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ABSTRACT

The thermal decomposition of 1-butene and 1-butene-u-d3
wésrstudied in the temperature range 1,90° to 560°C. in a static
system. The majority of the reaction,products were determined
qualitatively and quantltatively by gas chromatography and
mass spectrometry. The reaction products consisted of a gas-
eous and a liquid fraction at S.T.P. The maln products in the
gaseouslfraction were methane, propylene, ethylene and ethane.
The.principal liquid products were cyciohexadiene, benzene,
cyclopentene, cyclopentadiene, and toluene., The liquid fract-
lon also contained a large number of other compounds in trace
amounts. The concentrations of the methane, propylene, ethy-
lgpe apd ethane_were found to increase almostAlinearly with
the time of reaction over the temperature range. The rates of
formation of these products were found te follow a first order
@ependencg_op.the initigl concentration of the butene. The
overall_activat;onAenergy for the butene decomposition was found
to“belapproximately 66»kcal/mole. The overall activation en-
" ergles for the formation of the individual gaseous hydrocarbons
also were determined., |

| The thermal decomposition of the 1-butene-)+-d3 was found
to be nearly identical with that of the 1-butene. The distrib-
ution of deutgrium in the pyrolysis products was determined.
The ma jor qomponénts of the light hydrocarbons were: methanés,

H D, C_HD_;.ethylenes, C_.H , C

CHD ;
HDB,.prppylengs, C.H s C3 5 3305 20, 2H2D2,

376
CZH3D;vqthanes, C2H3D3°
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The addition of 5% by volume of mercury dimethyl to the

initial l-butene or l-butene-l-d, was found to produce a large

3
acceleration of the decomposition at u9000. The products of.
these sensitized'reactions were determined quantitatively and
the deuterium distribution in the products from the l-butene-l-
d  experiment was obtained.

‘The results of this lnvestigation provide stroﬁg evidence
for'the_existgnce of complex free radical reactions. A mech-
anism is proposed which accounts at least qualitatively for the
main_features of the kinetics and predicts yhe.bbserved dis-
tribution of deuterium isomers in the pyrolysis of the deuter-
ated butene, .A feature of the mechanism is thé‘extensive use.
of disproportionation regctions_in which digprbpqrtionation is
: ggsumgd to occur by addition of a free radical to the double
bond of the butene, followed by rapid subsequent decompositién '
of the addition produqt.

, , o
Thg mass spectrum of l=-butene-l}-d, was measured in a 90

3
Nier—type_mass spegtrometer using 50-volt electrons, High res-
clution nuclear magnetic resonance measurements showed that the
methyl group wasAfully deuterated and that there were no D
atoms located elsewhere in the molecule,

A comparison of the mass spectrum with that of l-butene

shows that the total intensities of each group of Cu, 03, 02

and Cq fragments are the same for both compounds. This indicates

equal probabilities of C - C bond rupture in the dissocation
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of fhe cdrrequndiﬁg parent ibhs. The distribution of fragments
within‘the groups_in the deuterated compouﬁd shows, however,
thatbextensive migration of the D atoms has occurred during
lonization., Migration 1s also evident at much.lower energies

(approximately’ls €eVe)
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INTRODUCTTION

GENERAL

An exﬁerimental investigation in chemical kinetics gen-
erally_involves the design and execution of experiments that
provideAapppobriafe data_for.the_determinétion of the rates
.and mechanisms of_tﬁe reactions concerned. In chemical re-
‘actions proceeding by radical chains, a special task arises
in the determination of the elementary reactions involved in
,the mechanism. The thermal decomposition of hydrocarbons often
proceeds largely by chain mechanisms, In this field, many in-
vestigations have been undertaken in which attempts were made
to determine the chain ﬁechanism_by studying .the overall ther-
qgiydecomposition of the hydrbcarbons, However, it has been
vgradually realized thét most of the systems studied were pro-
hibitively complex and that-the information obtained was gen-
erally not sufficient for the éstablishment of the elementar&
steps occurring in the reaction mechanism., Therefore, in the
last two degades, a changé,in approach has taken place, More
of the ipvestigatiqns undertaken have been aimed at‘fhe study
of isolated elementary reactions. Considerable knowledge, im-
agination and experimental skill are required for the design
of a system by which an elementary reaction caﬁ be studied.-
successfully.

Dgpa“on»elgmentary reactions are of great importance be-
cause of‘their_generality. Thus, a knowledge of the rate of

recombination of methyl radicals can be applied to many
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systems in which methyl radicals are produced, However,
such a "carry oéer" of data from one reaction system to an-
other ié'certainly not perﬁissible in all cases. In some re-
action systems, energetically excited "hot" radiéals may be
produggd whichibghave quite‘differently from the ndrmél
species. _ A _

If the elementary reaction studiéd i1s the splitting
of a molecule (or radical), the activation energy of the re-
actibn éan be identified with the dissociation energy of the
bond»@quen{rif the”gssumption is made that the activation
energy of the reverse reaction 1s approximately zero. In
tbi?.???i the study of elementary reactions can provide in-
fqrmatipn“gbpyt‘bond dissociation energies and conversely,
bond dissociation energies determined by other means can be
used in ;nygstiggtiqns of elementary reactions, |
‘ If a sufficient set of data qnlelementéry reactions
ﬁ@;ch”might‘pgyticipatq in the deéomposition of avhydrocarbén
(br’in_apx other complex reaction) is available, the final
best of the usefulness of these data is to attempt to use
theg pomdesgfiye thg'kinetiq behavior of the complex system. -
This final test often fails, as 1is illustrated by the ther-
ma}'dgggmppgition pfvgthane, abggt whigh congiderable con-
t?qygrsy”sti}lﬁexists,”’?gis_spggests that morelreliable in-
formation about elementgry.reactions is required, and also
that the "carry over" of information has to be done with
caution. |

In the light of the above considerations, the present
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investigatign, a study of the overall thermal decomposition
of'l-butene,_might appear to be somewhat out-dated. Yet,
there are several justifications for undertaking it, No
§ystemgy;q inyestiga?ion of the overall thermal decomposition
pfvlfbutene is rgported in the literature. This applies
especially to the quantitative determination of the products
f??mgd;m Subsequently, no reéctipn mechanism has been
postulated or assumed. A‘considerable amount of Information
on elementary radical reactionélis available in thé 1it-
erature. It was therefore believed that,’iriradical react-
iéns are lnvolved, it might be possible to correlate the
available information with reliable analytical results for the
products of butene decomposition in a way which_wquld lead
to a p}gusiblewmechanism_%or the overall reaction,
»‘?hg;thermglﬂr?agtipns of‘all higher olefins are not
understood with any certainty. A better understanding of the
thgrmg;'decbmpqsition.of l-butene would throw some light on
phe‘thgrmal_behayior of these.oiefins, since l;buteng can be
considered as a good kinetic representative of this group of

compounds.,

SURVEY OF THE LITERATURE
INVESTIGATIONS OF THE DECOMPQSITION OF 1-BUTENE

~ The earliest investigation of ‘the thermal decomposition
of l-butene was made by Wheeler and WOod.3 1-Butene was
decomposed In a flow system in the temperature range between

600 and 700°C. The contact time varied with temperature from
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20 seconds for the low temperature range to 10 seconds for the
higher temperatures., At room temperature, the composition of
the reaction mixtures obtained was: 88% gaseous products and
12% 1iquids, by weight,

The gas fpaétion was analysed separately. The:unsatﬁr-
ated hydrchrbons‘were separated from the paraffins’through
bromination, and the bromides Wwere ldentified further. The
pargffins in phe gas fragtion were sthn to be only methane
and/or ethane, since no condensation occured at the temperature
of dry ice. ~The relative proportion of methane to ethéne then
was dete;mined py combustion. The results obtained for the

gaseous products are given in Table I,

~ TABLE I.

Thermal Decomposition of 1-Butene (Wheeler and Wood)

Temp., Products in Volume % of Initial 1l-Butene

o |
°C ©H, CHy CH CH H, CH CH
600 0.9° 54.0 7.6 3.2 0.88.1 1.9
650 1.7 20,0 24.5 1h.2 6.2 37.2 7.1
700 1.4 2.1 19.6 22,3 11.9 62.1 10.6

. Thelliquids in the reaction mixture were separated
roughly by distillation, and the fractions were examined
further., Cyclohexene, methyl-cyclohexene, cyclohexadiene,
methyl-cyclohexadiene, benzene, and toluene were found to be
~'some of the major products, |

Wwheeler and Wood assumed that three primary reactions



are responsible for the formation of thé gaseous products.
The first primary reaction considered is the rupture of the
terminal bond of the l-butené, Thié is followed by "hydrogen-
ation of the radicals formed", Thus, the resulting broducts,
pgthane apd propylene, are férmed‘in equal proportions, in
apprpx;matg agrgément with the analytical results for the low-'
er temper;tures.n It is not clear whether or7n9t Wheeler and»
Wood considered the products from the primaryISplit'to be free
radigals. Sincé the'work was‘done 15.1930, one year before
Pgneth and Hofeditz positively proved the existence of free
mgtpy}”?adicals by the mirror”technique,fit must be assumed
that the "radicals" referred to here were methane and allene.
Tbe‘éubsedﬁgpt_hydfogenation was thought tpre'dﬁe to mol-
eguiér hydrogen liberated from the second ?rimary decompos-
ition peaptipn'of_thglbutene? namely,ﬂthe‘direCt dehydrogen-
ation of butene to butadiene. The thifd primarj reaction con-
sidergd ig”thé_decomposition of the butene to ethylene, some
of the ethylene subsequently being hydrogenated to ethane.

The liquid hydrocarbons were believed to originaﬁe'from
.the combination of the butadiene with an olefin; i,e;, cyclo-
- hexene from ethylene and butadiene, and methyl-cyclohexene |
from prqpylene_and_butadiene, with subsequent dehydrogenatipn
of the cyclic‘qompounds so formed., To test this assumption,
Wheeler and Wood_heated mixtures of ethylene and butadiene,
Atréoooc{_g mixture of 12.85% butadiene and 87.15% ethylene
was prolysgd'under the same éxperimental conditions as was

the butene. The formation of small amounts of cyblohexene
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was observed. The dehydrogenation of the cyclohexene to form
the more unsaturated producfs found; also was investigated
by pyrolysing cyclohexene. At 6OOOC, approximately 9% of the
original product was converted to benzene.

The molecular mechanisms assumed by Wheeler and Wood ex-
'plain; in a genera1 way, the formation of the main products,
.However, the experimental evidence clearly is'insufficient to
warrant an_acceptancg of the proposéd reactions.

Hurd and Gpldsby;z_have also studied the thermal decomp-
osition of l-butene. Analysis of the gaseous products was
madg by 1ow temperature .fractionation in an}improved Pod-
biglniak type distiilation column, The analytical results
obtained were similar to those of Wheeler and Wood. The
authors were interested mainly in the isomerization of the
1-butene to 2-butene occurring at temperatures sbove 600 C,
and thequpre,wg_genéral rgactipn mechanism wég not considered

A more recentvinvestigation is reported by Molera and
Stubbs?Z'in_aAsurvgy of the thermal behavior of-a number of
Q;gfipghin_a static»gystem. The initial pressure increase
was found to be proportional to the initial pressure of 1-
butepe g@mit@ed,'with a range of initial pressures from 50
to 500 rm. Hg. Therefore, an overall first order reaction
was ipdipgted, The_acfivation energy for the overall re-
1aé;fiop_wgsmdetermined by_an Arrhenius plot of the'initial
rate obtgined from_pressurerchange measurements. The value
found was Eféé.u‘kcgl./mole, for the temperature range be-

tween 4490 and 600°C., Unfortunately, activation energies
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\

determined by following thejinifial pressure increase are
difficult to interpret without a knowledge of the mechanlsm
involved or of the reaction products formed.

Molera and Stubbs also investigated the effect of nitric
oxide on the reaction. Addition of nitric oxide was found to_
prodqu an ipcrease in the rate measured by the initial press-
ure increase. | |

?he.addition'of nitric oxide in hydrocarbon pyrolysis
has been used widely to test for the participation of free
radicals. The nitric oxide is believed to be a very efficlent
iph;bitor of freelradical chains. Thus, & decrease in the de-
composition ratg ip the presence of nitric oxlide indicates
that thé reaction proceeds partly or exclusively by.radical
chg;ng. _anyersely, 1f the gddition of nitric oxidé has no
affegti_radiqal mthanigms do not_appegr to participate in
thewreéctiqn.A‘Accqrdipg to this concept, the slight increase
in rate found by Molera and Stubbs should indicate that fad-
;cgl_ghgips do not participate extensively in the reaction
mechanigm.‘“prever, some of the conclusions obtained with the
use of the nitr;c‘oxide technique are open to doubt, and sti11
sub ject to controversy. In the special case of l-butene, an
;nhipitqr Qf‘radica1 chains itself, the lack of inhibiting
?ption of the nitric oxide cannot be’considerea as conclusive.
propf that free radicals do not participate in the reaction,
This question will be dealf with in more detail in the dis-

cussion of the experimental results.
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PRIMARY STEP IN THE FREE RADICAL DECOMPOSITION OF 1-BUTENE

~ For a number of years it has ‘been recognized that the
allyl radical is stabllized by high rescnance energy. This
has been_substgptiated on‘theqretical_as well as on exper-
imental grounds. The resonance energy of the allyl radical
has been estimated theoretically by Cm_llson)'L as 15.4 kcal./
mole and by Orr (quoted by Boliand)3 as 18.7 kcal./mole. The
high resonance energy of the allyl radical should manifest
itself in a low value of the dissocigtion energy of the allyl-
methyl bond as compared with the propyl-methyl bond in n-
butene. The weakest bond in l-butene is thus the allyl-methyl
bqnde_and_gt‘suffic;ently high temperatures,-the thermsal de-
composition should proceed, at least partly, with tHe primary
step (1), as follows: |

;.15Butene — CH3-¥ Allyl (1)

' ?herpresgpce of metpyl an@ allyl rgdipals in the pyrol-
ysis of l-butene has been detected directly with the aid of
the mass spectrometer by Lossing, Ingold and Henderson.16 1-
Butene was decomposed at 1000°C in a fast flow system attached
to a mass spectrometer. The nature of the apparatus requires
relatively high concentrations of radicals for their positive
detection. Since_the contact time used in this method is al-
so_vgryrshort (gbout 0.8 milliseconds), the temperatures used
are considerably higher than those of conventional kinetic
invegtigations.. The temperature range_studied,in the present

investigation is lower by L,00°C. The considerable difference
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in tempsrature reduces the sighificance of Lossiﬁg's
results for the present study, since the reaction might
proceed by a different path at temperatures éo much 1owér.

The primary step of the l-butene decomposition has
been Studied at lower temﬁeratures (650-77000) by Sehon and
Szwarc.gs The investigation was based on the toluene carrier
'technique.BO The main feature of the method is the use of
toluene as‘a carrier gas.‘ The radicals formed in the
primary decomposition of the compound under investigation
are removed by the fast reaction with toluene.

C6HS-CH3 + R, — RH =+ CéHS-CHZ.

The relatively stable benzyl radicals dimerize eventually
tp dibenzyl. The toluene present in large excess thus acts
as an effective chain inhibitor,

In the particular case of l-butene, the idealized mech-

anism can be expressed by the equations:

CH s CH-CH,-CH

3 p=CHy —= CH£=CHTCH2. + CHj (slow) (1)
CH; + CéHSfCH3 — CHA + CéHS-CHE. (fast) _ (2)
CH2= CH-CH2° + 06H5—0H3 _— CH2= CH-CH3 + CéHS-CHé(B)
and chain terminating steps like: '
2 . C HCHyy —= (céHSCHz)Z' ()
2  CHjf CH-CH,,—= (CHy CH-CH,), etc.

Abcording to the above scheme the rate of formation of
methane is equal to the rate of the primary decomposition.
The rate of formation of methane can be conveniently measured

by separation of the methane from the reaction products at the
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temperature of liquid nitrogen. In the work described, the
nonfcopdensables containgd, besides the expected methane,

. : 0
varying amounts of hydrogen (3% H_. at 935 K increasing to 26%

2
H2 at'1051°K). An Arrhenius plot of the rate of formation of
non-condensables gave a straight line. The activatipn energy
found was 61.5_kcél. and the frequency factor, A = 1013 sec .
In separate experiments, it was shown that paéking of the re-
agtionvvessel with silica wool had no infiuence on the rate,
indicating a homogeneous reaction. The reaction also was
shown to be of first order by a variation of the partial press-
ure of the butene by a factor of 6, The activation energy
and fr?QUGQQy”fQCtO? obtained were idehtified with those of the
primary decpmposition of l-butene.

The regults of Sehqn‘and Szwarc_provide the only quant-
itatiye_dapa for the actlivation energy and_frgquency factor
of the primary step in the free radical decomposition of 1-
butene. However, it seems that the interpretation of the ex-
pgrimental‘regglts_onlthg basis of thg assumedvmechanism was
donngithout sufficient prpof that the‘mechanism indeed re-
presents the'major reactions qorregtly. For example, a sig-
nificant amountfof hydrogen,'not accounted for by the mechan-
ism, was found in the methane fraction, the only gas fraction
anglysed, Also, @he'amount of dibenzyl, the-énly other prod-
uct quantitative}y determined, was considepabiy lower than
the theoretically expected amountQ 'The argument that the
ap?iygpion energy and frequency factor obtaiﬁed represent val-

ues for the postulated primary step of the l-butene decomposiiion
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therefore'must be accepted with caution.
SUMMARY

The investigations referred to above provide the
only direct information on the thermal decomposition of
1-butene available in the literature. A large number of
pfoducts apparently are formed in the reaction, but the
information available was not sufficient to explain the
modes of formation of these products satisfactorily. The.
important question concerning the reaction mechanism, whe-
ther or not radical chains participate,lis also not answered
with any certainty. |

While there is positive evidence that free radicals are
formed in the pyrolysis of l-butene at lOOOOC, the evidence
a#ailable‘for the temperature range from 500 to 600°C was
not sufficient to warrant a decision on this point. For
this reasbn, possible secondary reactions of the free rad-
icals producedlby a primary split of the butene molecule
will not be reviewed here, although such reactions have
been studied. For example, the reactions of methyl radicals
. with l-butene in systems where the methyl radicals were
ﬁrodpced by the photolysis of acetone or by some other
means have been investigated. The information about such
reactions will be discussed later in relation to the ex-
perimental results from this work.

A major difficulty in past kinetic investigations has

been the lack of convenient analytical methods capable of
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providing adequate quantitative analyses. As a result,
it has been a practice, in the past, to postulate mechan-
isms based on a minimum of quantitatiVe information. In
recent years, a number of excellent analytical methods
especially suited for the analysis of very small quantities
of complex mixtures of hydrocarbons have been deVeloped.
" Some of these methods have been used in the present work,
The objective of the preéent study was the elucid-
ation of‘the mechanism of the thermal deéomposition of
1-butene. The investigation involved the following steps:
Choice of a suitable analytical method to
provide sufficiently accurate analytical results.
Qualitative determination of the compounds
present in the reaction mixtures.
Determination of the rates of formation of the
p?oducts and the rate Qf butene decomposition as a
function of temperature.
Specific testing to determine whether or not
- radical chains participate in the mechanism,
Tracing the origin of the products formed with
the use of the deutero-isomer 1-butene-u-d3.
qurrelation of the data and determination of
the significant kinetic éonstants on the basis of

a mechanism derived from the experimental results.
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EXPERIMENTATL
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EXPERIMENTATL

METHOD OF PYROLYSIS

APPARATUS AND MATERIALS  °

The l-butene used was Phillips Research grade (99.8%) .
ThqWmethod_of>prepara£ion of the l-_butene-LL-d3 together with
proofs of structure and purity‘are given in Appendix II.

The butenés were ﬁyrolysed in a comventional static sy-
stem. The»appépatusAuSQd is represented in Fig. 1la. Vl and
V2 are stdrage flasks for the l-butene andxl-butene-h-dB.
Ml.apd legrermercuryrmappmeters, S;is the silica reaction
yessel §3OQ Qc.), The reaction vessel was hegted_in an
| electric furnace., The system could be evacuated by a mercury
diffusion pump.

~

. FURNAGCE AND TEMPERATURE CONTROL

The heating arrangement is shown in Fig. lc., The fur-
nace consisted of a quartz tube around which three separate
heating coils were wound., The tube was placed in a small
stgg}.barygx_anqrinsﬁlafed_with asbestos wool. Two chrémel-
alumel thermocouples were fastened to the top and bottom .of
phg_réaction_vggsel. The cu%rent for the heating coils was
supplied through a Sorensen voltage regulator and adjusted
for a given temperature by a vaiiab}e transformer (Fig. iv).
qu finer_mapual adjustmen; and_manual temperapure control,
the resistance Ri was used. The current tpﬁough the thré;

separate heating coils could be adjusted by the resistances
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R_, R, and R’ to obtain the same reading on both therm-
ocouples. It was possible to malntain the temperature of the

reaction vessel constant to within 1°C.

BESCRIPTION OF A TYPICAL EXPERIMENT

To shoften the time for admission of a measured quantity
qflregqtgnt gas intq.the heated regctiop vessel, a pre-expan-
sion volume Vs_was used., The pressure of butene admitted in

(and regd_on ménpmeter Ml), was so chosen as to produce a
desired _résu;tgnt‘pressureAafter expansion.of the gas from
Vé into the reactiqn"?esse;. »Frpm_Vs, the gas'was‘expanded
into the reaction veséel by fully opening the'Connécting stop-
cock“T”. After_approximately 5 seconds, the pressure on the
mangmeter M2 havingt become stationary, stopcocsz3 wag )
closed. The reaction time was measured from this moment .
The_pressure of the reaction system could be followed by read-
ings on  the mercury manometer M2.

