ac t iva t ion  ener i s  sure t o  

The ex erimental  ac t iva t ion  
energy has been reported 13) as 80.3 kca lAo le  over the range 1800 
t o  3700'K. A t  2850 '~  1 .3 kcal/mole l a  s tored i n  the v ibra t iona l  

The strong- 

The large number of shock tube s tudies  on MpO rupture include 

energies rang1 from 30 t o  f 9 kcal/mole, except f o r  one s tudy(l1)  
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1 
Eexp TL I --_- Ref e rence T 

15 2 5 0 0 - ~ 0 0 0 ~ ~  6 kcal  . 95 3 - 3  
16 2850-4200 95.5 110 2.2 

D~O-E,(S.C. 1 
RT E,(s.c.) <RT> 

moo-5000 84.5 1: I 3500-6000 74.5 
6000-11000 62 

99 
92 
93 

3.2 
3.7 
2 ..l 

Here, E,, 
and Ea(s .E . )  denotes t h e  c r i t i c a l  ac t iva t ion  energy which, on a 
s t rong-col l is ion model, would be computible w i t h  the  given E,, . 
Notice t h a t  the  h i  hes t  experimental ac t iva t ion  energy obta lne i  i s  
s t i l l  30 kcal b e h  minimum dissoc ia t ion  energy, 126 kcal/mole. 

- In general, the  preponderance of k ine t i c  information so f a r  
obtained w i t h  shock experiments on low-pressure dissociat ions of 
l i n e a r  t r ia tomic molecules a t  high temperatures indicates  a smaller 
temperature coe f f i c i en t  of rate than is predicted by the  strong- 
c o l l i s i o n  theory of v ib ra t iona l  ac t iva t ion .  However, more precise  
experimentation should be done. The e f f e c t  is  evidence of e i t h e r  
some f a i r l y  widespread systematic e r r o r  i n  shock measurements (such 
as a temperature e r r o r )  o r  some ser ious breakdown of the (strong 

denotes experimental ac t iva t ion  energy (-denk/d(l/kT)) 

c o 11 is ion ) theory . 
ca lcu la t ions  on var ious s tochas t ic  weak-collision models f o r  exc i ta -  

Recently, Tardy and Rabinovitch(20) have reported a s e r i e s  of 

t i on .  They found that  the s t rong-col l i s ion  rate expression requires 
a cor rec t ion  f ac to r ,  8, which proved t o  be f a i r l y  insens i t ive  t o  the 
d e t a i l s  of the p a r t i c u l a r  model chosen and pr inc ipa l ly  dependent on 
<AE>/cE+>, where <bE> denotes the  average energy t ransfer red  per 
down c o l l i s i o n  and 43% denotes the mean energy of the ac t ive  mole- 
cu les  i n  the s t rong-col l i s ion  model. Ignoring any dependence of 
<AE> on temperature, we f ind  that f o r  B between 0.2 and 0.01, 
-dl?n8/d(l/RT) < -2 RT. There i s  t h u s  some t heo re t i ca l  j u s t i f i c a -  
t i o n  f o r  blamiiig an abnormally la rge  high-temperature f a l l o f f  of 
experimental a c t i v a t i o n  energy on a weak-collisional energy t r ans fe r  
process . 

~ Conclusion -- Measurements of temperature dependence i n  the r a t e s  of 
unimolecular reac t ions  of small molecules i n  the second-order (low 
pressure ) region o f f e r  exc i t i ng  and heretofore unexplolted opportuni- 
t i e s  t o  invest igate  c e r t a i n  aspects  of the c o l l i s i o n a l  ac t iva t ion  
process. However, p rec ise  data and pa r t i cu la r ly  r e l i ab le  tempera- 
t u re  measurements are necessary. The considerable disagreement among 
various labora tor ies  i n  the  case of the  react ions discussed here i s  
rima fac i e  evidence that  accuracy s u f f i c i e n t  t o  the purpose has not 

f k i i - r m e l y  a t t a ined  by most shock tube grcrltps. xeverthe:sss, 
tneere is a general p a t t e r n  of anomalously low ac t iva t ion  energies 
at very high temperatures which suggests a weak-collision process 
w i t h  react ive deple t ion  of the upper bound leve ls .  
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116. 

Figures 

Sample, experimental oscil loscope traces of ion cu r ren t s  
from shocks OCS 0. I n  A r ,  -2800~~. A:OCS+. B:CO+. 
C:S+. D:S2$. E:CS? F:SO+. The smooth l i n e  is a signal  
from a thin-film resistor i n  the  shock tube end w a n .  -- - 
Fine marks appear on the bottom l ine,  200 Psec. apar t .  
Typical adjustment of S+, CS+, and C@ dynamic i n  current  
curves t o  correct  f o r  OCS fragmentation. 
Second-order rate constants  (kr ) f o r  the disappearance of 
OCS, 0.5s i n  A r .  Open c i r c l e s  correspond t o  i n i t i a l  pres- 
sure of 6 ton; shaded ones, 8 ton. The l i n e  i s  the  r e s u l t  
of a quantum RRRM ca lcu la t ion  f o r  an assumed c r i t i c a l  activa- 
t i o n  energy of 71.5 iccai/moie, and XD - 0.01. 
Arrhenius p l o t  of second-order r a t e  constants (2k r )  d i s -  
appearance of  N20, 1-4s i n  A r .  +:Our data. Other symbols 
denote other  l abora to r i e s .  S o l i d  l i n e :  k = lor2" exp(-35.4 
kcal/RT mole), from least-squares  f i t  w i t h  half-weighting 
of our data.  Dotted l i n e :  w i t h  equal weighting of a l l  
data. 
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Fig. l a  Sample, experi-  
mental oscil loscope t races  
of ion currents  from 
shocks, O C S  0.5s i n  A r ,  
-2800~~. AiOCS+. B:COf. 
C:S+. D:S2 . E:CS+. 
F:SO+. The smooth l i ne  
is  a s igna l  from a thin-  
f i lm r e s i s t o r  i n  the shock 
tube-end w a l l .  Fine marks 
appear on the bottom l ine ,  
200 psec. apart .  

Fig. l b  Typical a d j u s t -  
ment of s+, CS+, and CO+ 
dynamic In current curves 
t o  correct  f o r  OCS frag- 
mentation. 



3.0 4.0 5.0 6.0 

I ~ T  1 0 ~ 0 ~  
- __ - 

Fig. 2. Second-order r a t e  
constants ( k l )  f o r  the d i s -  
appearance of OCS, 0.5s i n  
A r .  Open c i r c l e s  correspond 
t o  i n i t i a l  pressure of 6 torr;  
shaded ones, 8 torr. The l ine  
is the r e s u l t  of a quantum 
RRKM calculat ions f o r  an as- 
sumed c r i t i c a l  ac t iva t ion  
energy of 71.5 kcal/mole, and 
XD w O,Q1 

Fig. 3. Arrhenius p l o t  of 
second-order r a t e  constants for  
( 2 k ~ )  disappearance of N20, 
1-4% i n  A r .  +:Our data. 
Other symbols denote other  
labora tor ies .  Sol id  l i n e  : 
k = 1012'4exp (-35.4 kcal/RT 
mole), from least-squares 
f i t  w i t h  half-weighting of 
our data. Dotted l i ne :  w i t h  
equal weighting of a l l  data. 


