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The pyrolys is of compounds whose decomposition produces equ al numbers of reac tive and stable 
molecules provides a simple qua ntitati ve means of generatin g dilute mi xtures of fo rmalde hyde , acet· 
aldehyde and ac rolein. The require me nts with res pect to the therm a l stab ility of such " parent" com· 
pounds are disc ussed and the possible exte ntions to other reactive gas syste ms a re considered. 
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1. Introduction 

The capability of generating accurately known dilute 
mixtures of re active gases is important for the quanti· 
tative understanding of air pollution chemis try. For 
example , such mixtures are needed in the calibration of 
measuring ins truments, in toxicity investigations and in 
physico·che mi cal studies on the ra tes a nd mecha nisms 
of pollutant formation. The reactive nature of some of 
these gases may make it advisable to use dynamic 
methods for sample generation. This is exe mplified b y 
the use of permeation tubes for S02 generation. A gen· 
eral survey on thi s subject can be found in a recent text 
[1).1 The prese nt report deals with the production of 
dilute mixtures of formaldehyde, acetaldehyde and 
acrolein using the gas phase pyrolysis of selected " par· 
ent" molecules. Although these aldehydes are present 
in automobile exhausts [2] and may be important inter
mediates in photochemical smog formation [3], the 
main aim of this investigation is to demonstrate the 
feasibility of this technique and to call attention to cer
tain attractive features which make it worthy of further 
exploitation. 

In the past formaldehyde [4], ketene [1], butadiene [1] 
have been gen erated in this manner. The prime goal 
has been prepara tive , in the sense of obtaining gases in 
as pure a state as possible. This s tudy may be consid
ered an extention to s malle r concentr a tions of the ear
lier work , and as before the current application uses 
gas phase unimolecular reactions. S pecific interest will 
be foc used on processes of the type 

k 
S -R~ S+R 

I Figures in bracke ts indicate the lit era ture refe rences at the end of thi s paper. 

where R is the reactive species a nd S a s table com· 
pound for which calibration mixtures can be prepared 
in the ordinary ma nn er. The concentration of Sand R 
a t any time is the n 

S = R = (SR)i nili al X (1 - e- I.-t) whe re k = A exp (-E/R1) 

with A and E (activa ti on energy) constants. Thus th e 
absolute concentration of the two prod ucts is de pend· 
ent on the concentration of the " pare nt" SR , the reac· 
tion time t and the te mperature T. Howe ver , the s toi
chiometry re quires equal concentra tions of Sand R , 
therefore a determination of the concentration of S 
de termines the concentra tion of R. Note that thi s will 
be true regardless of the value of the three operational 
variables tha t control the absolute concen tration. In 
other words , gas generation based on this method does 
not require much experimental skill in pre paring the 
sample or in setting the reaction conditions. Further
more , changes in concentration can be effected with 
ease. Here, one has the option of varying the con
centration of the parent and/or the reaction te mpera· 
ture. F or the latter a wide range of concentrations can 
be generated by the adjustment of a rheosta t. The 
method also provides a convenient means of storing 
reactive or possibly toxic gases until needed. For 
example , acrolein is a very strong lachrymator and 
may be a hazard if carelessly handled. Finally for the 
calibration of a whole series of compounds R I , R 2 , 

e tc . having parents AR I , AR 2 , etc. it will be possible 
to base all the calibr ations on the one set of standard 
samples for stable constituent A. 

The aim of this study is to de monstrate that there 
exist compounds which behave in the desired fashion 
over a sufficiently wide range of reaction conditions. 
For this purpose it is possible to draw on the large 
volume of recent experimental data on molecular 
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decompositions and equally important, the work of 
Benson and co-workers [5] in rationalizing these 
results. The processes of interest are those that are 
truly molecular in character, that is the reaction occurs 
as written, and which do not have significant side 
reactions_ The avoidance of surface or chain induced 
decomposition processes is of prime importance. These 
processes are frequencly irreproducible and thus 
completely unsuitable for the present purposes. The 
monograph by Benson and O'Neal [5] suggests a 
large number of compounds that have the potentialities 
of fulfilling the requirements. They are characterized 
by six-centered transition states with A-factors in the 
10 12/s range and activation energies of between 
40-50 kcal/mol. 2 The latter is about 30 kcal/mol 
lower than that for most C-C bond breaking reactions 
and provides a degree of assurance that radicals will 
not be present in the system. The specific reactions 
which are the subject of this investigation are: 