After the_desired reaction time (1-5 minutes) had elapsed,
stOpcbck.T” was opened‘to the lower gallery aﬁd the reaétion
mixturg egganded through the open stopcqck T6 into the re-

ceiving v@lume V&, After a few seconds, T, was closed. The

6
gas trapped in the receiving volume Vu was used for analysils,

while the remaining gas mixture in the reaction vessel was
pumped out by opening Ts

i The volume of the receiv1ng pipette Vh and its connection

to the pyrolysis apparatus varied with the method and purpose
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of the analysis., 'The individual variations will be men-

tioned in the discussion of the analytical methods.

METHODS OF ANALYSIS

'DIRECT MASS SPECTROMETRIC ANALYSIS

-  TheAmass‘spectrometer_used in all determinations was a
90° sector type instrument. Magnetic scanning and pen re-
cording were employed. The sensitivityrof recording was such
thét-an 1og current of 3 x 1014 amps. gave a deflection of
1 cm. on the Leéds and Northrup Speedomax recorder. The ion
source»and_electrbnic controls have been described by Lossing
and Tickner_;l8 and by Graham; Harkness and 'I‘hode.ll The in-
styumen;‘wés of the same type as those used by Lossing and
agsoclates. o

~>TQ'0bta1n gas samples for analysis, a 300 cc. pipette
(provided with stopcock) was attached by means of a ground
glass joipt.to the outer end of stopcock T6 of the pyrolysis
apparatus. (See Fig. la.)

Direct mass spectrometric analysis showed that the re-
action mixtures obtained at_490 - SSOOC and 1-5 minutes re-
action time contained; hydrogen, methane, ethane, ethylene,
propylene, 1l, 3-butadiense and_unreacted butene, plus a great
many_compqunds with.masses higher than the molecular weight
of butene. For convenlence, pyrolysis products with a mol-
eqular weight greater than that of butene will be referred to

as polymers. The molecular masses (parent masses) of the
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polymers could be determined by scanning the higher mass range
at ‘low glectfon energies, The existence of a large number of
possible 1somers, and the lack of complete data on the mass

spectra of hydrocarbons in the CS to C, range made the in-

8
terpretation of the spectra very difficult. Furthermore, the
quantitgtive determiﬁation of the lighter hydrocarbons was

mgde uncertain by the cqntributions of the polymers to peaks

in the lower mass range. For these reasons, the method of

direct analysis was abandoned,

LOW TEMPERATURE FRACTIONATION AND SUBSEQUENT ANALYSIS .

OF THE FRACTIONS WITH THE MASS SPECTROMETER

" Since mass spectrometric analysis could not be applied
dirgct}y, a‘fractionation Qf the reaction mixture prior to
méss spectrqmetrig analyéis was undertaken.

- A LeRoy st;ll}s was constructed for thié'purpose. The
apparatus is represented in'Fig. 2. It consisted of three
main parts; sample pipette V (300 cec.), fractionation column
F and Toepler pump T. The free end of the mercury cut-off
Cl‘was séaled to stopcock T6 of the pyrolysis apparatus (see
Fig. la). The amount of gas sample admitted into the cal-
| ibrated volume of the pipette V could bé determined by
reading the prgssurelon the mercury manometér M. From pipette
V, the gas sample was admitted into the fractionating column,
which was cooled with liquid nitrogen. The gases not condensed

after a short waiting period (hydrogen and methane) were re-

3

moved, For this purpose, the mercury cut-off C, was opened and
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the gas pumped out by means of the auxiliary mercury dif-
fusion pump and the Toepler pump. The amount of collected gas
was measured in one of the calibrated volumes of the Toepler
puﬁp and then transferred into a pipétte for mass spectrometric
‘analysis. The fractionating:column was then heatéd, by means
of a built-in heating coil, to a slightly higher constant temp-
erature." The_column_temperature was adjusted to produce the
desired pressure of gas inside the column. The pressure was
determined with the McLeod gauge. A pressure of 10-100
microns Hg generally was used, depending on the desired amount
of fracﬁiqn tQAbe_pbtained._ The fraétion then was collected
by means of the qupler pump‘until the column‘pressure-had
fallen off to 1flo_miqrons_Hg. In this way, a desired number
of fractions, or ”quts", could be collected for mass spec-
trometric analysis.

The mass spectrometrlc results for the fractions of a
typical run are reproduced in Table II.

A comparlson of the values in Table II with values ob-
tained later by gas chromatographic analysls (see Table V,
reaction}mlxture 55&75 C - It min.) shows good agreement be-
tween the two methods, |

The analysis byilow temperature fractionation had some
important_disadVantages. The polymers could not be ldent-
ified beyond theilr molecular masses, since the fractionat-
ion in the high molecular range was not efficlient, Complete
identification of the polymers was desirable for a better

understanding of the reaction mechanism. Also, the results
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Table II

Results from Low Temperature Fractionation and Subseguent

Mass Spectrometric Analysis of the Fractions

Analysed mixture produced by pyrolysis

of l-butene

(initial pressure 200 mm., Hg) for L minutes at 550°C.

Fraction No. Amount of Fraction Distribution of
Volume % Compounds in Fraction

1 26.0
- A pd

2 Te3

\n

[ASAVY}

3 6.6

I 17.0

¢ o o

VFEF FOw OO o pURH niniw Ul

5 36.7

W Lanl
OO nHrHoO (@R S AW oo+ o o0

6 v ) 103

7-9- 6.0

Volume %

Hydrogen
Methane

Methane
Ethylene
Ethane

Ethylene
Ethane
Propylene
Butene

Propylene
Butadiene
Butene

Propylene
Butadiene
Butene

Butene
C5H§’ CBHB’ CSHIO

Collgs CgHgs CgHyg,
CoHgs Colgs

CrHy o0 Cglly),

Vol. %

6.0

99.6 99.6

Composition of Reaction Mixture in
Hydrogen 3.5
Methane 22.8
Ethylene 8.3
Ethane L.6
Propylene 1L..6
1,3%Butadiene 2.0
Butene 36.8
Polymers 6.9

éﬂ
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in Table II show that the separation of the lighter hy-
drocarbons was not complete. For the ﬁass spectrometric
analysis.of fractions frpm the pyrolysis of l-butene, this
is of l1little donsequence. However, the analysis of the deu-
terated reaction products from l-butene-u-d3’would have been
impossible under the same conditions, Another important
disadvantage of the fractionation method is that it is very
time-consuming.

”_qutungtgly, the advent of gas chromatography coincided
closely with‘the full realization of_the drawbacks of the

low temperature fractionation method.

ANALYSIS BY GAS CHROMATOGRAPHY

INTRODUCTION

- . A survey of this rapidly devglOping field will not be
gttemptgg he?e,‘vExtensive bib;iographies can be found in
many recently published papers., @; 9; 10

- The separation of gaseous or liquid mixtures by the ad-
sqrptignjglution‘and-partition-elution methods is effected
by passing the mixture in vapor form carried in a stream
of an inert gas through & column filled with some "active"
mgpgr;gl.__ln_phg case of édgorptionfelution chromatography,
the "gctiye" material is a solid, such as alumina, silica
gel,A§harc9a1, qtc. _The separation is then due to differ-
ential edsorption, as a result of which the diffefent com-

pounds travel through the column with different speeds, and
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emerge from the end sepérately. In partition—élution
chromatography, the active material in the column is a suit-
able liquid with low vapor pressure., The liquid is .supported
on the gurface of particles of inactive material, such as
cellite, glass powder, ground firebrick, etc., free passage
of the ¢arrier gas and a stationary liquid phase thus being
achieved. The separation in this case is due to differential
’abso?ptiqn of the compounds into the liquid phase, i.e.,
differences in thé distribution cosefficients of the compon-
ents of_the‘mixture.

The compounds leaving the end of the separating column
an‘bgﬂdetggpe@_in dif.ferent‘w‘aysf One of the methods comm-
only used employs a thermal éonductivity cell mounted in a |
balanced bridge circuit. .In thig method, the detection ié’
effected by passing the carrier gas alone through one channel
of the cell (reference channel). The carrier gas leaving
the'separatipg cgiumn?_carrying.the sepafated compounds, 1is
passed through the second channel of the cell (detection
qhgnnel)t The appeérance of a compound other than the carrier
gas:in'the detection channel causes an imbalance in the bridge
circuit. Since the output of the bridge is fed into a re-
corder, the pas;ége of each component of the gaseous mixture
?hrough thg detection cbannel.produces avpeak on the recorder
chart, The respective pqsitiqns of the peaks can be used
for qua};tative identification of the compounds. The areas
of“tﬁe_peaks”are a measureﬂqf the amounts of the correspond-

ing compounds in the sample.



-25-

APPARATUS AND PROCEDURE
Generai

The apparatus represented in Fig. 3 was constructed for
the separation of the reactlon mixtufes obtained in the but-
ene pyrolysis. It cohsisted_of four main parts:

_ Sample'admission section, for megsuring samples

and admitting them into the separating column,

Separating column with heater,
Thermal conductivity cell and detection circuit.
System for collecting the‘separated'fractions.?
- Helium was used as the carrier gas. The carrier gas,
- supplied from a storage cylinder, passed throuéh a reduction
valve, a peed}g valve and a U-tube purifier filled_with char-
poal‘gnd4§ilica_g§i'ipto the reference channel of the ther-
- mal conductivity cell. From there, the gas was directed

through elther arm B1 or B_ of the bypass into the separating

2
column. The gas leaving the column passed through the second
(detection) channel of the thermal conductiviéy cell and then

- tbppugh any one oflthe traps ty to t, where the separated

poﬁpqunds could be collected. The gts then passed through
stopcock Slb to the flow meter and finally out to the atmos-
phere. When collection of the fractions was not required,

the gas leaving the detection channel of the conductivity

cell was notAdifected through a tfap, but bypassed to the flow

meter by means of stopcock Sé.
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Admission of Samples for Analysis Into The Separating System

Samples for gna;ysis could be admitted to the separating
systém_in either gaseoﬁs or liquifiied form.

‘ For ‘admission of gaseous samples, the reservoir V and
the bypass arm Bl wefe used., The gas sample, withdrawn from
the pyrolyéis apparatus by means of a gas pipette, was ad-
mittgd through stopcock sll into the evécuated gas reservoir
V and the bypass arm Bl,‘the“helium stream hévipg been re-
directed previously phrough_bypass arm B2. Then, the pressure
of the gas sample was adjusted to the desirea:value by rais-
~ing or lowering the mercury level in V. After the pressure
was read on the mercury manometer M, stopcock 812 was closed,
The gas sample trappgd‘in bypass arm B1 was'carried to the

column by redirecting the helium stream through B The

1°
volume of the bypass arm B1 (10.89 cc.), was known., After
completion of the aﬁalysis, a néw éample of the same gas could
be admitted conveniently into bypass arm Bl. ‘After redirect-
ing the helium stream through B

» B, was evacuated through the

2" 1
vacuun 1ine cqnnection on the two-way stopcock 812. Then a
new samble was admitted into_Bl,_by connecting Bl to'the gas
reservoir V, This arrangement was particularly useful, not
only for repeated analyses of a particular gas- mixture, but
also for repeated determinations of the sensitivity of a stand-
ard gas. (See.gection entitled: Basis of the Quantitative
Determinations.) ' | ) o _ ‘
Tbevadmission’of liquid samples by means of a syringe

and a serum cap has become ‘standard practice in gas
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chromatography., A serum cap mounted on a shoﬁt sidearm

sealed to the upper part of.bypass arm B was used for this

2
purpose. However, the method was used infrequently, i.e.
only when an approximate wvalue for the reteption volume of a
l1iquid standard substance under different analytical con-
ditions was desired. >.

It was often necessary to admit 1argé quantities of
reaction mixture (containing hydrooarbons in the range
02-07)>intorthe analytical apparatus. This was essential
for the experiments in which compounds were trapped out and
collected_for mass'gpectrometric identification, and(also
for the gﬁantitative determination of the polymers, which
were present in relatively small amounts in the reaction mix-
ture. For this purpose, the hydrocarbon mixture was liqu-
ified at the temperature of liquid nitrogen in a U-tube.

The U-tube was then connected to the bypass arm B After

2.
the helium stream was directed through B2, the U-tube was

hoaﬁed rapidly,'cous;ng*a rapid evaporation of the sample in-

to the helium stream,

Sevarating Column and Heater

Glass columns with a totsl length of 150 em. and an in-
ternal vdiameter.of 5 mm., were used, Both ends of the column
above the column packing were made of capillary glaso tubipg
with 2 mm, internal diametervin order to avoid—deadispace.

The oo;umn‘ﬁas joined_to the gas line by means of two caplllary

‘ball-and-socket joints,
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The column heater consisted of two concentric pyrex
£ubes Which formed_g closed jacket arQund the column. The
heating wire was ;éﬁnd on the outer surface of the inner tube.
The temperature was measured by means of a mercufy therm-
ometer, mounted beside the column. The current was supplied
through a'Sorenseh voltége.regulator and adjuStéd to the de-
sired value by means of a varilable transformer.

‘For the sepafation and quantitgtive-detefmination of com-
pqneﬁts in thé reaction mixture ranging from methane up to
and including butene, an alumina packing of the column was
used. The aluminum oxide was graded to a particle size of
30-440 mesh.

VForwthe separgtion‘and quantitative determinatipn of
compounds ;n the reaction mixtu;e with molecular weights
higher than yhatiof butene, a partition qolumn with T.C.P.
(tric?esyl phosphate).on ¢Celite was useds The ratio of
cCelite to T.C.P. was 2 to 1 by weight. The cfelite (545
Johns-Manville Co.) was graded and mixed with the T.C,P;

according to the method described by James and Martin.l2

Thermal Conductivity Cell and Detection Circuit

The thermal conductivity cell (Fig. A) was constructed
f?om a_brags.blqu. The conductivity elements were helixes
qf p;atinpm‘wire.‘ The wire of each element had a diameter
gth.OOS cm., a total length of 1} cm., and a total resist-
gnp9_0£‘7”9hﬁ§, _Tpg deg_of each platinum wire were silver-

soldered to the projecting studs of two kovar seals which
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were softfsoldered to a removable brass plug. Two such
brass plugs, one for each arm of the cell, fitted tightly
into the brass block, completing the gas channels without
obstructing them, Vacuum tight connections between the plugs
and the cell were obtalned by means of teflon gaskéts. The
connections to the gas line were made by copper capillary
tubing soft-soldered to brass fittings carrying a gas thread
bféf 1/8", and extending into the channel of the cell so aé to
reduée~degd épgce,

The conductivity_cell and the connecting copper cap-
1llary tubing were submerged in a thermostated oil bath.

The two platihgm wires_of the cell formed_the two arms,

1.
diagram is shown in Fig. 5. The current, supplied by a

C, and 02, of a conventional Wheatstone bridge. The circuit

storage battery, was regulated to 200 m.A. by means of re-

3%

Before the beginning of an experiment, when a steady

gistance R

stream of helium was established, the two reference points
.Pl_and'Pz

two resistance.boxes Rl and R2 to zero deflection of the

galvanometer G. The output of the bridge (points Pl and P2)

were brought to equal potential by adjusting the -

then wagiswitched to the recorder. A Leeds and Northrup Speed-
omax recorder was used. The instrument provided variable
sensitivity, from 1 to 20 m.ve. for full scale deflection, and

an adjustable "zero",
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Recorder
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Svystem for Collecting the Separated Components

The gas.fractions leaving the column could be trapped
out of the hélium stream and transferred into pipettes for
mass spectrometric analysis by means of a system of traps
and a Toepler:pump. |

The following proved to be the most satisfactory pro-
cedure., Prior to the admission of the mixture to be anal-
ysed, helium was allowed to pass tﬁrpﬁgh all four traps,
which were cocled with liquid nitrogén. Due to initial con-
traction of the helium gas in the traps, a substantial slow-
ing down of the helium flow could be observed on the flow
meter, After the flow had increased to normal, the helium
stream was bypassed through stopqoék~3é (Fig. 3), and the
traps.were shut off, Then, the gas mixture to be separated
was_admittéd-to the system. ‘Inlall trapping experiments, the
gas mixtures were liquified previously in a U-tube and ad-
mitted_intq the helium stream in the way described earlier.‘
In this:way, the larger quantities of sample necessary for
trapping gguld be handled. The gas chromatogram appearing on
the Speedomax was observed, and the desired fraction trapped
by directing the gas ¢streamt through one of the traps. The
time lag between a signal on the recorder and the portion of
gas which'produged that signal reaching the trap was only
about 1 to 2 seconds. Due to this fact, itvwas possible to
trap any portion of a given beak accurately. A total of four
samples could be collected‘in the four traps. To recover

the trapped material, stopcock SlO was connected to the Toepler

<



pump, and the helium from a given trap was pumped out.
The -1iquid nitrogen was removed, and the trap'alléwed to
warm up. The gas was collected and measured by means
Qf the Toeplerbpump, and then transferfed into'g pipette

for mass spectrometric analysis.

Analysis with Gradual Increase of the Column Temperature

The variation of the retention volumest of hydrocarbons
belonging to a given homologous series can be expressed by
the approximate relation:

logr = K.N
g v . o

where: L retention volume
Nc , number of carbon atoms:of compound.
K proportionality factor

For constant flow conditions, the relation can.be expressed

as:
lO r = k.N '
& t c
where: re retention time
k proportionality factor

The expressions hold for constant column tem@erature.
‘The time of analysis thus increases exponentially with the
molecular mass of the compounds (belonging to a homologous

series) contéined in the mixture to be analysed. The

3* The retention volume of a compound is defined as
the total volume of carrier gas that has passed through
the detection cell from the onset of the analysis till
the appearance of the compound in the detection cell.
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resulting long duration of the analysis, undesirable in
itself, is accompanied by a gradual spreading-out of the
- recorded peaks, The spreading-out is dué to a gradual
diffusion of the gas fractions into the carrier gas, énd
increases;with the time spent by the fractions in the
column.‘ Low and drawn-out peaks reduce the value of the
chromatogram obtained, with'regard to qualitative and
quantitatiﬁe interpretation.

‘To obviate these difficulties it is necessary to
reduce the time of the chromatographic separation.. This
can be done either by pre—separatibn of the:mixture into
two or three fractions or by a gradual inecrease of column
tgmperature; The second method was adopted, since it
appeared to be fgster.and less complicated. The temperature
of the column Was>rais¢d during the analysis byﬁétepwise
ingreases of the voltage across the column heater, This
was.done either manually or, for series of similar analyses,
by a timeclock-relay system. The temperature increase
could be reproduced within a few degrees in successive runs,
TheApthmatogram of a reaction mixture taken under the des-
cribed conditions with the alumina column is given in Fig.

6.

BASIS OF. THE QUANTITATIVE DETERMINATIONS

The sensitivity, S,s determined for the pure gas i

can be defined as:

S. = Ai

i
ny
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where:

Ai peak area produced by gas 1 on chromatogram

n, number of moles of gas 1.
For identical conditions of analysis (carrier gas flow,
colunn temperature, etc.) Si remains constant over a wide

rangelof values of n This forms the basls of the guant-

1°
itative determination. The sensitivities of all components
in a mixtgre are determined in separate experiments using
the pure components (gas standards) alone. The amount of

a component in a gas'mixture then is obtained from:

- A
n1 = i
51 |
where: n number of moles of 1 in gas mixture

i analysed

A peak area of gas 1 in the chromatogram
i of the gas mixture

S separately determined sensitivity of
i component 1.

A discussion of the different methods for peask area de-
termination and for computation of the results can be found
in a recent paper by Dimbat and associates.8

The following procedures were used in the present in-
vestigation. The exact amount of sample admitted for anal-
ysls could be determined as desesribed in the earlier section:
Admission of Samples for Analysis into the Separating System.
- The peak areas were determined by cutting out the recorded

peaks from the chart paper, and weighing them on an shaly-

tical balance. In preliminary experiments, a very satisfactory
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constancy of the area/weight ratio of the chart paper (Leeds
and Northrup) was established. The sensiti#ities of the con-
stituent gases in the butene ﬁyrolysis mixture were determined
in preliminary experiments, All sensitivity determinations
were done under the same conditions of helium flow (4O cc./
min,) and controlled increase of the column temperaturé as
were used in the analyses of the gas mixtures. Various amounts
of each gas standard were used to chéck the constancy of the
sensitivities in the range used in the analyses. The con-
stancy of the sensitivity of 1-bgtene is demonstrated in
TablqviII?v Equally good constancy was obtained for the other

components,

TABLE IIT

Sensitivity of. 1-Butene

Amount Analyse Sensitivity

(molgsAx 10°) " (arbitrary units)
5.3 , 1.8
3.5 1.5
1.47 1.8
0.9 _ 1h.55

Average sensitivity=14.67

Maximum error _ 0.3 x 100 _2.,04%
- 1L .67 -

The sensitivities required were redetermined at the

beginning of each day of analytical work, - The variation of
the sensitivities of the light hydrocarbons determined over a

period of a month is given in Table IV,
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TABLE IV

Variatiqn ofiSensitivities of Light

Hydrocarbons over a.Month's Period

Compound Sensitivity- in mg. of chart paper
' _ per micro-mole of
‘ . compound ‘
Me thane 98 9l 91 96 90
Ethane : 136 134 135 135 136
Ethylene 125 125 120 l2u 120
Propylene 6L 170 160 173 167
Butene 218 210 212 218 218

From the results in Table IV, it can be seen that fhere
was 11tt1e variation in the measured sensitivities over a
.1ong period of time. The relative increase in sensitivity
from methane to butene is larger than the relative increase
that could be expected on the basis_of’the increasing ther-
mal conductivities of the compoﬁnds. The increése in column
tempersture'prqdpces a gradual decrease in carrier gas flow,
The decrease in gas flow is responsible for the additional
increase in the sensitivities of compounds emerging from
the column after a longer time,

RESULTS FOR THE PYROLYSIS OF 1-BUTENE
OBTAINED BY GAS CHROMATOGRAPHIC ANALYSIS

QﬁALITATiVE DETERMINATIONS OF THE LIGHT HYDROCARBONS

The light hydrocarbons in the reaction mixture from the
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1-butense pyrqusis were separated by gas chromatographic
fractionation. Most of the compounds could be identified
by retentiqn volume‘heasurements. In addition, all chrom-
atographic f?actions were collected and analysed in the mass

’spectrqmeter. The following compounds were identified

'positively:
Methane Propylene
Ethane » Butadiene
Ethylene - 1-Butene
Propane (traces) . 2=-Butene

QUALITATIVE DETERMINATIONS OF THE POLYMERS

The chromatogram of the polymer compounds contained in
a reéctiop mixture of l-butene (pyrolysed at SSOOC with a
reaction time of 5 min.) is given in Fig, 7. A partition
~* column with T.C.P. on @élite was used for the chromatographic
separation. The peaks'in the chromatogram have been indexed |
according to the nature of the compounds producing them:
B Cu Hydrocarbons-
P C5 f
H Co . "
Bz Benzene
Ti C7 Hydrocarbons
X Xyiene
+ The compounds identified by mass spectrometric‘analysis of
the fractions are given in Fig. 7 under the respective peaks.

The mass Spectrometric identification was difficult in some

cases, Positively identified were:
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X T
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Time 50 40 30 20 Minutes

Fig.7 Gas chromatographic Separation of the Polymers.
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Benzene
Toluene
Xylene (presumably orthoxylene)
Very good evidence, but not a positive proof, was obtained
for the following compounds:
Cyclopentene
Cyclopentadiense
- Cyclohexadiene,
The remaining compounds could not be identified beyond their
' molecular formulae, '
The mass spectra of thekisblated polymer fractions with

~a discussion of the mass spectrometric results are given in

Appendix I at the end of this thesis.

QUANTITATIVE DETERMINATIONS OF THE LIGHT HYDROCARBONS

‘The gas chromatographic analysis of the light'hydro?“
carbons was done with the alumina column, In all determin-
‘ations, a gas sample of the reaction mixture of approximatelj
1.3 cc. at S;T.P. (10.89lcc. at 10 cm, Hg pressure) was -
'analysed. The basis of the quantitative determinations was
described eariier. The results for reaction mixtures produced
under different experimental conditions Are presented in

Tsble V,

QUANTITATIVE DETERMINATIONS OF THE POLYMERS

The gas chromatographlic analysis of the polymers was
made with the>T.C,P. column.v_In all determinat;ons, the‘

reaction mixture sample analysed was sapproximately 21 cc.
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Table V

Anslvtical Results for Light Hydfocarbons

Time Pressure Volume %
min, of
Reaction Methane Ethane Ethylene Propylene 1-Butene Total
System
mm, Hg
Temperature - 49300
0 198.0 100 100.
1 198.6 0,20 0.10 0.15 97 97.5
2 199.0 0.62 0.13  0.30 0.4 98  99.5
3 199.8  1.25 0.27 0.50 0.74 95 98.3
L 200.0 1,72  0.40 - 0.77  1.1h4 oy 97.0
5 200.2 2,10 . 0.56 1.11 1.67 ol 99.5
Tamperatufe - 509%
0 197 100 100,
1 198 1.4y 0.2 0.36  0.60 99  101.2
2 199 2,50 0.47 0.92 1.34 96 101.6
3 200 3.40 0.72 1.4l 2.20 95 102.2
Iy 202 1.95  1.06 2.05 2,90 87 98.L
5 20l 5.30 1.35  2.63  3.77 82 95.2
Temperature ~ 522,2°¢ | ‘
0 199 100 100.
1 201 2.2 0.4 0.7 1.3 93 97.7
2 207 L. 0.9 1.7 2.7 86 9.8
3 209 6.2 1. 2.5 h.o 82 95.7
L 211 8.5 1.7 3.4 5.7 76 95.3
5 213 11.0 2.3 3.9 6.8 69 - 82.6
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Table V_(Cont'd)

Time Pressure ' Volume %

min, of ' :
Reaction Methane Ethane Ethylene Propylene l-Butene Total
System _ ‘
mm, Hg

Temperature - 51,0.6%¢

202 : 100 100,

0

1 209 5.2 1. 2.2 . 3.3 82 ' 934
2 216 9.7 1.9 k.o 6.1 73 g3
3 - 22, 13.6 3.1 5.6 8.2 63 93.5
. , |

5 23y 20.0 4e6 7.9 11.5 47 91.0

Temperature - 5&6?0

0 202 ) 100 100

1 211z 8,0 1.3 2.7 LS5 m 877
2 222 12.3 2,7 5.3 8.3 55 8L.1
3 23 16.1 3.7 6.9  10.6 L7 8L4.2
L 2y2 18 Ly T 12 39 BlL.6
5 250  22.4 4.8  B.7  13.6 33 82.5

Temperature - 55L.5°C

202 : 100 100,

215 8.4, 1.7 3.8 6.9 68 89.0
230 1.1 3.3 6.5 10.8 55 90.0
2|1 18.7 4.0 8.2  13.5 4o - 8ly.6
251 22.6 L.7 9.0 15.0 35 86.1
259 2L.9 5.3 10.3 15.8 29 85.1

i £ w o o
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TABLE VI

Temp, °C
Time.. min.
B. c
1 uHs
B C H
e b6
P " H
Fa o G
P c
3 %
H o CH,
H c H
2 6 8
H ©¢H
3 6 8
Bz CH
T1T C.H
T8
Temp. ©C
Time  “min.
B C, H
1 L8
B C H
2 L6
P C_H
2 58
P C H
3 56
H CH
1 6 10
H2 06H8
H CH
3 6 8
Bz 06H6
T1

C_H
8

Yolume &
4500 512
2 3 5 ro.e 3 5
§,¢8 d,ls 6,17 0.06 0.13 0.26 0.43
0.08 0.15 0.20 0.05 0.15 0.32 0.55
0.17 0.28 0.l .o.1u d.zu 0.41 0.65
. 0.09 0.15 0.15 0.32
0.08 0.17 0.22 0.15 0.28 0.25
0.17 0.28 b.&g | 0.32 0.48 o0.74
0.24 O0.k2 0.70 0.21 0.42 0.70 0.92
0.09 0.22 0.35 - 0.07 0.19 0.3k 0.63
0.07 0.08 0.17 0.0l 0.12 0.18 0.34
529 5
12 3 5 1 2
0.14 0.30 048 0.45 0.33 0.42
0.17 0.40 0.50 0.65 0.48 0.62
0.32 0.50 0.70 0.93 0.50 0.78
1 0.12 0.31 0.8 0.88 0.31 0.58
0.22 0.15 0.21 0.17
0.36 0.75 0.92  0.55 0.66
0.48 0.70 0.84 0.85 0.66 0.82
0.20 o.ub 0.63 1.08 0.36 0.75
0.20 0.41 0.87 5 0.50



Temp.

-6~

Table VI (Cont'd.,)

Analytical Results for Polymers

OC.

Time min.

B

v v o

I-’m\.»"’l\) VIR

C H
L 8
C H
L6
C_H
58
C H
56

Ceip

¢4
g
CéHé
€ty

Volume %

- 563

3 5 1 2 3 5
0.60 0.68 0.54 0.52 0.50 0.30
0.82 1.30  0.90. 1.10 1.05 0.70
0.91 1.31  0.88 1,05 0.86 0.76
o;é8 1.60 0.85 1.24 1l.22 1l.24
N o 6,26 0.18 0.19 0.19
0.87 1.17 0.80 1.0 0.88 0.97
0.8 0.55 0.77 0.60 0.35 0.30
1.36 2.67 1.10 2.45 2.90 3.70
0.95 1.98 0.80 1.62 1.95 2.35
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at S.T.P. (325 cc. at 5 cm. Hg pressure). The amount of
sample was measured volumetrically, Then,-the sample was
pondensed with liquid nitrogen and analysed as described
brqviéUsly.> The results obtained are presented in Table

VI.

TOTAL ANALYSIS AND MATERIAL BALANCES

Sin¢e qﬁantitative determinations of practically all
components ih'ihe;reaction mixtures were made, the overall
accuracy of the determinations can be examined on the basis
of the summation of theAvplume percentages of the components
and; in more detail by the computation of material balances.
The results for the summation of volume7percent for several
reaction mixtures are given in Table VII. The values fbr
the lighf hydrocarbons and butene were taken directly from
Table V. The data given.for the polymers were based on
Table VI. The data for the.polymers were interpolated for
all cases in which the reaction ﬁemperatures of the reaction
mixtures used for the determinations in Table VI did not
coinclide with the temperatures used in the determinations
of the light hydrocarbons. The results indicate a sat-
isfactory overall accuracy, the sum total of the volume per-
cent being withint3%.of.100 percerit in all cases but one.

The computed material balances are given in Table VIII,
The sourpesAof basic data were the same as for Table VIi. |
The valueg given for cgrbon represent the percentages of

carbon contained in the respective products, with the total
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Table VII
Total Comppsition of Heaction Mixtures
, ~ in Volume %
Temp. of Time Volume %
reaction min. Hydrogen Light 1-Butene Polymers Total
' oc - Hydro- Vol. %
' carbons
509 2 0.25 5.20 96.4 1.6 103.45
5 0.5 13,06 82.1 4.03  99.73
52,2 2 0.4l 8.34 86.5 2.73 98,01
5 1.33 14,01 68.6 6,36 90.30
50,6 2 1.20 21,70 72.6 .88 100,38
5 2.50 Ly .00 147.0 9.52  103.02
55445 2 2.00 35.00 55.0 7.70 99.70
5 .23 56,33 28.8 11.06  100.42
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TABLE VIII

Mass Balances

Reaction temg.
' C

509 52242
Reaction time ‘ S
min, 2 5 2 5
CARBON " in % of Carbon as Initial
o ’ : ' Butene
in light S A
hydrocarbons 2.34 6.33 3.72 10,00
in - ' '
polymers 2.27 5.75 L.56 9.18
total in o o ’
reaction products L.61 12,08 8.28 19.18
from ‘ e
reacted Butene 2.85 15,35 8.75 25.7
~ accounted for 79 95 75
HYDR OGEN in % of Hydrogen in Initial
' in - Butene
H — — ~
2 | 0.006 0.0l 0.116 0.36
in light "~ o . o
hydrocarbons 3.08 | 8.09 5.94 15.51
in ° o
polymers _ 1.51 3.83 2.7 6.28
total in ‘ o
reaction products .60 11.93 8.76 22.15
from reacted ' o
Butene 2085 15035 8075 2507
HYDROGEN % . '
accounted for | 78 - 100 86

‘H/C RATIO IN PRODUCTS 2.0 2.0 2.1 2.3
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TABLE VIII (cont'd.)

Mass Balances

Reaction temp.
¢

Reaction time
min,

CARBON
in light
hydrocarbons

in
polymers

total in reaction
products

from reacted
Butene

CARBON %
accounted for

HYDROGEN
in H2_
in light
hydrocarbons
in
polymers
total in reaction
prqducts

from reacted
Butene

HYDROGEN %
accounted for

H/C RATIO IN
Products

55k.5

2 5 2 5
in % of Carbon in Initial Butene
10.65 20.2 18.9 27.8
7.10 15.47 12.23 19.8
17.75 35.67 31.13 L7.6
2242 45.3 36.6 63.5
80 79 85 B
in»% of Hydrogen in Initial Butene
0.32 0.72 0.57 1.26
13.75 30.4 23.8 L2
.77 9.86 7.89 12.34
18.84,  L40.98  32.26 51,90
22,2 153 36.6 63.5
85 90 88 86
2.1 243 2.0 2.3
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carboen in the initially introduced l-butene taken as 100.
The values for hydrogentwere determined in the same way.
The material balance'givén as "éarb0n>% accounted' for" ex-
presses the ratio: |

carbon found in the reaction products -
carbon in reacted butene. — x 100

The "hydrogen % accounted for" was similary derived.

_ —It can be seen that, on the average, only about 80%

of the reacted carbon and 88% of the reacted hydrogen is
apcounted for by the products, The hydrogen to carbon

ratio found in the products is close to the theoretical value,
.23 ngiationSAfrom the theoretical value are mbre pronounced
for reaction mixtures with longer reaction times. All de-
viations show values larger than 2.0, reflecting the higher
percentage of hydrogen accounted for., The probable reason
for the discrepancy between carbon and hydrogen accounted
for gnd:reagped carbon and hydrogen will be'discussed in. -
tﬁgvnezt $ection, sinqé it has a:bearing on the analyticél

results and their specific use for kinetic purposes.

CONVERSION OF THE ANALYTICALLY DETERMINED CONCENTRATIONS
OF THE REACTION MIXTURES TO CONCENTRATIONS IN THE REACTION
VESSEL '

The conversion of the analytically determined con-

. centrations to the actual concentratiohs.in the reaction
vessel involves the assumption of ideal gas behaviour of the
reaction mixtures between the temperature and pressure con-
ditions in the reaction vessel and‘the conditions under which

a sample of the reaction mixture is measured and admitted
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for analysis.' The volume percent data obtained from the
analysis are based essentlally on a determination of the
pgrtial_pressure pi of the component 1 in a gas sample of

the reaction mixture with known total pressure pt t:
o

Py
P

Vol.% 1. X 100

tot

Under assumed ideal gas, or nearly ideal gas, behaviour of

{

the reaction mixture:

Py A
Piot Piot
for conditions for conditions
in reaction before analysils
vessel

and thus, the analytically détermined volume percent also
shqu;d‘express the concentration conditions in'the reaction
vessel, Under the above assumption, it is also possible to
express thg cpngentration of component i in the reaction

vessel in mole percent of the originally admitted butene:

Mole % i = p + AP ,
° . Vol. % i

P

where p initial pressure of the
° butene admitted in the re-
action vessel

AP measured pressure lncrease
in the reaction vessel at time
of withdrawal of the reaction
mixture.
The pefcentage of reacted butene can be obtained in an -

analogous way:

% Butene reacted=(% - Vol. % Butene x (p.+4p)/100)x100
pO
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-These:methpds of computation werelused for the results
presented in Table VIII, giving the material balances. In
the table, a certain consistent diScrepancy between reacted
and accounted material was pointed out. This discrepancy
.could be duejtp inaccuracies in the analytical determinations.
Another_factor responsible could be the formation in the re-
action vessel; of polymer compdunds with very low vapourb
pressures. Thasge pblymers would condense on the cold walls
of the apparatus after expansion of the reaction mixturé
from the reactipn vessel into the sampling pipetﬁe. The “
deposition of yellow tarry compounds on the walls of the
tubing:leading from the.reaction vessel to the éampling pip-
ette cQuld be observeé aftervthe appraratus had been in use
for several runs., If the discrepancy in the material bal-
'a#ces is expiained by the presence of involétile polymeric
compounds, the assumption‘of ideal gas behaviour of the re-
gctiqn mixture is unjustified, and therefore, all conver-
sions from concentrations in the analytical sample to'don-
centrations in the reaction vessel will be slightly in error.
We believe that the error is not too serious. For kinetic
purposes, only results from reactions in which the decomp-
qsition of‘the l-butepq had proceeded to but alfew percent
have real significance. The error due to polymer formation
in thege cases will be very small,

TheAdiffiQulty in cénverting concentrations in analytical
gas samples to congentrations in the reaction vessel, in

cases where condensation of part of the reaction products
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might be expected, is often obvigted by the addition of
known amounts of a réferenqe gas. The reference gas must
be inert to the reaction (generally one of thesbermanent
gases is}used),‘gnd its analytical detection should be

possible with good quantitative accuracy. The quantitative
determination of a permanent gas such as neon was not posé—
ible with the gas chromatographic arrangementé uséd in this
invespigation. _AAseparate massrspectrométrié determination
gf ﬁhg referencg gas_in_the reaction mixture was possible,
of_cQurse; This procedure was used in only a few pre-
‘liminary experiments and, unfortunately, later discontinued
in the belief that all compounds formed in the pyrolysis
wer§_d§tectable by the analytical methods previously des-
cribed. ‘ “

KINETIC RESULTS FOR THE PYROLYSIS OF 1-BUTENE

The methods of the qualitative and quantitative analysis
were desgribed‘in the previous sections, and some of the
regults\obtaingd were given also. In the following sections,
the results from the kinetic investigation of the pyrolysis

of l-butene will be given 1n their proper sequence,

KINETIC ORDER OF THE 1-BUTENE DECOMPOSITION

- The order of the reaction was studied by admitting
varying initial amounts of l-butene into the reaction vessel,

at a given temperature, and analysing the reaction mixtures
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Table IX

Composition of Reaction Mixﬁures with Change in Initial

Pressure of 1-Butene

Temperature of reaction 52206

Time of reaction ~ 1 minute

Initial pressure '

, mm. Hg 96" 200 415

AP/P 0,010l 0.010L 0,011

Volume % Methane 2.20 2.0 2,50
no Ethane 0.38 | 0.42 ' 0.45
" Ethylene 0.73 0.80 0.85
" Propylene 1.32 1.40 N 1.45
" 1-Butene 94,00 9. 50 95.00

Température“Of reaction 556.500
Time of reaction 1 minute

Initisl Pressure

rm, Hg 94 140 195 292 324 Lol
ap/p ' 0.12 O.1 0.1 0.1 0.11 0.11
Volume % Methane 10,0 10,5 10.0 11,0 12,0 .12.0
" Ethane 2,0 2.0 2,0 3.0 3.0 3.0
"  Ethylene 4.5 5.0 4.5 5.0 6.0 5.0

" Propylene 8.5 8.5 7.5 8.5 8.5 8.5
l-Butene 65.0 60,0 65,0 60.0 60,0 60.0
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obtained after one minute reaction time, The composition
of reaction mixtures obtained at the temperatures 522O and
556.5°C for various initial concentrations of l-butene are
given in Table IX. The pressure increase for one minpte re-
aqtion-tihe is proportional to the 1nifia1 préssure-of the
lfbutéﬁe;ror‘both temperatures studied. The concentfation
Qf each Qompound analysed is found to be nearly independent
of the initial pressure of the l-butene. The slight var-
iatiqns.are quite at raﬁdom, and musf be taken to represent
gna;ypica;dinagguracieg orhslighp differences in the re-
action temperature. The decomposition of the l-butene and
the formation of the light hydrocarbons show, therefore, a
first order dependenée on the initial concentration of the
l-butene, The dependence of the kinetic order with the time
vareagtion is complex; as will be seen in the subsequent

sections,.

PRESSURE INCREASE IN REACTION SYSTEM AND ACTIVATION ENERGY
FROM PRESSURE CHANGE :

'The pressure change in the reaction system with time
for several temperatures is given in Fig. 8. The pressure
vs. time functions show a characteristic change with temp-
erature. At low temperatures, the functions have a convex.
qﬁrvgture to the time base. At higher temperatures, the con-
vex curvature changeé to straight 11nes and then, gt still
higher temperatures, the curves assume the-regular, "first
order" form. As will bé seenAlgter, this behaviour is‘par-

alleled by the concentration vs. time curves of the light
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Activation Energy From Pressure Incregse

P InitiglAPregsure»of l-butene 200 mm. Hge.
AP Pressu;e,ingrgage after 1 minute,
AP x 103 -log. AP = T K I x 10°
, P T
6.2  2.208 778.1 1.2851
7.18 2,;u4 731,& 1.2797
8.8 2,05 785f7 1.273
1&, '1,855 792.1 1,2625
17.2 1,766 794.8  1.2562
18.85 1,725 798,; 1.2528

22,6 1.6L47 8oz.L 1.2462
31. 1?5095 807. 1f2§91
1. 1.388  812.3  1.2311
S;,z ;,252 818.8  1.222
61, 1.216 819.8 1.2198

75, 1.126 82l .l 1.2130
9l 1,06 828.15  1.207
125.5  0.902  835.7 1.197
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hydrocarbons.