(a) for formaldehyde , H 2C = C(CH3)CH2CH20H (3-
methyl-3-butene-l-01)--+ i-C4Hs + HCHO 

(b) for acetaldehyde, H 2C = CHCH2CHOHCH3 (3-
pentene-2-01)~ C3 H6 + CH3 CHO 

(c) for acrolein, H, toxacyclohexene-2) 

H'(lH' 
HV O 

~ C2H4 + C2H3CHO . H 

It should be e mphasized that the "parent" compounds 
have been selected purely on the basis of availability, 
relative purity and other such non-critical reasons. 
They should not be regarded as the optimum for any 
particular application. 

'I kcal/mol = 4.184 kJ/mol. 

2. Experimental Procedure 

The experimental set-up is shown schematically in 
figure 1. Although gas chromatographic detection is 
used, any other system with the necessary sensitivity 
is equally satisfactory. The key component is the re
actor assembly and can be visualized as simply a 
plug-in module between the inlet and the detection 
system. The pyrolyzer is from Chemical Data System 
[6] and consists of a heated gold coil til diameter and 
with an internal volume of about 6 cm3• With the gas 
chromatographic flow rates of 20-50 cm3/min heating 
times are of the order of seconds. The range of temper
atures is from 40 to 700°C. The use of a flow reactor is 
necessary because of the need for delivering the 
desired gas mixture to the detector as rapidly as 
possible. Gold is employed as the reactor material 
since it does not appear to catalyze surface reactions. 
The precolumn in the reactor assembly serves to purify 
the input sample. The packing for the gas c hromato
graphic columns are the various Poropaks. Column 
lengths are 2-6 ft., and the temperature is between 
100 to 150°C. The gas chromatograph is a standard 
commercial instrument with flame ionization and 
helium ionization detectors. The last is necessary for 
formaldehyde detection. Peak areas are determined 
using an electronic integrator. 

For pollution of applications, it is necessary to deliver 
to the detector submicrogram quantities of reactive 
species. Thus the use of previously diluted samples of 
the "parent" compound is essential. Alternatively, it 
would be necessary to work with microvolume samples 
or to carry out reactions at impractically low conver
sions. For introduction as a liquid sample the most 
convenient approach is to dissolve the "parent" 
compound in toluene. The concentration level is 0.2 
percent or less on a mole basis. Standard gas chro
matographic syringes and techniques can be used. 

-- - - - - - - - - - - - - - I 

I CALIBRATION 
I SAMPLE 

REACTOR ASSEMBLY 

I GAS INLET 

I 

'- - - - - - - - - - - -' 

FIGURE 1. Experimental apparatus. 
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Note that a 5 JLl sample yields about I cm 3 of toluene 
in the gas phase. The maximum possible reactive 
species concentration is that of the "parent" com· 
pound, while the lower limit is set by the impurities 
in the system and/or the detector sensitivity. An 
added advantage with regard to the use of toluene 
when the precolumn in the reactor assembly is not 
used is that it is an inhibitor for chain processes and 
thus provides an additional guarantee for the "clean· 
liness" of the r eaction. The mixtures of alcohols in 
toluene appear to be stable for a period of at least six 
months. An adaptation of the standard bubbler tech· 
nique is used for introduction as a gas. The "parent" 
compounds, in their pure state, are simply deposited 
on gas chromatographic packing (Chromosorb P, 
100-200 mesh). 3 When swept out by helium the frac· 
tional molar con centration is the vapor pressure of 

:I Certain commercial materials and equipment are identified in this pape r in order to 
specify adequate ly the eX I)e rimentai proced ure. In no c a."p. ri OI'" :; :..;o.:;h ide ntifica tion impl y 
recomm endations or endorsement by the Na tional Bureau of Standards. nor does it imply 
that the material or equipm ent identified is necessarily the bes t ava ilab le for the purpose. 
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the liquid divided by the total pressure. The two 
alcohols are particularly suitable since their vapor 
pressure at 0 °C is below 1 mm Hg and thus the mix· 
tures produced are in the same concentration range as 
that from the liquid introduction. Overall , the present 
apparatus permits the introduction of dilute samples 
of various sizes in the pyrolyzer in the presence or 
absence of an inhibitor with or without preliminary 
purification. The subsequent section will demonstrate 
that the postulated stoichiometry is preserved under 
all reaction conditions. 