The pressure increase in the reaction system was de-
termined for a number of ponstaht temperatures in the temp-
erature range: betweeﬁ_SOO and 56630. The rates of initial
pressure increase are given in Table X. The values in Table
XAwere used in an Arrhenius plot for the determinatioﬁ of the
-actiyatipn energy ffom the initial rate of pressure inérease
(Fig. 9). The value obtained for this activatidn”energy
is 67 kcal/mole, whichvcompares well with the value of 66.l
kcal obtained by Molera and Stubbs.22 b

RATE AND OVERALL ACTIVATION ENERGY OF BUTENE DECOMPOSITION

~ The goncentratigns_of the light hydrocarbons and the
1-butene as a function of time are gi&en in Teble XI, The
values are in mole % of the originally admitted 1-butene ;ﬁﬁ
representAdata from Table V, recalculated under the assump-
tions described in the section entitled: Conversion of the
AnalyticallyADetermined Concentrations of the Reaction Mix- -
tures to Concentrations in the Reaction Vessel. The percent-
age'of‘butene aecomposed as a functlion of time is shown in
Eig. lQ,‘ The butene decomposition shows a dependence that
vcould have been»antibipated from the pressure lincrease curves.
At‘low tempefaﬁﬁfes the decomposition is slow and shows an
ihduction period, gfter which the decomposition increases
reiatively rapidly. At intermediate temperatures the de-
cqmpositionvis~nearly proportional to the time of reaction

and for the higher temperatures the curves show a concave
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TablevXI'

Analyses of Reaction Mixtures -- Light Hydrocarbons

Components are given in mole % of the initially
admitted l-butense. ‘

: 0
Temperature 1193 ¢

Time 4 Methane Ethane\ Ethylene Propylene 1-Butene
min. ' : '
1 0.2 .-:‘ 0.1 0.15 97.5 -
2 0,62 9,13 0.31 0oLl 98.0
3 1.26 0.27 Q,B 0.75 9.5
b C 1.7y 0.h 0.78 1.15 95.0
5 212 0,57 1.12 1.69 9.5
Temperature 509°C |
giﬁg Methane  Ethane  Ethylene  Propylene  l-Butene
1 s 0.21 0.36 0.6 99.0
2 2.52 0.47 0.93 1.35 97.5
3 3.46 0.73 1.46 2.2l 97.0
b 5?05 1.09 e.1 2,98 900
5 5.45 1.39 2.71 3.88 8.6
Temperature 522.2°C
$ime Methane Ethane Ethylene Propylene 1-Butene
n.
1. 2,26 0.38 0.73 1.33 9.0
2 &,27 0.88 1.7h 2.8L 90.0
3 6.48 1.5 2.58 .20 85.0
L 19,00 1.80 3.65  6.03  80.5
5 11.8 2.47 L7 7.30 73.5 .
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Table XI (Cont'd,)

Temperature 540 .6°C

Time Methane Ethane Ethylene Propylene 1-Butene

min,. _ _ »
1 s 1.12 2.29 3.6 8.6
2 | | 10',;; 2,03 Iy 28 6.53 777
3 15,1 }3,gu 6,22 9,1 70.0
5 23.2 . 5.35 9.2 13.4 5540

Te@égratur64546oc

Time Methane Ethane Ethylehe Propylene  1-Butene
min, ,

83 .33 2.8 be T The5

2 13.6 2.9, 5.8 9.1 60.1

3 18.7 L.32 8.0 12.3 Sh.5

L 22.1 5.23 8.92 145 h7.2

5

27.8 6.00 10.8 - 16.9 41.0

Temperature 5511 ,5°C

Timeé Methane Ethene Ethylene Propylene l1-Butene
min, ‘ : . '
2 16,1 ‘ 3,78 Tt 12.3 63.1
3 224 L.85 9.9 16.2 48.1
L ?8,1 5,88 11.2 18,7 43.0

5

32.0 6.85 13.25 20.3 37.0
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curvature to the time base. First order rate constants

were calculated using the expreésion:

koo 1 vlog ( lQQ.)
B RN ¢

‘where t reaction time (sec.) B

C concentration of butene after
t time t (mole %)

The results are summarized in Table XI1I.

Table XII

Butene Decompositionl Variation of First Order Rate

Constants with Reaction Time

. 1
k x lOu(sec. )

” Time (min.) : - Temp. (OK)
766°  782°  795°  8u)° 819°  827°
1 1.7 k.2 10,3 28 49 5l
2 1.7 2.3 8.8 21 37 T
3 1.8 3.2 9.1 20 3k 43
& 2.1 Lol 9.0 20 3 35
5 1.9 5.& 10.3 20 - 28~ 33

k (averaged)

1.8 3.9 9.5  21.8  35.8 ui.e»

The rate constants show some 1ack'of constancy for almost
all experimental temperatures. This should be largely due

"~ to the fact that the decomposition does not follow a simple
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first order behaviour, as was slready evident from the shape
of the decomposition versus time curves. An additional
.scafter in the values‘of the rate constants could be ex-
pected from errors in the quantitative determinations. In
 a_previous>section (Basis of the Quantitative Determinations),
the acdurécj of the butene analysis was estimated to be with-
in 2% of the measurement. Since the "pe? cent butene decomp-
osed" was obtained by subtracting the amount of butene found -
in the reactibn products from the initially admitted Butene,
the analytical errors will have a relatively large effect on
'the_rate constants in all cases where the per cent of de-
composition was low,

- An Arrhenius plot of the averaged rate constants is
shown in Fig. 11. The activation energy obtained is 66
kcal/mole. Similar plots were constructed for the rate con-
stants obtained for a given reaction time. The activation,
energies from these plots are given in Table XIII.

Table XIII

" Activation Energies for the Butene
Decomposition
EA'S from Rate Constants for
- t minutes

t_(minutes) EA (kcal/mole)
1 72
2 70
3 » 69
" 6
5 60
E

from Averaged Rate .
A Constants 66
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Table XTIV

Rate Constants for the Formation of the Light Hydrocarbons

k rate constant sec. t x 10° 16
B initial concentration of l-butene (molecules/cc. x 10 ~ )
C concentration of light hydrocarbons for 60 sec. reactiog
, time (molecules/cc.x 10-10)
Methane B [ K -logk T /T |
1.25 8.l 4L.078 766.0 1.3055
26 3,56 24.1 3.618 782.0 1.2787
3.57 2%.2 3.618 787.2 1.270
38.1 3.419  795.2  1.2575
2hl 13.04 90.2 3.046  813.7 1.229
240 20.15 140. 2.855 819.0 1.2210
237 21.20 149.0 2.828 827.5 1.2085 .
2o 24,60 172.0 2.760 828, 1.,2075

Ethane : o o S '

o 26 0.52 3.5 sl  782.0 1.2787
2l 0.9 6.5 4.186 795.2 1.2575
241 2.71 18.8 3,728  813.,7 1.229
20 3.19 22.2 3.656 819.,0 1.2210
237 L.32 30;% 3.518 827.5 1.2085
240 5.50 38, 3.412 828.4 1.2075

Ethylene o ' -
250 0.27 1.7 L.752 766.0 1.3055
250 0.50 3.3 L.482  T766.0 1.3055
256 - 0.89 6.0 le221 782.0 1.2787
241 1.94 13.4 3.873 795.2 1.2575
2hl  sS.hl 37.6 3.425  B813.7 1l.229
240 6,74 L6.8 3.331 819.0 1.221
237 9.80 68.8 3.163 827.5 1.2085

Propylene s S ' '
250 0.39 2.6 1.582 766.,0 1.3055
2u6 1.h6 9.9 4,005 782.0 1.2787
21 3.25 22.4 3.650 795.2 1.2575
241 8.35 57.7 3.238  813.7 1.229
-2i0 11.90 82.6 3.08 819.0 1.2210
237 17.60 124.0 2.908 827.5 1.2085



-68-

It should be mentioned that in all cases given in TaBbe
XIII, the estimated error is relatively large (of the order
of 5 kcal) since the experimental points generally did not

determine the slope of the straight line unambiguously.

RATES OF FORMATION AND OVERALL ACTIVATION ENERGIES

FOR THE LIGHT HYDROCARBONS

The_changes in concentration for the light hydrocarbons
gmethane,‘ethane,'ethylene and propylene) with time are
graphically represented in Fig. 12, on the basis of the
values given in;Table LT, The concentration curves of the
light‘hydrocarbgns follow the same regularities with increase
in temperature as were pointed out for the pressure increase
and for the butene decomposition. |

- The rate constantévf9r~the initial formation of the
light hydrocarbons were calculated assuming first order de-
pendgncg'on thé butene concentration., The results are given
in Table XIV. The ArrheniusAplots for the rate constants of
the light hydrocarbons are shown in Fig. 13, The activation
energlies and pre-exponential factors obtained are given in

Table XV,

Table XV ’
Activation Energlies of Light Hydrocarbons

_ iA. 1/sec. E kcal/mole
Methane 103{3 . 60.5
Ethane 10122, | 63.6
Ethylene 10,2° : 71.6
Propylene 101 L 70.8
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TIME AND TEMPERATURE DEPENDENCE IN THE FORMATION OF

POLYMER PRODUCTS

‘ The éoncentrations of the major ﬁolymer products as a
function of time are given in FigureS'lu and 15. The data
for the plots were taken from Table VI: Analytical Results
for Polymers. | | R
_ The time dependence of the cyclcohexadiene, benzene and -
toluene concentrations 1is given in Figf 1&. A definite |
relation between the concentration curves of thé cyclohex-
adiene and benzene can be observed. The rate of formation of
the benzenelgppears_direptly proportiocnal to tﬁé concentrat-
lon of the cyclohexadiene. The'concentration'curves of these
Fwongompounds fo;low, qualitatively at least, théfrelation-
sbips»of_a qqnpequtivg'reaction that could be expressed by

the following equations:

1 - Butene —=~ Products
1-Butene + X —_ Cjclohexadiene + Y

Cyclohexadiene —& Benzene + Hz

Acpording tq the above reaction sequence the rate of format-
lon of the cyclohexadiene should decrease gradually with

time, due to the decrease in the butene concentration, until

a point 1s reached where the rate of formation of cyclohex-
adiene is equal to the rate of formation of benéene. This
corresponds to the maximum of the cyclohexadiéne.concentrat-
;qntﬂ Beyqnd this ppinp the copqéntration of the .cyclohexadiene

should decrease, with a corresponding decrease in the rate
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of formation of the benzene.  The experimental curves at the
highest temperature (56300) show exactly this behaviour. The
experimental curves obtalned for the lower temperatures corr-
espond quglitatively to the earlier stages of the process
described. It is, therefore, reasonsble to assume that the
benzene is a direct product of some dehydrogenation reaction
of the cyclohexadiene., The data available in Table VI are
not sufficient to provide information as to whether or not
the cyclohexene and cyclohexadiene form an analogous pair. The
concentration of the cyclohexene is found to be much smalier
than that of the cyclohexadiene, even for the shortest re-
action time analysed. Thus, either the dehydrogenation of
the cyclohexene to'cyclohexadiene ié a much faster reaction
then the dehydrogenation of cYclohexadiene to benzenel(in the
butene system),Aor the cyclohexadiene is formed by a differ-
ent mechanism hot involving cyclohexene as an intermediate.
The second alternative appears more probable.

The toluene concentration shows very much the same time
dependence as does the benzene,

The concentrationé of the cyclopentene and cyclopent-
adiene as a function of time are given in Fig. 15. The sit-
uation seemé somewhat similar to that of the cyclohexadiene
land bénzene, with the difference that at the highest temper-~
ature, thg cyclopentadiene curve flattens out: 1i.e., the

compound participates in further reactions.
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THERMAL DECOMPOSITION OF 1¥BUTENE

sENSITIZED WITH MERCURY DIMETHYL

Addition of a small amount (5%) of mercury dimethyl
to the reactant l-butene produced a substantial increase in
the réte of the décomposition. The conditions of the ex-~
- periment and the results are given in Table XVI, togetherﬁ
with the results from a blank run.containing only butene,
pyrolysed and ahalysed under exactly the same conditions.
Concentratiqn versus time plots for both experiments'aré
given in Fig. 16. The increase in rate of formation of the
polymers was not studied. It can be seen that the addition
of mercury dimethyl produces a substantial increase in the
initial rate. The increase in initial rate of formation
for the iight hydrocarbons can be calculated from the re-
sults in Table XVI. A calculation based on the concentration

after one minute reaction time is given in Table XVII.

Table XVII

Iﬁcreased Rate of Formation of Light Hydrocarbonsg in

Sensitized Reaction

Compound Increased Rate

Methane 5.75/0..33 13.3
Ethane 0.95/0.083 o 1ll.h
7 Ethylene 1. /0.196 7.1

Propylene 2.2 /0,228 9.7

It is interesting that in the sensitized reaction, not only

methane, but also ethane, propylene and ethylene show greatly
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Table XVI
Thermal Decomposition of 1-Butene Sensitized with
Mercury-dimethvyl
Composition of mixture before reaction:
1-Butene ) 95%
Mercury dimethyl 5% (by volume)

Initial pressure in reaction vessel 20948 mm. Hg
Reaction temperature Loz ¢

Composition of Reaction Mixtures

‘Amount of each reaction product 1s given in mole
% of initial 1-Butene.

Reaction time '
: min. 1 2 3 5 110

Pressure mm., Hg 214.8 216,9 217.9 218,5 220.9

Methane 5.75 6.45 6.45 T7.35 9.1
Ethane 95 1.2 1.5 1.6 2.3
Ethylene 14 1.7 1.8 2.5 2.75
Propylens 2.2 2.75 3.2 3.75 5.15
Butene 89. 88.2 85.5 78.6

Blank run with 1-Butene only, for comparison

Same temperature and initial pressure (199.5 mm, Hg)

Reaction time - ,
min. 1 2 2307 5 .07 10

Pressure mm. Hg 199.5 199.5 199.5 201.5 204.5

Methane 0.433 1.7 M.Q
Ethane 0.083 . 0.5 1.45
Ethylene 0.196 1.0 2.35
Propylene 0.228 1. 3.2

Butene 95.5 95,3 8.2
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increased rates of formation.
The discussion of the results from the l-butene decomp-
osition will be postponediunﬁil the results from the pyrol-

.ysis of the 1-buten’e-)+-d3 have been described.

THERMAL DECOMPOSITION OF l-BUTENE-u-dB

The deuterated butene, CHé=CH-CH2-CD3, used in thls
investigation was kindly prepared by Dr. L. C. Leitch of the
National Research Laboratories, Ottawa. The method of prep-
aration and the prbof of structure are given in the exper-
imental part of Appendix II: Deuterium Migration During ﬁhe
Ionization of 1-Butene—u-d3 by Electron Impact. The pre-
pared compound wés found to contain 90% CH2==CH-CH2-CD3 and
10% CH§=CH-CH250D2H. The deuterated Butene was pyrolysed

in the same reaction system used for the l-butene.

COMPARISON OF THE PYROLYSES OF 1-BUTENE AND l--BUTENE-L].-d3

The thermal béhaviour of the l-butene—Lp-d3 was very .
similér in all respects to that 6f l—bﬁtene. All products
formed in the 1l-butene decomposition also were found in the
reaction products of the deﬁterated butene. The pressure
increase with time was identical for both compounds. The
quantitative analysis of the reaction products formed in the

pyrolysis of both compounds showed no detectable differences
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in the rates of formation of the different compounds. The
concentrations of the light hydrocarbohs in the two re-
action mixtures obtained and analysed under identical con-

ditions are given in Table XVIII.

Table XVIII

Light Hydrocarboné from the Pvyvrolyses of 1-=Butene

and 1-Butene¥u-dA,for 5 Minutes at SSZOC
3

'CHB.CHZ.CH:CH CD .CH CH=CH

2 3 2 2
Vol.% ‘ Vol. %
Methane 2ly..0 2ly.0
Ethane 5.3 | 5.2
Ethylene 8.3 . 9.0
Propylene 13.0 13.6

The value given for methane formed from the deuterated
Butene includes all deutero-isomers of methane formed in

the pyrolysis. The values for the remaining broducts of the
pyrolysis of the deuterated butene are given on the same
basis, It is seen that the differences in the compositions
of the reaction mixtures are very small,

Differences in the kinetic behavior of the two compounds
couldvbe expected, Bignificant differences in the reaction
rafes of normal and deuterated compounds are generally ob-
served in cases where the reactiqn involves processes in
which the respective bonds R-H and R-D are formed and/or

broken, The overall effect of such pfocesses, if they occur
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in the syétem under study, must produce changes in the
rates of formation of the products which afe smaller than
the limit of detection 6btainab1e'with the analytical
me thod used.,

| The pyrolysis of 1-butene-u-d3'sensitizedAwith 5%
Hg(CH3)2 byAvolqme, was studied{in one experiment at u92°C B}
with one minute reaction time. A substantial acceleration
of the reaction was observed. The formation of the light
hydrocarbons had increased by ahounts essentially equal to
those in the sensitized decomposition of the non-deuterated

1-butene.

ANALYTICAL METHODS USED FOR THE IDENTIFICATION OF

THE DEUTERATED REACTION PRODUCTS

The réaction products of the pyrolysis were sepafated
by gas chromatoéraphy. The techniques were analogous to
those used for the'separétion of the l-butene reaction mix-
tures.. Separation of>the individual deutero-isomersi could
not be achleved, Therefore, the deutero-isomers of a given
compound were collégted in one fraction and analysed on the
mass spectrometer. The clean separation of these fractioné
achieved was of great advantage in the interpretation of fhe
mass spectromefric results. The mass spectra of the deutero-

isomers of even simple hydrOcérbons often are not known,

3% According to the meaning given here to the expression,
CHU and CD3H are deutero-isomers.
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Therefocre, the mass spectrometric analysis of a sample
containing a number of deutero-isomers can present consid-
erable difficulties. The molecular formulae of the deutero-
isomers contained in the fractions of propylene, butene,

and ether'singly-or~multiply—unsaturated hydrocarbons could
be determined without great difficulty by scanning the mass
range at low electroh energies., The procedures used for

the remaining compounds, deutero-methanes, deutero-ethanes
and deutero-ethyienes, varied from group to group and will

be described with the results for these compounds.,

REACTION PRODUCTS FROM THE PYROLYSIS OF 1-BUTENE-L],—d3

DEUTERO-METHANES

The mass spectra of the deutero-methanes published
by pibelep_and Mohler6 were used as standards for the
eomputatien of the analysis. ©Since mass spectra show
variations from instrument to instrument, the spectra given
by Dibeler were corrected before being used. The corrections
were based on what is essentially a comparison of the
methane (CHu) spectrum obtained by Dibeler with the methane
spectrum obtained with the mass spectrometer used in the
‘present work. The method by which the corrections were
applied will be il}ustrated by treating the case of CHBD.

The spectra necessary for the correction are given in Table

XIX.
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Tsble XIX

Mass Spectra Used for Correction of the CH3D~Spectrum

Mass ' Ion Intensity
CH,D CH . CH CH D
(Dibe%er) L b 3
L (Diveler) (This (Corrected)
) Laboratory)
17 100 100
16 - T17.2 100 100 Tholy
15 20.9 86.1 83 17.7
1l 8.8 16.3 12.1 6.3
13 49 8.21 5.l S 3,22
12 2.46 2.57 1.6 1.48

In the dissgciation pattern of CH3D, some of the mass
peaks-originate from two different ions; For example, the
mass 1l peak is produced by Cﬁg and CD*, For these cases,
the relative abundances of each contributing ion were eét-
imated by the method of Dibeler and Mohler., It was assumed
that the probability of removing one atom, eifher H'or D,
is equal to the probability of removing one H from‘CHu;.
| the probability of removing two\atoms is equal to that of
femoving two H atoms from CHu, and so forth. This assump-
tion is consistent with the fact that the sums-of the ions
in CHA and in the deutero-methanes are nearlj equél. Start-
ing with the iow\masé end of the CHBD spectrum, the con-
tribution of each type of ion is comﬁuted in the following
mamner: Mass 13 results from cH* only, and is equal to .90
(Table XIX%X). As cHY and oD* are both formed by the diss-
oéiation 6f three atoms, tﬁe ¢D* abundance can be calculated
as the difference: CH" in CHuV(8.21) minus CH® in CHBD

~
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(4.90) equals 3.31. Further, the total abundancé of ions
of mass 1l in CH3D is-8.80. Coﬁsequently, the CHg abundance
is given by 8.80 - 3.31=5.49. Continuing in this manner,
the abundances of all remaining ions were computed.

The correction to Dibeler's spectra then was applied by
multiplying the abundance of each individual ion formed by
the loss of i atoms, by the ratio:

Abundance of CHuti (in Methane spectrum obtained in this

1gboratory)
Abundance of CHﬁli (in Methane spectrum obtained by
Dibeler)

The calculation of the corrected ion abundances in the lower

mass range of the CH, D spectrum is given below:

3
Mass Ions Corrected Ion Abundandes
12 o c - 2.46 x 1.6 _ 1.48
13 - CH' 4.9 x B4 - 3.22
21
1l CH., ¢D 3.31 x S.L % 5.49 x 12,4 _6.35
| - R v S

and so on,
The .complete corrected spectrum of.CHBD is given in the
last column of Table XIX.
The spectré of ali the deuteronethanes were corrected
S in gn ana1ogous way. The analyses of the mass spéctra of

the deutero-methanes ffom the l-butene-lL-d, pyrolysis were

3
computed with the use of the corrected spectra. The method
of computation consisted in successive substractibn of the
ion contributions of the compounds present, starting with

the compound with the highest mass (CDh)° In an ideal analysis,
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'~ no residual mass peaks would remain after the contributions
of all compounds have been subtracted. The relative small-
ness of the residuéls in a real analysis is a.meaéure of its
accuracy. The residuals from the computations of the deutero-
methanes were relatively smgll., Only the results for the
mercury sensitized réactionlare somewaht in doubﬁ, since the
sample contained §ma11 amounts of water which interfered
with the analysis,

~ The results of the analyses are given in Table XX. The
results for the deutero-methanes from the pyrolyses of 1-
butene-q-d show only Smgll variations with reaction time
-and reaption temperature. The main product, CD H,»con-
stitutesAapprgximaﬁely 63% of the methanes. The CDjH most
certainly originates from the deuterated methyl group of the
CH2::CH-CH2-_-QD3 molecule. Since the deuperated butene also
1nit;a11y contained 10% CHé:CH-CHe-CDZH, about 63 x 10/90=7%
CD,H, should have been formed together with the 63% CDjH.
If is seen from the analytical results that the percentage
H_ found is much higher, close to 20% on the average.

272
The methane originating from the deuterated methyl group

of CD

of the butene can be estimated to be at least 75% of the
methane total by adding an average value of 5% for the CD
to the corrected value for CDéH:

63% CD3H

7 CDH ©proportional part from
22 CH :CH.CH .CD H

2 2 2

5 ¢CD !