3. Results 

Several chromatograms from the pyrolysis experi· 
ments on oxacyclohexene-2 are shown in figure 2_ 
They are the results of experiments with 5 JLl samples 
of 1/500 (parts by volume) oxacyclohexene-2 in toluene 
(without precolumn) and are typical for this and the 
other two systems. The important factors are: 
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FIGURE 2. Typical chromatograms - 5 ILL of 1/500 oxacyclohexene-2 in tolaene at various temperatures. 
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(a) The concentration of reactive specie extends over 
two orders of magnitude. 

(b) In the mid-range for this case 700 to 900 K, the 
chromatograms are essentially identical to each other. 
Note that since similar sized samples are used and the 
two components are created at the same time the ratio 
of peak heights should be a good measure of the rela
tive concentrations and it can be seen that this is the 
case. 

(c) At the lower limit of conversion and temperature 
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the baseline is very noisy. With the present mode of 
operation this is unavoidable since the extraneous 
peaks represent trace impurities in the oxacyclohex
ene-2 and/or toluene. Presumably rigorous purification 
will bring about some improvement. The alternative 
possibility of using a precolumn did not prove worth 
while sInce removal of the impurities also entails the 
dilution of the oxacyclohexene as it moved down the 
precolumn thus degrading the detectability. The sim
plest way of going to lower quantity of substance deliv-
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F IGU RE 3. Number of moles of olefin and aldehyde delivered to the director at a given pyrolyzer temperature. 

Liqu id sa mples are from ~ .2- 10 I-li at concentrat ions of - .02-.2 percent (mole basis) . Cas samples 1/2 c m1 . (a) Form aldehyde and isobutene. (b) Aceta ldehyde and propylene. 
(c) Acrolein and e th ylene. Line represent s 1- 1 correspondence 
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ered to the detector is to use s maller samples at higher 
temperatures. Thus with a 0.5 ILl sample a t 700 K a 
chromatogram with areas similar to that of fi gure 2b, 
except on the 640 and 80 scale, can be obtain ed. 

(d) At the highest te mperatures a n extraneous meth
ane peak is prese nt. Also, the peak height ratio has now 
changed considerably. It is quite clear th at the condi
tions are now suc h that the unimolec ular deco mpos i
tion process is no longer the only process occurring. 
The presence of methane and the noisy baseline at the 
low conversions serve as a warnin g signal that the cali
bration procedure may be ques tionable. It s hould be 
noted that in dealing with hydrocarbons under the 
present condition s, form ation of methane is a usual 
product in chain decomposition processes. The sa me 
phenomenon has been observed in the two alcohol 
systems. 

In fi gure 3 the results are placed on a more quanti
tative bas is by plotting the logarith ms of the total 
number of moles of aldehyde produced vers us the 
number of moles of olefins for a numbe r of different 
experiments. It can be seen that within the scatter of 
5-10 percent th ere is a one-to-one correspondence 
between aldehyd e and olefin. Furthermore, thi s covers 
over 2 to 4 orders of magnitude in mol es delivered and 
a te mperature ra nge of several hundred degrees. They 
range in ex tent of decomposition from less th an 1 per
cent to complete reaction durin g the highes t 25 to 50 
degrees. It is possible to carry out reactions for 
another 50° or so before side reactions beco me im
portant. In terms of a 10 cm3 air pollution sample the 
numbers here represent a lowest concentration of 
a fe w ppm or less. It is also important to note that 
these res ults a re inde pendent of the means of delivery 
or size and conce ntration of samples. The calibra tion 
factors for acrolein and acetaldehyde have been deter
mined using dilute samples of pure substances. For 
formaldehyde the calibration fac tor is derived from the 
pyrolysis of trioxane in toluene at a temperature of 
900 K. This is a generally used technique for formalde
hyde generation. The olefins are prepared as a 45 ppm 
mixture in He pre pared by a commercial supplier and 
with a s tated but unconfirmed accuracy of ± 5 percent. 
Checks on th ese calibrations have been carried out by 
pyrolyzing other " paren t" compounds. For example, 
for acetaldehyde, the reac tion H 2C = CHOC 2H 5 

~ C2 H 4 + CH3 CHO gives area ratios of A(C 2 H4)/ 

A(CHaCHO) ;;:= 2 on a chromatogram. This can be 
compared with th e ratio of A(C 3 H6)/ AA(CH3 CHO) = 3 
from 4-pentene·2-ol or for that matter from allyl ethyl 
ether decomposition (H2 C = CHCH2 0C2H5 ~ C3 H6 
+ CH3CHO). The 3 to 2 ratio is the relative sensitivity 
of the flame ionization detector of propylene as against 
ethylene and has been verified from the standard 
olefin mixture. With regard to acrolein the reaction 
H 2C = CH2CH2 0CH2CH3 = CH2 ~ C3 H6 + H2C 
= CHCHO gives an area ratio of A(C3H6)/ A(acrolein) 
= 3/2 and can be compared with A(C 2H4)/ A(acrolein)= 1 
from oxacyclohexene-2 pyrolysis. Here again one 
observes the required 3 to 2 propylene to ethylene 
rati o. The sensitivity of the aldehydes to the flame 

--------

ionization de tector is in acco rd with the observatio n 
that carbonyl groups are not de tectable by this means 
while the rest of the molec ule behaves as a hydro· 
ca rbon. 

It did not prove feasible to carry out th ese c hecks 
for formaldehyde. Th e use of 3-bute ne-l-ol and allyl 
methyl ether as " parents" yields propylene and 
formaldehyde. Unfortunately, and unexpec tedl y th ese 
compounds are not separated by the Poropaks to an 
extent that permitted accurate area meas ure ments. 

4. Discussion 

The scatter of these results is larger than can be 
accounted for by uncertainties in the area measure
ments. There does not appear to be any simple expla
nation since there are no perceptible trends. Thi s sets 
a limit with respect to the precision of thi s type 
of gas generation . With respect to th e dynamic 
range it should be emphasized tha t the lower limit 
could probably be lowered if greater efforts a re 
made to "cleanup" the sys te m by rigorous purifica
tion. The prese nt data represents the results achieved 
with readily purchasable che micals using standard 
general purpose instrumentation. The highest con
centrations tes ted here are in the range of 2000 
ppm. This is probably as high as one would want to go 
sin ce it is only at th e lower levels tha t sample integrity 
is a proble m. Overall, the e ntire proced ure makes th e 
generation of reactive gases a simple matter. Thus , 
there is no need to control te mperature, sample size or 
method of introdu ction. Indeed , there is no certainty 
that a gold reac tor is need. This point will be tested. 

Although all the present data have been obtained on 
th e basis of the introduction of a pulse of the parent 
co mpound , it should be noted th at the setup for gaseous 
introduction can, with minor modifications, be used to 
generate a constant stream of reac tive gases. In so far 
as the pyrolytic technique is concerned no new prob
lems are introducted. Indeed the experie nce from 
kin etic studies is that continuous pyrolysis may pro· 
duce more satisfactory results that that using the pulse 
method. Continuous generation is necessary for tox· 
icological and physical chemical investigations. Com
plications will arise from the multicomponent nature of 
the system. The parent compound can be eliminated by 
working at a temperature where reaction is comple te. 
Another reason for working in thi s region is that if one 
carries out experiments in the kineti c region, the expo
nential dependence of the rate constant requires sen
sitive temperature control. With regard to the presence 
of the stable compound, it may be of no importance or 
one can select a pare nt molecule which will give a 
standard molecule which is easily separated from the 
reactive species of interes t. 

The success of thi s technique for generating the 
desired aldehydes implies that similar reactions can be 
used to generate a variety of other gases. Some of 
these include organic acids, alcohols , ketones , hydro
gen halides, ammonia, etc. Some typical reactions 
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which might be utilized are as follows: 

CHaCOOC2 H5 ~ CH3 COOH + C2t4 

C2H50COOC2~ ~ C2H50H + C2t4 + CO2 

tC4 H9CI ~ iC4 Hs + HCI 

An examination of Benson and O'Neal's monograph 
[5], and a consideration of the criteria given here sug· 
gests that a large number of reactive gas molecules 
from an endless array of parent compounds may be 
made in this fashion. The only obvious exceptions are 
probably ozone and various highly oxygenated 
compounds. 

The author is grateful to James R. McNesby for his 
encouragement and to the Measures for Air Quality 
program at the National Bureau of Standards for 
support. 
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