4 g
75% Total
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Table XX

Deutero-Methanes from the Pyrolysis of l—Butene—L;d3

Reaction Volume % of total of Methane

Temp. Time’ cD CD H CD H CDH CH Total
0c min. b 3 22 3 in

507 2 3.3k 63 247 2.1 6.95 100%

I L.6 6l. 21.9 3. 6.65 "

s2, 2 4.9 625 234 3.8 5.5 "
L 5.6 63,  22.1 3.1 5.5 - n

556.7 2 6,§ 60 .1y 22’§ L.8 5.6 o
5 6.3 52.3  2h.6 8.7 8.2 "

-

Deutero-Methanes from the Pyrolysis of l-Butene-ld

, 3
Sensitized with Mercury-Dimethyl
Reaction Volume % of total of Methane
Temp. Time CDH CODH ~ CDH CDH CH Total
o¢ min., _ 3 22 3 L
h92 1 1.3 29.4 17 2 52.5°  100%%
1.36 30, 1.1 3.66 51, moosE
) i b 50 ©eVoe
33t Low el.
energiles.
Extrapolated Values for Non-
Sensitized Reaction
gemp. Time’ '
C min, CD CDh_H CD H CDH
4 n 3 22 3 CHM Total

Loz 1 2.5 6l ‘25.2 1.3 7.0 100%
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The main product from ﬁhe meréurj—dimethyl sensitized
reac#iqn is CH&, épproximately 51% of the methanes. The
CHu shoﬁ1d¥origingte'predominately from the.methyl groups
of the sensitizer,

A determination ¢f the concentrations of the deutero-

isomers in the reaction mixture of the l-butene-l-d., decomp-

osition under conditions of temperature and reactioi time
idgntiqgl with those of the sensitized Teaction was not made.
Thé‘gopgenprgt;ons qf the products of the non-sensitized
reaction obtained for these conditions. were so small that
qucia; procedures would have been necessary for the colleé-
t;op gnd sgbggquenp mass spectrometric analysis of the separ-
ated products. ~Th¢ lack of direct comparative data is
unfprpgnate.'mﬁowever,_semi-quantitative estimates are poss-
ible‘by extrapolation Qf the congentrations of the deutero-
isomers in the non-sensitized reaction to the lower temp-
erature of the sensitized reaction. The plotted céngentrations
pthhe deutgro-methanes as & function of temperature are
given in Fig. 17. Since the variation of the concentrations
with temperature is quite small, it 1s believed that no
appreciable additional error is introduced by the extra-
polation toAu92°C.A The extrapolated values obtained were

corrected to total 100%.

The corrected values for the concentraticns alsoc are
given in Table XX.
The'concentrations of the deutero-methanes for the

normal and sensitized reactions werebused to calculate the
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relative increase in the rate of formation of the in-
dividual deutero-methanes for the sensitized reaction. The
total increase of methané formation was taken to be 13.3-
- fold for one minute reaction time on the basis of.previous
experiments on the sensitlized reaction of 1-butene (Table
XVII). The calculation is given in Table XXI.

Table XXI

Increased Rates of Fbrmation'of Deutero-Methanes in Reaction
- Sengitized with Mercury~Dimethvl

(13.3 fold increase for the total methanes

Compound Ratio of Concentration from
" Sensitized Reaction to Concentration

from Normal Reaction for 1 Min.
Reaction Time

oD, 1.35 x 13.3/2.5 = 7.2
CD3H 30 x 13.3/6L = 6.2
CD,H, Aol x13.3/25.2 = 7.6
CDH, 2.8 x13.3/1.3 = 28,6
CHM 51.7 x13.3/ 7 = 98.3

3

an appfoximately equal increase, while the increase of the

It is seen that the rates of the CDU’ CD_H and CD2H2 have

CDH3 has an intermediate value. The CHu shows a nearly

1004f61d increase,

DEUTERO-ETHANES

The mass spectra of CH_CD CH., CHD nd CH.CH D
° 37737 T3 T2 ARDLEESTR

obtained by Schissler, Thompson and Turkevich were used as
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standards for the computation of the méss spectrometric
analyses. The spectra of the remaining isomers of
C_H.D. and G_H D

2°3°3 2y e’
had to be computed on the assumption that the C2H3D3

are hot known. Therefore,. thé‘analyses'

compound present was CH and the C,H D, was CH,CHD,.

303 P2 3¢HD,
The spectra of Schissler and associates were corrected
before use, according to the method described in the
analysis of the deufero-methanes. The analyses then
were computed by the same methbd used with the deutero-
methanes,

The mass spectra and the results of the analyses
are given‘in Table XXII. The resolution.of the spectra
was not satisfactory.' The residuals weré considerable,
indidating that the standard spectra used did not re-

present accurately the spectra of the compoﬁnds present
in the mixture., Therefore, the analytical results are
quite uncertain,

The main product found in the deutero-ethanes is
02H3D3, about 70% of tﬁe total volume of ethanes. The

ratio:

CH,D,/CH = 1h.7

3P3/ 1Py
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Table XXII

Deutero-Ethanes from the Pyrolysis of l-Butene—LL-d3

A, Mass spectra of the Ethane fraction.

Sensitized
with
Mercury-
dimethyl

ngp. 507 507 524 52 550.7 550.7 L492.1

Time 2 l 2 L 2 5 1
min, v '
Mass

34 1,02 1,06 1,3 1.27 1l.54 1.67 0.75
33 100 10. 10. lO. . 10 . 10. 100
32 -~ 11 4 10.75 10.9 10.4 10.3 10.8 10.5
30 56 5L, S5.6 55.1 5Slh. 53.3 54.9
29 3Lh.3  31.4 32.6 32, 28,6 30.3 30.5
28 3Lh.7 28.3 37. 2h.h 22, 22.8  39.5
27 13, 12,1 12.2 11.4 11.2 11.7 15,

C. H D_,

B, Residuals after subtracting contributions by C 3P3s

and Cth 2 8o that peak heights of mass 3L, 33}
32 =

ot u’

31, 2.6 2.5 0 3.7 2.7 1.5 2.6
30 -1.6 -2. 0.4 0.7 oy -2. -2,
29 0 -1l. -0.2 =-0.9 -2, -2. -1,
27 "'0-5 -006 -006 -0.9 -009 "1. "007
26 -099 ‘007 -007 -008 .-l. "'lc "007

C. Composition of Deutero-Ethanes in Volume % of total of
Ethane, '
Volume %

CoHD, L7 5L 6. 6.3 7.8 8., 3. 5.9
CoHiDy 69.  TL.5 70, 72,  70.6  69.  TL.5 67.1

CoHDp 26.3 23.5 23.6 21.6 21.8 22.4 22.3 27.0%
Total-100%

% BXtrapolated Values for Non Sensitized Reaction 192%¢C.,
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for 2_minutes r§action time at 507°C is approximately equal
to, but slightly smaller then the ratio:

CHDB/CDM_=.18°8
obtained earlier, There are further similarities between
the methanes and ethanes. The ratio of the tetradeuterated
to the tri-deuterated compound increases with temperature
for both groups. The ratio of c, hD /C H D3 is greater
than the ratio expected on the basis of the deutero-butenes
pyrolysed, as was the case with the methanes.,’

!The concentrations of thé ethanes for two minutes re-
action time as a function of temperature are ploﬁted in Fig.
18._‘The extrapolated values for the temperature of u92°c
obtained from these plots are given in Table XXII. A com-
parison‘pf_thesp valugs with those for the concentﬁations
of the sensitized reaction shows great similarity. This is
§f particular interest, considering that the total increase
in the.efhanes formed in the sensitized reaction, over the
ethanes.fqrmed in the normal reaction, was 11l.4-fold, kTable
XVIT) i.e.: ' _ ' |

104 x 100/11.h = 91%
of the ethanes in the sensitized reaction are due to the
action of the mercury-dimethyl. _
On‘the basig of the.approximéte values available, the

increase in'rate for the individual deutero-ethanes is

calculated in Table XXTIIT.
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Table XXIII

Increased Rates of Formation of Deutero-Ethanes in
Reactlon Sensitized
with Mercury Dimethyl

(11.4-fold increase for the total ethanes)

Compound Ratio of Concentration from Sens-
itized Reaction to Concentration
from Normal Reéaction for 1 Min,
Reaction Time,

cED, 3. x 11.4/ 5.9 = 6.6

O H D, TheS % 11.4/67.1 =12.2

C_HD 22.3 x 11.4/27.0 = 9.
2,05 L/ L

The increase in rate 1s seen to be roughly of the same
order, It is questionable whether the variations are real
or due to the approximate nature of the analytical de-

termination.

DEUTERO-ETHYLENES

The mass spectra of the deutero-ethylenes published
by Dibeler, Mohler and de Hémptinne were used as standards

-for the computation of the mass spectrometric analysis.

~

The spectra were corrected before use according to the
method described in the analysis of the deutero-methanes.
Since the quantitative determination of the deutero-ethy-
lenes is also possible by measurements of  the parent (mbl-
eculgr) peaks at low electron energies, results Wwere OoOb-
tained by both methods. The satisfactory agreement between

the two independent methods indiecates good accuracy of the
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results obtained. The results from both methods are re-~
presented in Table XXIV,

The main product found in the deutero-ethylenes 1s
CH==CH2.. Tw9 other products formed in considerable and

2
approximately equal amounts are C_H_ D  and C_H_D. The

2272 2

ratios of CEHéDz/CZHA and 02H3D/C2HL increase with temper-
ature, the first ratio increasing faster. The concentrat-
ions of the deutero-ethylenes for two minutes reaction
time plotted in function of temperature are represented 48 a
Fig. 19. ‘The extrapolated concentrations for the temp-
ergﬁurg u92§C are given in Table XXIV,Comparison of these
results with-thg cqnqentrations for the sensitized reaction
shows that the values are practically identical, as was
the case with the deutero-ethanes. Since the increase in
themethylene formation‘due to sensitization was approx-
imately 7.1-fold (Tgble‘XVIl)? approximately

6.1 x 100/7.1 = 86%
of the ethylenes in the sensitized reaction are due to the
action of the mercury dimethyl.

» On the‘basis of the values available, the increase of
rate for the 1ndividua1 deutero-ethylenes 1is calcuiated in
Table XXV,

The results indicate that the concentrations of all
deutgrqfethylenes have increased in nearly equal prop-

ortibns.



Table XXIV

Deutero-Ethylenses from the Pyrolysis of l-Butene-b,--d3

Reaction  Volume % of total of
Ethylene

Temp, Time C,HD, C.HD. C.HD CH  Tots
B omn, 205 Gl 0P N,

507 2 0.76 18.45  19.25 61.5 100% 50 e.v.

0.7 18.8 18.8 61.6 low el.
energies
4 1.37 22.6 - 2l.4y 5h.6 " 50 e.v.
2. 22.7 21l.y 54, " low el.
' energies,
521.‘. . 2 103 23.9 22. ’ 52.8 " SO €eVe
2.3 23.8 21.4 52.5 " low el,
- energies
L 1.89 26  22.6 L9, " 50 e.v.
2.5 25.6 22.8 Lh9.2 " low el.
_ - energies
550.7 2 2.75 27.6 23.4  46.3 ) 50 e.v.
1. 28.6 22.6 U8, " low el.
] energies.
5 3. 28.4 25.3 L2, " 50 e.v.

6 2
3.5 29.2 25.8  }1.5 n low el.

energies.,

Deutero Ethylenes from the Pyrolysis of 1—Butene-u-d3

Sensitized with Hé(?H3)§:

Reaction Volume % of total of
Tgmp. Time Ethylene
C min. CZHD3 CZHZDZ 02H3? CaHu Total
492 1 0.66 16,6 14.5 68,3 100% 50 e.v.

= 19. 13.8 67.1 low el.
, energies.

Extrapolated Values for Non-Sensitized
"RHeactlons

Temp, Time

b92 2 Ouk 4.7  16.5 68.5  100%
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Table XXV

Increased Rates of Formation of Deutero-Ethylenes in the

Reaction Sensitized with Mercury Dimethyl

(7.1 fold increase for the total ethylenes)

Compound Ratio of Concentration from Sensitized
Reaction to Concentration from Normal
Reaction for 1 Min, Reaction Time

C,HD, 0.66 x 7.1/ 0.4,9 =9.3
cZHZ'D2 '16.6 x 7.1 /14.7 =8,

02H3D 14.5 x 7.1 /16.5 = 6.3
CZH& 68.3 x 7.1 /68.5 = 7.1

DEUTERO-PROPYLENES

Due to lack of data‘on the spectra of the deutero-
propylenes, the analysis was based on measurements of the
parent (molecular) peaks at 1low electron energies. The.
quantitative estimation of deutero-isomers by measuremgﬁts
at iow electron energies was proposed first by‘Stevenson

and Wagner.28

The accuracy of the method depends on the
assumed equality of the ionization potentials of the
deutero-isomers. It has been shown by Tickner, Bryce and

32

Lossing that this method can lead to errors as great as

15% in the estimation of the relative concentrations of CH
and CD) . However, there is evidence that the fonization
potentlials of the deutero-isomers of higher hydroéarboné,

and especially higher olefins, are sufficiently close to
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allow quantitative determinations with good accuracy. In
the case of the olefins, the electron removed at 16west
electron ehergies is a % electron which can be expected

to be little affected by the deuterium substitution. Thus,
for both acetylene and ethylene,\the ionization potential

of the non-deuterated compound has beén shown to be the same
as that of the completely deuterated compound within 0.02

18
e.v.

The relatively good agreement between the results from
the normal and low electron energy analyses of the deutero-
ethylenes 1s a further proof for the reliability of the low
electron energy methdd for the analysis of unsaturated
deutéro—hydrocarbons.

The‘results obtained from the analyses of the deutero-
propylenes are represented in Table XXVI., The main products
found are CH, C HD and C H D . The concentrations of the

36 35 333
deutero-propylenes for two minutes reaction time plotted
against temperature are represented in Fig. 20. The extra-
polated concentrations for the temperature u92°C are given
in Table XXVI. Since the concentrations of the propylenes
changed considerably with temperature, the values obtained
by extrapolation must be considered as very approximate.

The increased rates of formation of the deutero-
propylenes in the mercury dimethyl sensitized reaction' are
‘glven in Table XXVII. The CfipDy, Oy D, and C.H D show
increases of the same order as those observed for the CHD ,

the CHéDZ, the deﬁtero-ethanes and the deutero-ethylenes.

The incfease in concentration of the 03H3D3 has an
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Table XXVI

Deutero-Propylenes from the Pyrolysis of 1l-Butene=l-a

3
Reaction Volume % of total of Propylene
Tegp. Time
“C in, C.DH C D .H CDH C _DH C H Total
e 342 U333 32y 308 36
507 2 3.9  13.2 7.9  58.  17.1 100%
Iy S 43 18,6 8.5 L2.8 25,7 "
52, - - - - -
I L.l 20.2 10.1 31.4  3L4.3 "
550.7 2 4.3 17, 8.6  30.4 39.6 "
5 Lo 6. 9.y 25, 47, "
Deutero~Propylenes form the Pyrolysiq of 1-Butene-u-
) Sensitized with Mercurv-dimethxl
Reaction Volume % of total of Propylene
Temp. Ti ¢.D)H, C,D.H D c CH Tot
o0 min, 32 O303f3 0 O90pN  EgPg B Tetal
492 1 2.8 17.4 7.9 37.7 3h4. 100%
\ Extrapolated Values for Non-Sensiﬁized
Reaction
Tgmp. Time
.YC min, C.D H CDH CDH C DH CH Total
342 333 324 3 5 36
492 2 3.2 6.0 . 7.3 77 7.1 100%
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intermediate value and the high value for the CBHé is second '

only to the increase of the CH concentration.,

L

! Table XXVII

Increésed Rafes of Fofmation of'Deutero-Propylenes in the

Reaction Sensitized with Mercurv Dimethyl

(9 7-fold increase for the total propylenes (Table XVIII)

Compound Ratio of Concentration from Sensitized Reaction
' to Concentration from Normal Reaction for 1
Min, Reaction Time.

CHD 2.8 x 9.7/ 3.2 = 8.5

32k /
03H3D3 17.4 x 9.7/ 6. =28
CBHA?Z 7.9 x 9.7/ 7.3 = }0.5
C.H 3y x 9.7/ 7.1 = 46,5

3 6 )
DEUTERO-BUTENES

The deutero-butene fraction separated after pyrolysis
of the.l—Butene-u-d3 also was analysed on the mass spec~-
trometer. The mass spectra obtained with 50 e.v. and low
electron energies are givennin Table XXVIII, together with

the calculated percentages of the isomers found.
Unfortunately, no systematic invesitigation of the:
changes in deuterium distribution in the deuterated butene
was made, The i1dea that the butene 1soclated after the re-
action also should show detectable changes:in the deuterium

content occurred too late in the investigation. The
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Table XXVIII

Mass Spectra of Deutero Butenes

Low el, energies 50 e.v.
A B c A~ B c
- Mass | '
60 .8 L.8 11, 4.8 L.37 10.L
59  100.  100. 100, 100, 100, 100,
58 "10. .10, 13. - 39. Lo, L5.
57 - ' - “20 150)4. ' 15.5 2009
56 - L2 .- 7.5 10.9 . 12,
Composition of Deutero Butenes .
in Volume % of .total of Butene
A B c
Tow . 50
el. en, e.ve.
CuHuDu 0 0] | 0 5.1
CuHEPB 91, 87.5 88.2 82.6
C)HDy 9. 8.75 8.8 10.7
CL].H?D - - ) - 106
CuHS = 3068 30 -
Total 100%  100% 100%  100%

‘I-Butene-u-dB standard

Butene fraction isolated from reaction mixture obtained
from pyrolysis of 1-Butene-l-d, sensitized with Mercury-
dimethyl at 492°C, 1 minute reaction time.

Butene fraction isolated from reaggion mixture obtained
from l-butene-lirdzpyrolysed at 568 C, 3 minutes reaction
time, L



~10l-

Table XXIX

Comparison of the Normal and Sensitized Decomposition
of l-Butene-u-d3 '

Compound Concentration in Mole per cent ConéentraticwlR&tio
(x 10) of Initial 1-Butene-L-d_, Sensitized to

4 Unsensitized
Unsensitized Sensitized

CD), 0.11 0.7 |
CD3H | 2.77 17.2 6
CD,H, 1.09 8.3 8
CDH3 0.06 1.6 | 27
c:HLL 0.30 29.8 100
czDuH2 0.05 0.3 6

CoDyH; 056 7.1 13
CoD,H, - 0.22 2.1 - 10
C,D3H 0.10 0.9 9
C,DH, 10.29 ‘ 2.3 8
C,DH, 0.32 2.0 6
CoH), 1.34 9.5 7
C4D) Hy 0.07 0.6 9
C3D3H3 0.1k 3.8 e
C4D,H), 0.17 1.7 10
' C4DH 1.75 8.3 5
6336 0.16 7.5 \ L7

) Hg | - 27.0
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analysed deutero~butene from the only fraction collected
shows interesting changes. The production of isomers with
L, 2, and 1 deuterium atoms is - indicated clearly. Con-
sidering the large concentration of the butene isolated from
the reaction, the amounts of these isomers appear con-
siderable. |

The deutero-butene isolated from the sensitized reaction
contains C H , presumably l-butene,

L8

The results from Tables XX -XXVIII concerning comp-
arisohs of the sensitiied and normal reactions have been
summarized in Table XXIX. The concentrations of the compounds

are given in mole “%co of the initlally admitted 1-butene.

DEUTERIUM DISTRIBUTION IN THE POLYMERS

No systematic investigation of the deutero-compounds
in the polymer fractions was made. The deutero-isomers con-
tained in several polymer fractions of only ohe reaction mix-
ture were determined by mass spectrometric analysis of the
separated fractions. The results of the analyses with low
energy electrons are pfesented in Table XXX.

The results in Table XXX indicate the formation of a
surprisingly large amount of deutero-isomers for a given
compound, There can be little doubt that the results are
real, since special precautions were taken in all measure-
ments to reduce the energy of the ionizing electrons be-

low a value where all remaining peaks due to ion fragments
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had completely disappeared. The parent peak with lowest
mass measured under such conditions was always that of
the completely non-deuterated compound, The concentrat-
ions of the deutero-isomers of a compound show a char-
acteristic distriﬁution around a maximum value. The con-
centraﬁions of the deutero-isomers plotted against the
number of deuterium atoms contained in the compound are

shown in Fig. 21,

Table XXX

Deuteroc=-Isomers of the Polymers from the Pvrolysis of
1-Butene-li-d

Temp. of Pyrolysis: 545°C Reaction time: 5 Min,

Deuterb-isomers in Chromatographic Fraction P3

P3 was identified in the analysis of the pyrolysis
mixtures from l-butene as CSHé’ most probably Cycloipen—

tadiene,*

Mass Coﬁpound Vol. %
0 .08
7 CSHZDLL 1.0
69 5 3 3 10.9
68 CgH), D2 25.8
67 CSHSD 32
66 CSH(D 27.2

Total 100%

% Appendix I: Qualitative Identification of the Polymers,
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- Table XXX (Conttd)

Deutero-Isomers in Chromatographic Fraction Hp

Hy was ldentified in the analysls of the pyrolysis mix-
tures from 1l-butene as CEHR, most probably Cyclohexadiene.

Mass Compound Vol. %

87 CéHD7 1.7
86 C6H2D6 3.7
'85 06H3D5 9.1
8l CoH) D), 18.3
83 CgHgD4 25.7
82 CoHgDo 18.6
81 06H7D 1.3
80 CeHg - _8.6

Total 100 7

Deutero-Isomers in Chromatqgraphic Fraction Bz

Bz was identified in the ana1y31s of the pyrolysis mix-
tures from l-butene as CéHé- Benzene .™

Mass Compound Vol. %

82 - CpHoDy, 3y
81 '-06H3D3 10 .)_5.
80 CoH), D 27.6
79 CHgD 3L.5
78 CeHy 2.1

Total 100 %

Deutero~Isomers in Chromatographic Fraction Tl

Tl was identified in the analysis of the pyrolysis mix-
tures from l-butene as C7H8— Toluene.™

Mass  Compound Vol. %

97 C7H3Dg 6.5
96 C7HyD), 16.8
95 C7HpD3 26.2
o C7HEDp 23.0
93 C7H7D 18.7
92 C7H8 8.l

% Appendix I: Qualitative Identification of the Polymers.
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DISCUSSION

- FREE_RADICAL VERSUS MOLECULAR MECHANISM

A decision as to whether the l-butene pyrolysis proceeds
largely by free radical mechanisms or by molecular mechanisms
is of primary importance in the interpretation of the present
results., Some of the experiments were designed specifically
to provide information as to the nature‘of the mechanism,

It was found that the addition of approximately 5%
by volume of mercury dimethyl to l-butene and l-butene-'-)_;-d3
produced a large increase in the rate of the butene decomp-
osition and in the rate of formation of the products, Mer-
cury dimethyl is known to decompose With the formation of
methyl radicals. Therefore, the acceleration of the butene
decomposition must be due to the action of thebmethyl rad-
icals from the sensitizer bringing about a "forced" free rad-
ical reaction. |

If this is so, several points in a comparison of the
results from the normal and sensitized reactions are signi-
ficant:

The rate of formation of all light hydrocarbons

was greatly accelerated in the sensitized reaction. For
a reaction time of one minute at u9390, the concentration
of the light hydrocarbon products in the sensitized pyr-
olysis had increased 7 - to 13- fold over that in-the non-

sensitized pyrolysis.
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In the normal and sensitized decomposition of 1-
butene—u-ds, the deutero—ﬁethanes and deutero-ethylenes
were produced in nearly equal relative proportions, al=-
though an estimated 90% of the deutero-ethanes and 86%
of the deutero-ethylenes in the sensitized reaction
resulted from‘the action of the mercury dimethyl. It is
probable, therefore, that the deutero-ethanes and deu-
tero-ethylenes were formed in both cases by analdgous
mechanisms, i.e, radical mechanisms, Thus, the deutero-
ethanes and deutero-ethylenes appear to be products of
radical chains started by the methyl radicals,

The increases in concentration of the remaining
vproduéts in the sensitized reaction also show certain
regularities. The concentrations of a large group of
deutero-isomersvincreased by approximately equal améunté,
as did the deutero-ethanes and deutero-ethylenes. The
remaining compounds showing a much larger increase were

methane CHu and propylene C both containing no .deu-

H
37’
terium. (Table XXIX) It is, therefore, reasonable to
assume that both these compounds wWere produced by fast

reactions of the methyl radicals with the 1-buﬁene-u-d3.
This is especially obvious in the case of CHH.

A general inspection of the deuterated products from
the normal l-butene—u-d3 decomposition shows that a wide

variety of deutero-isomers was formed. The formation of

these products through molecular mechanisms appears improbable.
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On the basis of these arguments, it can be concluded
that,'most.probably,_the deccmposition of l-butene and
' l-butene-ud ‘proceeds largely by free radical mechanisms,
Therefore, the preéent results will be interpreted on the
basis of free radical reactions. The extent to which such
reactions can explain the experimehtal results qualitat?
ively and quantitatively will be a final test fofir the

validity of this assumption,

PRIMARY STEP OF THE FREE RADICAL DECOMPOSITION

OF 1-BUTENE

The primary step which 1s most probably involved in-
the ffee radical decomposition of l-butene is:

CHE CH-CH,-CH, —~ CH=CH-CH . +.CH . (1)
3y 2=CH, CH3 CH,. s Ctye (1)

The reasons for the expected weakness of the CH2:CH.CH2-CH
bond and evidence for the occurrence of reaction (1) at

higher temperatures were given in theAintroduction. Also,
it was mentioned that Sehon and Szwarc26 obtained the

13

valuesAEI = 61.5 kcal/mole and A, = 10

(1) by studying the pyrolysis of l-butene with the toluene

1/sec for reaction

carrier technique. Some objections to the interpretation
of the experimental results by which these values for EI
and AI were obtained were pointed out. However, the vaiue
E1= 61.5 kcal has réceived recent confirmation by Lossing,
Ingold and Henderson 16 and by McDowell, Lossing, Henderson
and Farmer.zo These authors ha#e"measured the vertical

lonization potential of the allyl radical by the electron
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impact method. The heat of formation of the allyl rad-
ical was detérmined subsequently from appearance potential
measurements of:

A(CHF CH-CH), CH = CH-CH,C1)*

2

= - + - -
A(CHé-CH CH,, CH2 CH.QHZBr)

A(CHF CH-CH}, CH_?CH-CH,T) |

2 2’ 2
and the heats of formation of the allyl-halidés. The
vthree values obtained in this way for the heat of formation
of the allyl radical agreed within 1 kcal. The average
value obtained was:

AHZ  (CH,= CH-CH,.)
The bond dissociation energy D(CH2=CHCH2—CH3) can be

= 32,3 keal.

calculsted from the above wvalue and the we11¥known heat of
formation'bf the methyi radical33 according to the equation:
: o} ) (o} o
. - = - J C - -
. D(CH.CH.CH2 CHS)AHf(CH2 CH. H2)4AHf(CH3)1.AHf (1-butene)
32,3 + 32.5 - (0.03)

6L 48 kcal./mole.

Thus, since E for the reverse reaction

1
CHy + CHgp GH-CH,— CH,

should be equal or nearly equal to zero,

-CH _-CH=CH -
H, °H, (-1)

D(CH2:CH.CH2—CH3) = B = 6l;.8 kecal/mole.
This value is in substantial agreement with the value ob-
tained by Sehon and Szwarc E, = 61.5, considering the

limits of error in both determinations.

A(CH2=CH-CH*, CH2=CH-CH201), means the appearance
potential o% the CH =CH-CH} ion in the mass spectrum
of the CHj CH-CHZI floleculs.
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From the agreement of these results, it would appear
that the value for E1 can be fixed within the limitsrof

61 to 65 kcal, and that A, should be in the neighbourhood |

1
of 1013 1/sec;, Using ﬁhe‘ébove values, the percentage
of decoﬁposition of l;butene due to the primary reaction
only, can be calculated for several of the temperafures
used in the present investigation, and the values obtained
compared With the experimentally measured total de-
composition of the l-butene., The ratios Ac (total) to

Ac (primary) obtained in this wéy are given in Table XXXI.

Ac (total) refers to the percentage of total 1-butene
decomposition as measured in the experiments for one minute
reaction time (Table XI, and Fig. 10) Ac (primary) is
a calculated value for the percentage of primary de-
composition under the assumption:

E1=6l.5 kcal, Al= 1013 (column 2 of Pable XXXI) and E

17
6l;.8 kcal/mole, A.l=1013 (column 3 of the same table). The
results obtained indicate that the ratio of total to

primary decomposition is within the 1imits of 7.6 to 63.

In spite of the considerable uncertainty of the
estimate and the wide variations between the wvalues obtained,
it appears that for each butene molecule decomposing by a
primary split to methyl and allyl radicals, at least 8
molecules of butene are decomposed by secondary reactions

initiated by the methyl and allyl radicals released in the

primary reaction. -
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Table XXXI

Ratios of Total to Pfimarx Decomposition

of 1-Butene for 1 Minute Reaction Time.

Temp., Ac (total) | Ac (total)
C Ac (primary) A ¢ (primary)
Ey= 61.5 keal E = 64.8 keal

A= 1013 A= 103
493 "~ 5.9 50
509 5.9 . 53
522.2 8 69
540.6 8.6 . 73
5L6 9.0 71
5545 8.2 62
Average Ac (total) 7.6 - 63

A € (primary)

SECONDARY REACTIONS IN THE
1-BUTENE DECOMPOSITION

The secondary reactions occurring in the l-butene
decomposition should be initiated by the methyl and allyl
- radicals released by the primary decomposition. The poss-:
ible reactions of the methyl radicals will be considered
first, since the methyl radicals can be expected to have
a greater reactivity than the resonance stabilized allyl

radicals.

HYDROGEN ABSTRACTION BY METHYL RADICALS

In principle, methyl radicals can abstract hydrogen
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atoms from any of the four carbon atoms in l-butene. The

weakness of the CH2:' CH.?H.CH bond dﬁe to resonance

3
H
stabilization of the resulting radical:
CH, = CH—(}H-CH3

suggests preferential abstraction from carbon atoms "3".
The bond d18s§ciatioﬁ energy D(CHZ:CH-%H-CH35 can be es-
ﬁimated on the basis of recent electron impact work by
McDowell, Lossing, Henderson and Farmer.'onhe authors
obfained the heat of formation of the QHZ-CH=CH-CH3 radical
from measurements of the vertical ionization potential of
this radical produced.by theé pyrolysis of l-iodo-but-2-ene

H‘ jon from butene-2,

and the appearance potential of the CLL 7

The result obtained was: .
AHC -CH=CH- = L2
Hf (CH2 CH=CH CH3) 26 3 kcal

, 2 3
" radical. differ only by the formally assigned electron dis-

The gHZ-CHﬁCH-CHB'radical and the CH,= CH-CH-CH
tribution., The two formulae represent two forms of the s
same resonanée hybrid. Therefore:

o -CH=CH- '= °. = CH=- -4 = b4
AHf (QHZ CH=CH CH3) AHf (CH2 CH gH CH3) 26 % 3 kecal,
The bond dissociation energy D(CH2=CH-?H—CH3) then can be

H
computed from the relation:

T . _ o - _ o _ o _ 1
D (CH2-CH.EH.CH3)- AH% (CHé-CH-CH CH3)+AHT (H) AHf (1-butene)

26 + 52 - (-0.03)

78 kcal.
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The result obtained is of twofold interest. Firstly,
- there is an appreciable difference between the activation
energies ©f the two possible primary reactions:

63 kcal

1l - Butene — CH3.‘* CHé:CH-Cﬁz. E

1 - Butene — H * CH,= QH-CH-CH, E
Secondly, the bond dissociation energy D(CH£=CH.EH—CH3) is

78 kcal

smaller by 15 to 20 kcal than a normal paraffinic C-H bond
energy, thus confirming the expected preferential hydrogen
atom abstraction from the carbon atom in position "3",

The rates of hydrogen abstractioh by methyl radicals’
have beeh.studied by Trotman-Dickenson and Steacie.BuThe
methyl radicals were produced by the photolysis of acetone.
In the actual determinations isotopically labelled, acetone-d6

was used also, Some of the values obtained by the authors

are reproduced in Table XXXII.

Table XXXIT
Abstraction of Hydrogen Atoms by Methyl Radicals
Trotman-Dickenson and Stea01633
RH EAb‘ Ky X 10° log &,
kecal moig'l.cc.sec-l
at 182°
Ethane 10.4 2. 11.3
Ethylene‘ 10.0 2.9 11.3
Propylene 7.7 12. . 10.8
1-Butene 7.6 3L. 11.2
1-Pentene 7.6 35, 11.2

The values in this table refer to the reaction of the
methyi radicals with hydrogen atoms from the compound RH,

ie. with the sum of hydrogen atoms abstracted from any
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location in the molecule, Comparisons of thé values ob-
tained'for the different compounds can be used to obtain
information as to which hydrogen atoms in a given molecule
are abstracted preferentially. Thus, a comparison of the
results for ethane and ethylene with those for the rest of
thé compounds indicates that primary and vinyllic hydrogens
are abstracted with less ease, and that the difference

is largely due to differences in the activation energies.
The fact that the values for l-butene and l-pentene waré
practically identical indicates that it is the hydrogen
atoms on carbon atom "3" (allylic hydrogen atoms) which are

‘abstracted almost exciuéively:

1 2 3 L

_C_HZ= CH‘CHZ-CH:}

1 23 L4 5
CHé?CH-CHa-CHZ-CH3
The temperature range in which Trotman-Pickenson and Steacie
investigated the abstraction reéctions ﬁas 180 to 3h000.
The extension of these data to the present tempeqature rangev
of 500 to 560°C introduces some uncertainty. The effect
of differences in the activation energies will?be reduced
at higher temperatures,. and'abstfaction of hydrogen atoms
"at random" should become more»probable.

The abstraction of hydrogen atoms by methyl radicals
from ﬁnreacted butene can be considered to be the reaction
responsible for the methane formation in the pyrolysis

of l-butene. The results from the pyrolysis ‘of the l-butene-

u-dB showed that the deutero-methane formed in largest amounts
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was CD3H, pfesumably originating by the reaction:

CD,.* CH=CH-CH,.-CD.——= CD H+ CHD,
3 2 2 773 '3 43

It was also found that small améunts of CDM were found, prob-

ably originating by the reaction:

CD_.+ CH=CH-CH-CD,— CD, + CH=CH-CH ~-CD .
3 2 3 I 2 2 2

The methyl radicals necessary for the above reactions
are sﬁpplied only partly by the slow primary decomposition
of the butene. Most of the methyl radicals must originate
from chain carrying reactions in which methyl radicals are
generated. Possible reactions of this type will be discussed
in subsequent sections. However, there are several points
with regard to the abstraction reaction which will be con-
sidered here, |

The positions from which hydrogen atoms are abstracted
are of interest. Depending on the position from which a
hydrogen atom is abstracted, four different CuH7 radicals dan
be formed. These are: | -

CH. = CH-CH

2 2~CH, , CH

> =CH-?H-CE

5 , CH=C-CH_-CH. , CH=CH-CH -CH
S 2 3

3 2. 2 773

The four radicals can be expected to have different properties.
An attempt to estimate the relative reaction velocities of.m
the four abstraction reactions leading to thése radicals can
be made with the use of TrotmanfDickenson and Steacie's values.
If'the assumption is made that the primary hydrogen;atoﬁs of
carbon atom "L". |

1 2 3



behave towards abstraction in essentially the same way

as do those in ethane, and the hydrogen atoms of carbon

atoms "1" and "2", as do those in ethylene, the abstract-

ion of hydrogen atoms from different locations of the 1-

butene molecule can be estimated for the temperature 182%

from the values in Table XXXII.
Ethane . kAb X 102

- Ethylene - kAb x 10" = 2.9 pef Hydrogen

:2.per Hydrogen atom 2 -0.33

N

6
Butene-1 kAb x 10 = 34

Since butene has three primary hydrogen atoms and three
vinylic hydrogen atoms, the rate constants for abstract-

ion of primary hydrogen atoms will be sapproximately

6

k 0" = 0, =
i X 1 33x 3 1
and for vinylic hydrogen atoms

6 . -

The rate constant for total abstraction from 1—butené is
ko X 10°= 3lte The calculation leads to the result that
only 3.16 x 100 = 9.,3% of the hydrogen atoms abstracted at.
182°C’ire not allylic.hydrogén atoms,

In order to estimate the relative rates of hydrogen
abstraction from different locations of the l-butene mole-

cule at the temperature, 525°Ck(an average temperature in

the range studied), the assumption was made that the values

- 1102 —1 "l
Epp = 7.6 kcal/mole and App= 10. mole ,cc.sec. from

Table XXXII represent abstraction of allylic hydrogen atoms
only. It was also assumed that the activation energies and

pre-exponential factors for ethane and ethylene could be used
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for the abstraction reactions of primary and vinylic hy-
drogen atoms respectively, after correcting for the
appropriaste number of hydrogen atoms. The values obtained
by such a calculation for the temperature, SZSOC are given

below:

Calculated Rate Constants for the Abstraction of Hvdrogen

: o0
Atoms from l-Butene at 525 C.

Hydrogen Atoms . k
‘ Ab }
18 -1 -1
Primary 0.33 x 10 mole , sec.,
' 18
Vinylic 4 0.63 x 10 "
S ‘ 18
Allylic 2.46 x 10 . n

The very approximate nature of the estimate is of
course Well realized.
The results of the gbove calculation can be used to:

estimate the CDBH/CDu ratio for the methanes formed in

the decomposition of the l-butene-lj-d If the difference

3.
in reactivity of the CH3 and CD3 radicals towards abstrac-

tion 1s neglected and if H and D atoms are assumed to be
abstracted with equal ease by the CD3-radica1s,'the ratio
‘of CD3HAD, obtained is: ' |

CD.H 2.46 + 0,63
3 _ . _ 9.)_‘_

0.3 \
CDu 33

The sbstraction of hydrogen atoms by CD, (or CH3) radicals
"is known to be faster than the abstraction of deuterium
atoms. For example, it has been found that the abstraction

reaction (a)
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cné + HD — CD3H +D (a)
CD,+ HD —~CDD + H (b)
3 3. 26

is approximately 1.7 times faster than (b) at 290°C.
Therefore, the calculated ratio CDBH/CDh= 9.4 is certainly
too low, and should be,correcﬁéd ﬁpWards. The experiment-
ally found ratio for 525 C is CDBH/CDu = 13, (Table XVIII).
The experimental value is well within the rangé_predicted

by the calculation.

ADDITION OF METHYL RADICALS

Methyl radicals, besides being cépable of abstracting

hydrogen from l-butene, can add to the double bond,

| 033. + CH: CH-CHZ-CHB—— CSHll. (3)
The exothermicity of this reaction can bhe estimated, assum-
'ing a localization if the methyl group to one of the‘two
carbon atoms participating in the déuble bond. The two re-
sulting radicals are:

I ' IT
~ CH,-CH_-CH-CH_-CH OH,,~CH-CH~CH,

3 2 2 3 2 |
' CH

. 3
The exothermicity of reaction (3) is given by:

AH?(CHB.) + AH,(1-butene)-AHO(I or IT)
The bond dissociation energies necessary for the comput-

ation of AHZ (1) andAH?,‘(’I[) are not known. However, for the -

purpose of the estimate the following dissociation energies

were assumed:
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D(CH_,CH_.CH.CH_.CH ) 9l kcal
3 2| 2 3
H
D(?Hz.?H.CH.CHB) - 97 kecal
H
CH3
The dissociation energies were chosen on the basis of the
known33 dissociation enérgies of the lower hydrocarbons:
D (CHB-H) 104 kcal
D (céHS-H). 98 keal
H_- 8
P (CH3CH20 o H) 98 keal
D (CH3$HCH3) 9L kcal
using:
1
AH? (n-pentane) -35 kecal
: ' 1
AH?, (2 methyl-butane) -36,9 "
33
AHS (H) | g2 " "
one obtains: ‘
AHZ (I) 7 keal
AHS (II) 8.1 kcal .

The exothermicitj of the reaction can then be obtained with

the use of the known wvalues for:

33
AHg (CH3) 32.5 kcal
AH(I). (1-butene) 0.03 "

Exothermicity of reaction forming (I) 25.5 kcal L

n '" . " " (IT1)24.5 kecal
On éddition of the acﬁivation.energy of the methyl radical
addition reaction of 2-5 kcal, (for the origin of this value

see subsequent discussion) the excess energy contained in the

1
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addition product CSH11° will be roughly 27 to 30 kcal.

The reverse decomposition of the addition product

5Hll.) will depend on the possibilities for distribution

~of the excess energy into the different degrees of freedom

(C

and de-activation by collision. At the elevated temper-
atures Qf'the experiments (500-56000), the life of the
addition product will be very short, and the reverse re-
action can be expected to take place with high probability.
If this is exclusively the case, the addition reaction will
not be impértant in the mechanism of the l-butene de-
5H]Lr.adicals

also can decompose to form products different from methyl and

composition, However, the possiblility that the C

l-butene must be considered, Therefore, it is of interest to
discuss some of the available iformation on the addition
reaction itself, and also to consider some of the possible
modes of decomposition of the addition product CSHiI}
The addition reaction of methyl radicals to olefins has

been subject to a number of investigations, most of which
also deal with the sﬁbsequent polymerization of the olefins

induced by methyl radicals. This work will not be considered

here, since further polymerization of the addition product

CSHII 1s highly improbable at the high temperatures used
in the present investigation. However, the results from
21

a recent study by Mandelcorn and Steacie in which only the
addition reaction was studied (as far as this was possible)

are relevant,
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By comparing the experimental results obtained from
thg photolysis of’acetone alone, and in the presence of an
unsaturated hjdrocarboh, Mandelcorn and Steacie were able to
deduce the rate of addition of methyl radicals to the
unsaturated hydrocarbon, Some of the values obtained by the

authors are given in Table XXXIITI, EAd is the activation

energy for the addition reaction and E, is the activation

2
energy for the recombination of the methyl radicals to

~ ‘ : --l “ona” . R
> 0, EAd“ 2E2 EAd PAd and P2 refer to

the steric factors for the addition and methyl radical re-

ethane. Since E

cambination'reactions.

Table XXXITII

Addition of Methyl Radicals to.

Unsaturated Hydrocarbons - Mandelcorn and

| Steacie
Hydrocarbon E,- iE 10“ xP /P %
Akcal2 ‘ Ag’ 2%
CH, 7 5
¢3H6 6 : 3
C,H, 5.5 5

Unfortunateiy, experiments wWith l-butene were not per-
formed. However, propylene and l-butene can be expected
to behave véry similarly towards addition. On the basis
of these data and data for the abstraction reactioth,‘a
rough‘estimate can be made of the relative rates of the

two competing reactions. The ratio of the rates for '

propylene at 500°C is given by:
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R . | -7700/1.987 x 773
Abstraction _ 3.e
R -6000/1.987 x 773
Addition 3.e ‘
= ' ]_/3

The ratio of the rates for l-butene, assuming that 1-

butene behaves 1dentically like propylene towards addition,

is then:
R : . -7600/1.987 x 773
Abstraction _ 8.e .
R - -6000/1.987 x 773 -
Addition - 3.6
= 1/1.1

The results indicate that the addition reaction will be
about as fast as, or faster ﬁhan the abstraction reaction in
the temperature range around SOOOC. On the basis of these
calculations, therefore, the addition reaction must be of
~importance for the mechanism of the butene decomposition,
provided of course that the subsequent decomposition‘ofbthe
unstable addition product CSHll also produces other species
than the original methyl radicals and l-butene.

| There is an almost complete lack of direct kinetie

data 6nlthe properties of the CSHll radicals., Also, since
the addition products in question are formed with an eXcess
energy of the order of 30 kecal, their behaviour could not

be predicted from a study of the properties of CSHll rad-
icals containing no excess energy. Therefore, the discussion

must be limited to only one of the factors determining the

possible decomposition feactions of the CSHll radicals,
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namely the bond dissociation energies involved in the
various possible modes of décomposition. The modes of
decomposition, together with calculated bond dissociation
energies of the ruptured bénds, are sumarized in Table
XXXIV,

The reactions iisted do not include modes of de-
compoéition in which the products formed indicate that a
re-arrangement has taken place. For example, reactions
of the type:

CH.-CH -CH-CH -CH —— CH -CH=CH + .CH -CH
3 2 * 2 3 3 2 2 3

were not considered. Although such reactions are'possible,

especially since the CSHl radical carries excess enérgy,

1
they appear to be less likely than the straight decomposit-
ion reactions considered in Table XXXIV. |

The activation energy of a decomposition reaction is
equal to the bond dissociation energy of the bond ruptured
plus the acti#ation energy for the reverse reaction. Since
in all cases considered in Table XXXIV the reverse reaction
is the simple addition of a radical to the double bond of an
olefin, the activation energy of the reverse reaction can
be expected to be in the order of 3-6 kcal for all cases
considered. Therefore, the bond dissociation energies

given are a good measure of the activation energies for the

decomposition reactions,



Table XXXIV

Decomposition Reactions of the CSHll. Radicals

Radical Decompositlion Reaction

Calculated Bond
Dissociation Energy

(1a) CH.-CH_-CH-CH_-CH — CH -CH=CH-CH -CH + H 38 kcal
(18) 2 2 3 3 2 3 :

3
b M ——— CH -CH -CH=CH,. + CH., 25.
(1b) - 3 C 5 5 3 5.5
-CH-CH,.- — - CH=Ci-CH,.- '
(llg) CH2 ?H H2 CH3 _ CH2 ? CH CH3+ H 35
CH CH
3 3
(11b) ———— e ah —_— CHz:CH-CHZ-CH3+ CH3'A 2&.5

2

—- CH =CH-CH_ + CH_-CH . 23
. 3 2

The bond dissociation energies and standard heats of

formation used for the computed results in the table gre

listed below:
D (H-H)
?(CHB—H)
D(C,H -H)
D(C2H5.EH.CZH5)
D(CH

«CH .CH.CHZ-H)

3772

CH3

) AH% methane
"  ethane

L propylene

" 1-butene

n-pentane

2-methyl-butane

2=pentene

" 2-methyl-1l-butene

104 keal

103
98
ol
97

-17.9 kecal at 2500

-20.2
4.9

- 0.03

-35

-36.9

-7

- 8.7

n
n
n

n

11

fn

n

n

1l

33
Currently
accepted values

Arbitrarily
chosen plaus--
ible wvalues,
(see pagel23)

1

n
n
n
n
"
-

1



The results in Table XXXIV show that reactions in-
volving the elimination of a hydrogen atom require higher
energy than those involving the elimination of an alkyl
group. Thus, a prediction based on the activation energies
only, indicates that reactions where the splitting of an
alkyl group occurs will be faster., Reaction IIc is of
particular interest,‘since in this case, the alkyl rad-
ical formed is not methyl. Therefore, if this reaction
takes part in the mechanism of the l-butene decomposition,
propylene and éthyl radicals should be formed. The ethyl
radicals can be expected fo react further, either forming
ethane by hydrogen gbstraction from unreacted butene; or
‘decomposing to ethylene and hydrogen atoms.

In the pyrolysis of l-butene-l-d., the corresponding

3’

reactions would be:

CD. + CH =CH-CH -CD — CH -CH-CH -CD
3 2 2 T3 -T2 2

3
CD
3
7(.)H2—CH-CH2-CD3——~ CH2= CH-CD3* CDB\-CHz. (IIc)
' CD3

CH.CD_+4 CH=CH-CH.-CD? — CH-CD + CHD.
2773 2 2 773 3 3 Lk 3
—_— CHD.CD ¢+ CHD.,
2 3 L 52

.CH -CD_ — CH 3CD + D
2 3 2 2

The above reactions can be used to explain the observed.
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formation of propylene-dB, ethane-d3, ethane-d and
ethylene-d, in the pyrolysis of the»l-butene-u-dB. Accord-
ing to the reaction sequence assumed above, the concen-
trations of the products should obey-the equation:

C_2H3D3 + C,H;D) 62H2D2/03H3D3 =1
On examining the results for any given experimental con-
ditions (Table XXVIII), it is found that the ratio for the
- concentrations considered is not equal to 1 but close to
2.4 on the.average. Therefore, it must be concluded either
that the proposed mechanism is not correct or that ethane-
also are formed by some other

2
reactions, The second glternative is considered more

d3 and -dh and ethylene-4

likely. On the basis of reaction (IIc) one should expect’

that in the sensitized decomposition of l-butene-u.-d3 the
formation of C3H6 should be greatly accelerated: )

Hg(CH — Hg + 2CH

+ CH =CH-CH,~CD, — CH,-CH- - —_— = CH-CH_+ CH
3 P > p3 C > ? CH2 CD3 CH2 CH CH3 2CD3

,CH3 (IIc)

This, in fact, is the case. The increase of the C3H6 form-

ation was found to be u7-fold; second only to the increase

CH

gf the CHM formation (Table XXIX). The corresponding
increase of the C,H:D. and €,H,D, formation was only 11 to
12-fold, This result can be explained if it is assumed
again that the deutero-ethane and deutero-ethylene are

formed not only as a result of reaction (IIc) but also by

some other reactions, and that these reactions do not
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recei#e such a direct enhancement in the sensitized
decomposition as does reaction (IIc). Such reactions will
be discussed in subsequent sections.

The formation of noh-deuterated butene in the sensitized
decomposition of 1-butene4u—d3(Tablé XXIX) can be explained
on the basis of reaction (Ib) of Table XXXIV.

| - Hg(CHB)'z.—- Hg + 20&3

CH, + CH_=CH-CH_-CD_— CH_-CH_-CH-CH
2 2 T30 T3

-CD — CH -CH -CH=CH + CD
3 3 32 2 3

2
(Ib)
Since the'fofmation of non-deuterated butene was observed
ohly in the sensitized decomposition it is almost certain
that.this product must have been formed by the proposed mech-
anism. It is interesting to note that 2.7% C,H_ was formed.

L8
' The non-deuterated butene together with CH (2.9%) are the

fwo producﬁs formed in by far the largest imounts_in'the
sensitized reaction (Table XXIX). The results also indicate
that reaction (Ib) is almost as faét as the hydrogen
abstraction reaction by methyl radicals (2). ‘

| CH, + CHD — CDB'b c H8 (Ib)

3 L5 3

CH + C HD. — CH 2
3 O 8P %Py )

Besides explaining the formation of non-deuterated
butene, reaction (Ib) indicates the maln source of CD3

radicals in the sensitlzed decomposition. Thus, the in-

creased formation of CDBH and CDLL in the sensitized.reactionl

should be due largely to hydrogen abstraction reactions of

theyCD3 radicals released by (Ib).
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The possible occurrence of reaction (Ic) and the
almost certain occurrence of reaction (Ib) are considered
as strong evidence that at higher temperatures the
addition of a free radical to the double bond of an
olefin is not invariably ingétive for the mechanism: i.e.,
the addition product does not’excluéively decompose to
yield back the original radical and olefin. The newly
formed bond in the addition might be retained and the
addition ﬁroduct decompose with the splitting of a new
bond leading to the formation of a new olefin and a new
radical. Such disproportionation reéctions might be of
considerable importance in mechanisms of thg thermal decompo-

sition of olefins.

REACTIONS OF THE FREE RADICALS STABILIZED BY ALLYL-TYPE

RESONANCE

A

It was noted earlier that as a result of hﬁdrogen
abstréction from l-butene by free radicals, four different
CHH7‘ radicals could be formed. These were:

I | II III IV
CH,=CH-CH,-CH,"  CH_=CH-CH-CH, = CH3zC-CH,-CH, CH=CH-CH_~CH
. 3 2 . . 2 3

2 72 2 2 3
An approximate calculation indicated that about 70% of the
abstraction reactions should lead to the formation'of‘the
resonance stabilized radical II. No evidence from the
experimentél results can be obtalned for the formation of

radicals III and IV, while the formation of I was indicated

by the presence of relatively small amounts of CDh and
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C2H2DM found 1ﬁ the l-butene-l-d, pyrolysis.
Since the radicals I, III, and IV are formed only
with low probability, thé_subsequent fate of these radicals

in the butene system will not be considered.further, on |
the assumption that the contribution of these reactions

to the overall mechanism 1s relaﬁively unimportant. The
discussion will be limited to the possible fate of the
resonance stabilized radical CHé:CHQCH-QH3 ohly. Since the
allyl radical formed in the primary step of the l-butene
decomposition is also a stabilized radical, the reactions
of these two free radicals will be treated together.

From the several possible modes of decomposition

of thé two. radicals the following reactions appear most

likely:
.CH = CH-CH-CH_ -—CH =CH~-CH=CH_ + H
2 _ 3 2 2
’ CH2= (.'IH-CH‘2 —_— CH2= C=CH‘2 + H

The bond dissociation energies of the bonds ruptured in
the dissociation can be estimated from the heats of
formation of the allyl and’CH2=CH-CH-CH3 radical quoted
earlier.

D(CHZSCH.CH.CHa-HV):AHg 1,3 Butadiene +AH§. H

o .
- AHg CH2:CH.CH.CH3

26.3 + 52 - 26 kcal/mole
52.3 keal/mole

§(CH2.?.CH2)

AHO A1l AHC H - AH® . ~
£ llene .+ . CH2.CH.CH2 _
! |

f
46 + 52 - 32 kcal/mole

66 kcal/mole
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' The activation energies for the decompositions cohsidered
above are equal té the bond dissociation energies plus
the activation energies for the reverse reactions, The
reverse reaction in both cases is the addition of a hy-
drogen atom to an unsaturated hydrocarbon, and therefore,
of the order of a few kcals only. Thus, the bond dis-
sociation energies can be taken as good representatives
of the activation energy for the decomposition.

Since the frequency factors of the décomposition
reactions are not known and can not be estimated, the
rate constants can not be calculated. It is reasonable
to assume that the reactions will have frequency factors
of thq same order of magnitude. If this 1is thé case),
the decomposition of the CH2=CH-CH-CH3 radical should be
faster than that of the allyl radiéal. Assuming that
the frequency factors have a value in the neighbourhood of
the "normsl" value of 1013 1/sec., the decompoéition of
the CMH7 radical will be sufficiently fast to constitute
2=CH--CH-CH3 radical

is removed from the reaction system, while the decompos-

one of the reactions by which the CH

ition of the allyl radical will be much too slow to re-
present any appreciable fraction -of the reactions of this
radical.

Part of the allyl radicals will be eliminated by
hydrogen abstraction reactions leading to the formation of

propylene,
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Since both radicals considered can be expected
to be relatively unreactive due to their high degree
.of stabilization, it is reasonable to assume that their
steady state concentration should be relatively high.
Therefore, chain terminations should occur by recomb-
‘ination reactions of the allyl and CH# CH-CH-CH, radical:
2'CH2=CH-CH2. f—-céHlo

CH.= CH-CH-CH.,— C_H. .
2v Hy# CH-GH-CHy— CgH)

CH,= CH-CH,. + CHy= CH-CH-CHy —=C,H, ,
Cyclization and further dehydrogenation of the dimeriza-
tion products could lead to the cyclic ﬁolymers identified
in the experimental results, It is, therefore, of interest
of establish if all, or at least an appreciable part, of
the polymers found were formed as a result of the chain
termination reactions considered sbove. Since the rate

- of primary decomposition of the l=-butene is ndt known,

only a vefy uncertain estimate can be made, Assﬁming.that
the activation energy for the primary step is Ey=  61.5
kcal/mole’and the frequency factor is Af 1013 1/sec., the
rate of primary decomposition can be calculated and com-

pared with the measured amount of polymers formed., Some

of the values obtained in this way are given below.

The amount of polymers formed after two minutes' reaction
time is found to be largerthan would be expected if the
polymers were products of chain termination steps. This

is particularly the case when it is considered that the
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Table XXXV’

Ratios of. Polymer Fbrmation to Primary Decomposition of
.the 1-Butene

Temp . Reaction Calculated Polymers % Polymers
°¢ " Time Primary Formed %Primery De-
(Minutes) Decomposition % composition
509 2 .5l 1.6 3
522 2 1.L9 2¢7T 1.93
540 2 3.55 4.9 1.38
55 2 6.61 7.7 1.16

calculated primary decompoéition is a maximum value l.e.
the primary reaction is, most probably, slower. (See

Table XXXI). The gradual relative decrease in the polymer
formation‘with.increase in temperature is probably due

to the decompositionAof the polymer intermediates at the
higher temperatures.

It appears that some of the polymer formation re-
sulted from reactions other than free radical recombination
fqllowed'by cyclization and dehydrogenation.

Some indication to the nature of these reactions is
glven by the fact that the polymers formed in largest
amounts were identified as cyclic hydrocarbons:
cyclopentene, cyclopentadiene, cyclohexadiene, benzene,
toluene, etc. This suggests that reactions in which cycliz-
ation occurs as.a natural consequence are involved. Polymer-
izgtion reactions in which the intermediates have structures
that are favourable for cyclization are the addition react-

ions of the allyl and CHy CH-CH-CH3 radical to unreacted
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butene. For example, the following reactions are possible:

oCHZ"‘CH=CH"‘CH3 + CH2= CH—CHZ"CH3—'P ?HZ'QH‘CHZ"CHB

CH, CH-GH,
CH |
 CHp-CH-CHp-CHy CHy-CH-CH,- CHy
| — 7
+ CH
CHp CH 3 CH, CH-CHy
\ \&/
CHp= CB-CHp-CHy CH,- CH.
| | |
, —  CH.- + JCH,CH
CHp CH | CHp-CH 2CH3
H CH 1

Cyclopentadiene + H-
and:

CH2= CH—CHz. + CH2=CH-CH2-CH3—’ ?HZ_Q,H_CHZ-CHB

H
CHp £Hp
- oH |
CHp-CH.. - i GHp-CH-CHp-CHy
| I
g% CoHge ~—
cHp g " Cofly CHy CHp
CHy - . : CH

ete.
In the above reactions cyclization occufs as an intra-
molécular addition reaction in which the free radical end
adds tg the double bond, bath functional groups being on the
same molecule.

Some of the results from the mass balance (Tab%e VIII)
can be used as suéport for mechanisms of this type. The ratio
of the total hydrogen contained in the polymers plus the’
molecular hydrogen (Hg) to the total carbon contained in

the polymers for different experimental conditions is
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given belows:

Table XXXVI -

Ratios of Hydrogen Gas Plus Chemically Bound Hvdrqgen

in Polymers to Chemically Bound Carbon in Polymers.

Tgmp . Reaction Time H/C

. C Minutes

509 2 1.33
509 5 1.33
522 2 1.2
522 - 5 1ol
540.6 2 1.43
540.6 5 1.36
55445 2 1.38
S54.5 5 1.37

It is found that the H/C ratio remains relatively unaltered
with the experimental conditions, the average ratio being
about 1.l Although the total hydrogen gas (H2) found
in the reaction mixtures is included in the above ratios,
the ratios still fall far short of the H/C ratio of the
reactant l-butene, whieh is equel to 2., Since it also was
found that the H/C ratio of the total products was close
to the theoretical value 2, it follows that the 1ow.
hydrogen content of the polymers is not compensated for by
H2 sbut by the satﬁrated hydrocarbon products, maihly
methane and ethane. This then indicates that the unsat-
urated polymers were formed (from the original butene) by
mechanisms in which very little molecular hydrogen was
produced, Therefore, the formation of the polymers is
limited to two types of reactions: either the (molecular)
polymerization of some highly unsaturated products of the
butene pyrolysis, e.g. acetylene, allene, etc., or re-

actions of the type (8) and (9) where effective
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dehydrogenation of the cyclic polymer occurs mainly by
the release of methyl and ethyl free radicals, The first
alternative must be considered as very unlikely since no
acetylene or allene were found in the pfoducts, even in
concentrations below 0.1%.

The H/C ratios for fhe products of several a priori
possible reactions are given in Table XXXVIT,

Table XXXVITI

Hydrogen to Carbon Ratios in Polvmer Products Resulting
from Various HReactions

/ H/C of
Polymer
Product
CH = H= - . e
a) ‘;12 032 + CHy CH-CH CH, Coy g 1.67
b) 2 CH_7 CH-CH,. —CH 1.67
C = - - U —
c¢) CHj s CH-CH,.+ CH,= CH-CH Hy C7H12 1.72
d) 2 CHF CH-CH-CH, ——CBHML 1.75
e) CHj CH-CH,. + <:}12=(:H-(;H-CHB-»C(DH9 + CH, 1,50
f) 2 CHF CH-(}H-CHB —~CgHg + 2CH3 1.34
g) CHy=CH-CH,.+ CHy CH-CHp=CHy~CHg ¥ CH 1.6
- —CgHy o * CHy - 1.66
h)  CHp=CH-CH-GHy + CHp=CH-CH,=CHz~C oHq + 2CH, 1.5

—C C H1.
gt CH . 2H51LL

From the calculated H/C ratios it is evident that only
‘reactions e, f, g, and h come close to the experimentally

found ratio, H/C= 1l.4. These results also suggest that

the polymers‘were formed by allyl and CH2=CH-CH-CH3

radical recombination reactions, and by reactions of the

type (8) and (9), and that in both cases, free methyl,
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and possibly ethyl radieals were released by the
polymer molecules.

The assumed liberation of free methyl and ethyl
radicals by the polymer intermediates also provides an
explanation for the "induction" periods for the l-butene
- decomposition and the formation of light hydrocarbons
observed at the lower temperatures -- L90 to 51000
(Fig. 10 and 12a,). The inductienvperiod can be con-
sidered to be a result_of a gradual build-up of the
concentration of polymer intermediates. Since the
polymer intermediates react further, releasing free -
alkyl radicals, the rate of butene decomposition will
increase in the induction period as ﬁhe_concentration'

of the polymer intermediates increases.

PYROLYSIS OF 1, S-HEXADIENE

In the previous section it was suggested that the

resonance stabilized allyl and CH,=CH-CH-CH, radical,

3
besides participating in chain termination reactions by
radical recombination, might be involved in polymerization
reactions with unreacted l-butene, and also that in the
course of.the effective dehydrogenation of the polymers
formed in this way, free alkyl radicals would be released.
Since according to this view,'the resonance stabilized

radicals are capable of participating in a number of com-

plex reactions, it was thought of interest to examine the
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pyrolysis of 1,5-hexadiene, (di-allyl).

The dissociation energy of the central bond in
1,5-hexadiene has been estimated to be around 4O to Ll
kecal /mole:

) 20,29
D(CH,: CH.CH,=CH,+CH:CH,) = 4O - Lk keal/mole.

2 2

The weakness of the central bond suggests that the primary
step in the pyrolysis should be the decomposition to
free allyl radicals:
| CH2=CH-CH2-0H2-0H=¢H2————- 20H5=Cﬁ-CHé.
Indeed, the decomposition of 1,5-hexadiene to allyl
radicals has been observed directly, with the use of the
mass spectrometer. Lossing and co-WOrkersl6 detected
a good yield of allyl radicals in the pyrolysis of 1,5-
hexadiene at temperatures above 7OOOC. The high temper-
atures used'aré necessitated by the very.short contact
time of the flow system used by the authors and the rel-
atively high ¢oncentrétions of allyl radicals required
for their positive identification. It appears reasonable
to assume that at SSOQC, also, 1,5-hexadiene will decompose
by a free radicél mechanism involving theformation of free
allyl radicals in the primary step. Therefore, the
pyrolysis of 1,5-hexadiene can be used to obtain some
indications of the reactions of allyl radicals.

For this purpoée, an experiment was performed in which
1,5-hexadiene at an initial pressure of 100 rm., Hg was

pjrolysed 8t 550°C in the same static system as was used

for the pyrolysis of the butenes., The products formed
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after one minute reaction time are given in Table XXXVIII.

Table XXXVIII

Products from the Pyrolysis of 1,5-Hexadiene

. o
Temperature, 550 C =- Reaction Time, 1 Minute
Initial Pressure of 1,5-Hexadiene, 100 mm. Hg

Composition of Reaction Mixture

Volume %
1,5-Hexadiene 15
- Cyclohexene 1
Benzene 10
Toluene 2
Cyclohexadiene L
CSHé : L
Propylene B ITo)
Ethylene _ 10
Ethane 1
Methane 7

The reaction mixture was analysed directly on the mass
spectrometer without previous fractionation. Since some
of the components (CSHé and others in smaller quantities)
could not be identified, the computation of the mass spec-
trometric results was only approximate. The quantitative
results given should be considered as indicating the

order of magnitude only. The analyéis did not include a
determination of the amount of hydrogen formed.

A comparison of the results for 1,5-hexadiene with the
results of the l-butene pyrolysis at 550°C shows that the
overall decomposition of 1,5-hexadiene is much faster than
that of the l-butene. The large number of products observed
in the reaction.mixture of the 1,—5—hexadiene pyrolysis

indicates that the allyl radicals produced in the primary
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step induce a number of secondary reactions. The mech-
anism appears to be complex. Some of the reactipns

can be suggested by analogy with the observations from
the butene system. For example, the formation of
propylene. and benzene can be explained on the basis of

the reactions:

(CHé:CH—CH2-)é*-2 CH. = CH-CH,,.

2 2
CH2=CH-CH2.+ CH2=CH-QH2-CH2-CH=CH2——* CH£=CH-CH3*
CH,= CH-CH- O~ CHz CH,
= —C - - - . Ld '-'/C - — = ——
CH2 CH ‘H CHa CH CH2~-—'-CH2 CH HC CH2 CH CHa CHé\\
' ' CH CH
ll !
CH
OH CH,
2

Benzene-i'H2 ~— ‘1,3-Cyclohexadiene + H

With regard to the l-butene system, the following
éonclusions qﬁn.be drawn from the 1,5 hexédiene pyrolysis
experiment, At temperatures around SSOOC and a pressure
of the reactant gas of 100 mm. Hg, allyl radicals can
engége in a number of complex reactions, leading‘to the
formation of light hydrocarbons and unsaturated Cgs C
and C hydrocarbons mainly of cyclic nature. The

7

CH2=CH-CH—CH radical presumably can undergo analogous

3

reactions. These conclusions are in agreement with the

reactions proposed in the previous section.

ADDITION REACTIONS OF HYDROGEN ATOMS

It was suggested in the previous sections that several
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reactions could lead to the formation of hydrogen

atoms. These were:

. — C = |
| CH CHB H2 CH2+ H (5)
CHs CH-CH-CHB —- CHy CH-CH=CH,+ H (6)
CH=CH-CH -CH — CH=CH-CH=CH + H
2 2 2 2 2 (7)

CH2 CH- CH + 1-Butene — Cyclic unsaturated
2 : hydrocarbon + Alkyl

radicals + H (8)
CHé=CH-CH—CH + 1-Butene— Cyclic unsaturated
3 hydrocarbon » Alkyl

radicgls + H (9)

The Nydrogen atoms produced by these reactions could react
with the l-butene according to the scheme:

H-+CH5==CH-CH2-CH5—-?H -CH-CH -CH ——  CH -CH=CH + CH

g2 2 3 3 2 3 (10)

H +CH = CH-CH_~CH — CH.-CH-CH ~-CH. — " CH = CH_+CH_-CH

2 3 2 ﬁ 2 3

2 3 2
In the corresponding reactions of 1-butene—u-d3, deuterium

H+CH= CH-CH -CH — CH.=CH-CH-CH,+ H
2 2 3

atoms will be involved also. These should originate
mainly from reactions (5) and (6), Reaction (10) in
this case should lead to CD3. radicals and CHZD-CH=CHé.
The deutero-propylenes isoiated from the reaction mix-
tures of the 1—butené-)_|.-d3 pyrolysis conkained con-

, siderable amounts of monodeutero-propylene (up to 60%
of the total propylene at the low temperatures, falling
off to 30% at the highest temperature). The observed
formation of monodeutero-propylene thus suggests the

possibls occurrence of reaction (10). It should be

mentioned here that the mass spectrometfic analysis of

(11)

(12)
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the molecular hydrogen obtained as a reaction product
from the pyrolysis of the‘l-butene—u-d3 revealed the
presence of varying amounts of HD besides the H2. A
quantitative estimatg could not be made, due to the lack
of gas standards(puré HD and Dé).

Support for the occurrenée of disproportionation
reactions of the type suggested (10) can be found in a
study of éimilar systems, In an investigation of the
pyrolysis of propylens, Szwércagéiid as major products of
the reaction, methane and hydrogen, which were roughly
in the ratio,'2:l. Other products formed in relatively
large concentrations were ethylene and allene. Assﬁming
that the primary process in the propylene decomposition

is thé formation of hydrogen atoms and allyl radicals,
SzWarc explained the formation of methane according to

the following reaction sequence:

| CHy CH-CH, — CH2= CH-CH,.+ H (1)

H + CHy CH—CH3 — H,¢ CH2= CH-CHZ_. (2)
H+ §H2= CH-—CH3 — CHf CH2+ CH3. (3)
CHB. + CH; CH-—CH3 — CHLL + CH2= CH-CH,,. (L)

Reaction (3) is analogous to reaction (10) which is
assumed to participate in the l-butene pyrolysis. The
two alternative mechanisms for the formation of methane
are: a direct molecular decomposition of the proleene
to methane‘and acetylene, or the direct primabry split

of the propylene to vinyl and methyl radicals, followed
by reasction (lt)s The molecular decomposition to methane

and acetylene appears improbable since the general
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evidence presented by Szwarc strongly supports a

free radical mechanism. Also, the foﬁmation of methyl
- radicals by .a primary split of thexbropylehe molecule
could not gécount for all the methane forﬁed, since

reaction (1) should be considerably faster than (5):

CH=CH-CH -—= CH=CH-CH  + H

P 3 o o (1)
CHs CH- —_— = CH.+ CH_. .

5 CH QHB CH2 CH, + H3 (5)

Another example for the occurrence of a reaction
analogous. to reaction (10) is found in the pyrolysis
of toluene: |

H+C H -CH,ZK — 06H6+ CH

675 "3 3°

The above reaction was proposed originally by Leigh
. 1L
"and Szwarc, in an attempt to account for the observed

formation of methane, and confirmed later by Blades

and Steacie.a
On the basis of the evidence quoted,'it seems
justifiable to assume that hydrogen atoms can initiate
disproportionation reactions of the discussed type and
will generally do so in systems cohtaining propylene,
butene or other higher olefins,
The occurrence of disproportionation reactions
in the butene system will depend on the concentration
of hydrogen or deuterium atoms. The ratios of monodeutero-
propyléne to total molecular"hydrbgen-(H2+HD+D2) formed

under different experimental conditions in the pyrolysis

of 1-butene-u-d3"afe&gibenébelow.
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| Table XXXIX
Ratio of C3H5D to Total Molecular Hydrogen
Reaction Temp. Reaction Time C_H.D
°¢ Min. ' 35
: - Total Molecular
Hydrogen
522 2 12
540 2 . 7.6
554 2 | 7.1

If it is assumed that all of the monodeutero-propylene
was formed by the disproportionation reaction (10) in
which deuterium atomsiwere'involved, the ratios obtained
would indicate that reaction (10) is more than seven
times faster ﬁhan the abstraction reaction (12):v
D+ CH = CH-cﬁ2-0D3——q CH,D-CH=CH, + CD_ (10)
| p * CH2 c§-CH2-cp3—- HD + C) H) Dy (12)
Although the relative rates of reactions (10) and (12)
cannot be predidted with any certainty on theoretical
grounds or from information available in the literature,
it appears'thét the differenbe of the relative rates ob-
tained is.éxcessiVe. Fof eXample, Szwarc's fesults from
the pyopylene pyrolysis, together with thé interpretation
represented by reactions (1) to (L), give the result that
the disproportionation reaction is only about twice as
fast as the abstraction reaction for the propylené system.
The disproportionation réaction (10) is difficult
to reconcile with the large difference in the rates of

formation of monodeutero-propylene and total hydrogen.
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Therefore, although such a reaction seems very probable,
the experimental evidence in the present work is not

sufficient to emtablish its participation with certainty.

MECHANISM OF THE THERMAL DE-

_COMPOSITION OF 1-BUTENE AND 1-BUTENE-4~d,

The reactions discussed in the previous sections
are sﬁmmarized in a mechanism: for the decomposition

of l-butene-Lj-d, given on the next page. The proposed

3
mechanism has several important characteristics. The
thermal-decomposition is assumed to proceed by a cbm- '
plex free radical mechanism. The initiating reaction
is considered to be the primarj decomposition of the
butene tc methyl and allyl radicals. There are no long
chains, but the secpndary reactions aré num.erous.
Methyl radicals are generated b& several reactions: the
primary décomposition (1), the release of methyl rad-
icals in the effective dehydrogenétion of the polymers
(8) and (9), and the reaction of the hydrogen atoms
with 1l-butene (10). Ethyl radicals are generated by
the methyl radical disproportionation reaction with
"l-butene (3), the release of ethyl radicals in the
effective dehydrogenation of the polymers (8) and (9), and
the hydrOgén atom disproportionation reaction with
~ 1l-butene (11). Finally, hydrogen atoms are generated

by the unimolecular decomposition of the ethyl radicals
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CH2= CH-CHZ-CD3 L CH2= CH-CH2,+ CD (1)

£ _
CD3. + Bu.te'ne-d.3 —-'-CHD + ('LLHLLDB - (2)
CDy. + Butene-d, _—~-c:DLL + Cqul?Z. (2a)
CD;.+ Butene-dy  —=CD,CH.+ C3H3D3 (3)
CD3-0H2.+ Buteljle—dB —-CH30D3+ Cu_HuDB (L)
CDy-CH,. + Butene-d, - '—-.CH2DCD3+ cLLHSDé (La)
DBCHZ. —=CH,CD, * D (5)
CHj CH-GH-CD,  — CH,= CH-CH=CD,+ D (6)
CHj= CH-CH,-CD,. ~ —CHF CH-CH=CD2+ H (6a)
CH,=CH-CH,,+ Butene-d_ — CH CH-CH, + CLI_HLLDB (7)
CH,= CH-CH,, « * Butgne-dB — CH,3CH. CH D+ cuHSD . (7a)

CH,= CH-CH,. + Butene-d ———Addition Product —= Cyclic
: or C Hydro-
cgrbon s CH,. and/ . 8
or CD,-CH,. (8)
CHé=CH-QH-CD + Butene- d3———Aadit10n Product —= Cyclic
3 C5 or Cé Hydro-
carbon. CHB. and/or

| ch CH2. (9)
D+ Butene-d3~—'-CH2D-CH=CH2 + CD3. (10)
H + Butene—dB—-CHB-.CH=CH2 + CD,. (10a)
D + Butene—d3—~CH2= CHD + .CHZ-CD3 (11)
H»+ Butene-dB——-CH2= CH, * '.CH2-CD3 (11a)
p " Butene--d3 DH + CuHLLD3 _ (l?)
H + Butene-d3 + CL’(H,_L 3¢ (12a)
2 CH,* CH-CH,,—= C6H10 -~ (3)

2 CH; CH-CH-CH;. ——Céﬂm —Polymers (1l)

CH =CH-CH ot CH = CH-CH-CH., —
2" C-Clig.+  CH CH-CH-GHy —= C/H,, -
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(5), the unimolecular décqmposition of CH£=CH-QH-CH

radicals (6), and possibly, the

3

and CH2=CH-CH2 2

dehydrogenation of the polymers,

-CH

Chain termination is assumed to occur by the récom-'
bination of the resonance stabllized allyl and CH, CH-CH—CH3
radicals,

A very large number of reactions has been included.
The 1érge number of reaction productg and the déuterium
distribution in the products cén be explained only on
the basis of a complex mechanism. Since the majority'of
the experimental results were obtained from pyfolysis ex=-
periments in which considerably more than 1 or 2% of the
butene was:decomposed, it can be érgued that the'complex-
ity of the reaction products is largely due to sécondary
reactions involving the reaction products themselves.
While this might be the case for these experiments, it
éhpuld be ﬁoted that the reactioﬁ mixtures obtained from
experiments in which only 1 or 2% of the original butene
was decompésed showed the same lérge number of products,
and the deutero-isomers in the products were equally
numerous. The decomposition of the buteme, therefore, is
certainly a.complex reaction under the present conditions.
The large humber of proposed reactions therefore séems
justified. |

The reactions (1) to (15) were chosen on the basis of
the discussion given in the previous sections. The
arguments used Were based mainly 6n a qualitative‘examination

of the experimental results. Semi-quantitative or quantitative
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support could Se given for'only some of the proposed -
reactions.: Thus, the proposed mechanism requires

further quantitative confirmation. Unfortunately,

great difficulties aﬁe encountered in an attempt to
Yerify the mechanism further. ©Some of these difficult-
ies shoﬁld be mentioned. The most useful procedure for
the verification of a propésed mechanism with the ex-
perimental reéults is to compare the rates of formation
of the products as a function of reaction time and
temperature. Generally, the relative rates of formation
for the reaction time t-—- o are especially significant.
The mechanism then can be verified by observing constant
relations between the rates of formation of given comp-
ounds in accordance with the predictions of the mechan-
ism. The use of this procedure for the systgm in guestion
is madé very difficult by the large number of products

to be considered. The numerous reactions are so inter-
connected that a high uniform accuracy in the quantitative
determinations of virtually all préduéts, including the-
polymers, is required. Such accuracy cannot be ex-
pected considering the complex nature of the analyses.
‘Moreover, in most of the relations the rates of formation
- of particular deutero-isomers should be considered.

However, it was noted earlier that the quantitative

determinations of some of the deutero-isomers were only

approximate,
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Somé,of_thé"results from the quantitative analyses
of the deuterium«isomefs which undoubtedly were accurate
also have not been explained. For example, it was found-
that the deutero-methanes from the l-butene-lj-d_ con-

3

tained CHD3 and CH2'D2 in the ratio:

CHDB/CHZDZ = 3 (from Table XX)

Roughly the same result was found for the deutero-ethanes:

Cc. HE (from Tagble XXII)

2M5Dz/CoH Dy = 3
Since the 1- butene-).p-d3 was found to contaln initially
only 10% of bi-deuterated product (l-butene—u-d2), the
above rétios should have been expected to be not egqual
to 3, but equal to 10, The reason for the discrepancy
is not understood, | |

The difficulties outlined above apply eqﬁally when
attembts are made to interpret some of the kinetic con-
stants obtained from the l-butene pyrolysis. The over-
all activation enérgy of the butene decomposition was
determined as well as the activation ehergies for the
formation of the light hydrocarbons. If a steady sfate
treatment could be applied to the propésed reédtion"
mechanism, some kinetic significance possibly could be
given to such results. However, the reactions assumed
to participate in the mechanism are too numerous. Attempts
to express even the essential features of the mechanism

were not successful. Even if a steady state treatment
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1t 1s questionable whether the experimentally obtained
-figures for the activation energies, etc., should be
associated with the derived expressions. Thus, the
general results clearly indicate that some of the "primary"
pfoducts formed in the decomposition are very reacﬁive

and participate further in the reactions. The effect of

these producfs should be small at low temperatures and
short reaction times since under such conditions their
concentration is too low aﬁd still in the prodess of being
built up. The induction period obsefved in .the butene
decompositibn (Fig. 10) is an indication of such a process.
At higher temperatures the effect of subsequent reactions
of such products should be noticeable very soonj; even
during thé first minute interval. Thus a change of kinetic
pattern can be expected to take place for the different
reaction temperatures influencing the composition of the
reaction mixtures obtained even after the shortest '
sampling time (1 minute). To allow for such changes in

a mathematical treatment woﬁld be a formidable task,

In view of the difficulties outlined above it seems

that éddiﬁional qﬁantitative Support for the proposed
-meéhanism7will be very difficult to obtain. Therefore,
the reactions proposed represém, at best, a plausible
mechanism for the complex decomposition of the 1l-butene,
" providing a general qualitative picture of the processes

[3

involved. .
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- SIGNIFICANCE OF SOME OF THE FINDINGS

AND SUGGESTIONSlFOR FURTHER EXPERIMENTAL WORK

The-ﬁechanism proposed to account for the major
reactions:of the l-butene decomposition makes extensive
use of two tjpes of reactions, both involving free
radicals énd l-butene, These are: the abstraction of
hydrogen from the butene by free radicals and the
addition of free radicals to the double bond of the
butene followed by rapid decomposition of the addition
product. The latter reaction results in disproportion-
ation when the addition product decomposes to form prod-
ucts different from the initial radical and l-butene. It
was shown that at least qualitatively, a large number of
reaction products observed can be explained on the basis
of the addition-disproportionation feaction which should
be characteristic of olefinic compounds. It must be
‘mentioned that while the addition of free alkyl radicals,
especially the methyl radiéal, to unsaturated hydro-
carbons has been subject to considerable study at 1ow
temperatures (below 30000), mechanisms involving addition
products as intermediates have been considered to be of
importance .at higher temperatures.only rarely; Since
the occurrence of such reactions is strongly supported
by the results of the present investigation, a complete
proof for the extensive parﬁicipation of such reactions

in the mechanism of olefin decomposition certéinly seems
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_wortHMﬁﬂs.».In this way, a class of reactions of
seemingly great importance that hitherto has found
little consideration will be established.

The following relatively simple experimenﬁs are
suggested as a means for obtaining additional ex-
perimentél evidenée. |

In the mercury-dimethyl sensitized decomposition

of l-butene-l-d it was found that aside from the

3’
greatly increased formation of CHLL and CHBD’ originét--
ing presumably by the reactions:

Hg(CH,), — Hg + 2 CH g

3.
L %
CH.. + CH = CH—CH-CD
3 2 3 '\\\
CHBD'* CL'-HSD2

the formation of non—deuterated propylene also had

received a great acceleration., This was explained by

the reaction: ‘ A

| CH,+ CH_® CH-CH,~CD_ —= GH_-GH-CH-CD_ — CH 5 CH-CH,+ OD_-CH_.

372 2 3 2
: CH3

Py‘the formation of

propylene—dB in the normal (non—éensitized) deComposition

This reaction also wWas gsuggested

of the l-butene-lL-d

CD_ + CH=CH-CH_-CD_— CH_-CH-CH_-CD —~CH=CH-CD_ + .CH_ CD .
3 2 2 2 CD3 2 3 2 3 2 3

The possible occurrence of this reaction could be in-
#estigated’easily if the Hg(CD3)2 sensitized pyrolysis of
CH,= CH-CH -CH, were studied. According to the above
assumed reactions, the formation of propylene-d3 should be
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observed. The suggested experiment also should lead

to the formation of CD_. CH2-CH=CH2 in analogy with the

3"
observed formation of CH CH- CH2-0H3 in the Hg(CH )
sensitized reaction of the 1- Butene—u-d3 for whlch the
reaction, ' . cH
rS, S
CH,. + CH =CH-CH,-CD_—— CH -CH-CH -CD — CH -CH - CH=CH +CD ,

3 T2 T e Ty e T T2 T 32 2 3
was assumed. Thus, the Hg(CD3)2zsensitizeQ decomposition
. of the CH2==CH-CH2—CH3 should provide a definite answer . :
regarding the reactions describedAabove and possibly
provide clues for some of the remaining reactions..FSince
Hg(CD3)2 is now readily available commercially, the ex-
periment seems easily feasible, and involves only a dupQ
lication of the analytical techniques already used.

A qualitative study of the suggested mechaﬁism
leading to the cyclic polymers could be made if the pyrolysis
of l-butene or 1- butene-u-d3 in theaﬁresence of small amounts
‘of 1,5- hexadiene or—hercury-dlallY1 were studied. At
temperatures around 490°C where the normal decomposition
of the butene is very sloﬁ, the mentioned sensitizers should
decompose appreciably under formation of allyl radicals.
The increased supply of allyl radicals should lead to
increased formation of the cyclic hydrocarbons such as

cyclopentadiene and cyclohexadiene, with a simultaneous

increase in the rate of butene decomposition. If l-butene-
L-d5 is used, a simultaneous increase of the CHDy ang

CH,.CD, formation also should be observed, in accordance

37773

1
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with the proposed reactions (8) and (9).

A further extension of the inveétigation by means
of furthef refinement of the accuracy of thesanalytical
techniques does not seem worthwhile. The complex be-
haviour of the system under the conditions studied most
.probably would defeat any attempts for the deriﬁation of
significant kinetic constants such as pre-exponential -
factors and activation energies of the elementary re-
actions involved. It is certain that the reaction coﬁld
be studied under conditions for which the mechanism is
less complex, For example, the use of a flow system
operated ét very low percentages of total decomposition
would be more suited for a further study of the butene
pyrolysis, especially with the help of gas chromatographic

analytical techniques.,

PYROLYSIS OF 1-BUTENE IN THE
PRESENCE OF . DEUTERIUM

The formation of methane in the pyrolysis of 1-

- butene in the presence of deuterium has been studied
recently by Danby, Spall, Stubbs and Hinshelvmod.5 Vary-
ing initial émounts of.l-butene were decomposed in the
presence of.D2 at SéOOC. The initial pressure of 1-
butene was varied from 3 to 100 mm, Hg, while the initial

pressure of the deuterium was kept constant at 100 mm,

Hg in all expériments. The methane formed after L
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minutes reaction time was separated and analysed for
deuterium content on the mass spectrometer. The
methane was found to contain, besides CHM’ varying
amounts of CH3D. A plof of the results obtained by
Danby and co-workers is reproduced in Fig, 22. A
gradual decrease of the CH D/CHH ratio with increase

of the initial concentration of the 1 butene is a
prominent feature in the results. The authors assumed
that at 560°C, the temperature of their experiment,
l-butene decemposes by a molecular mechanism., The
assumption was based mainly on the fact that nitric
oxide has no inhibltlng effect on the 1l-butene de-
composition, (Molera and Stubbs)Z% The isotopic mixing,
i.e. the CH3D formed, was assumed to occur without the
participation of free methyl radicals in the reaction.
Therefore, as Danby and co-workers point out, the assump-
tion in 31milar 1nvestigati§gé 3§hat 1sotoplc mixing is
an indication for the participation of free radicals in
the reaction, is open to doubt.

However, since the results of the present invest-
igation sfrongly favour a free radical mechanism, it is
pertinent to show that the results obtained by Danbj
and co-workers can be interpreted on the basis_ef free
radical reactions. A clue for the participation of
methyl radicals in the l-butene decomposition in.the

presence of deuterium as studied by Danby and co-workers

is the observed gradual decrease of CHBD/CH with increase
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of the initial concentration of the pyrolysed l-butene. This
result can be interpreted on the basis of the two competing
réactions:

CH3 + Dp—= CH3D + D kp
CHy + CyHg — CH, +C Hy kg
If the methyl rédicél'production is assumed to be prqportion—

al to the butene concentration, the following equations can

be written:
a(CH,D

a(CH“)
at

‘ d(CHé)
at

Assuming a steady

- kp(CH3) (Dp)
= kB(CHB)(B) |
(where=(B) = concentration of 1-butene)

- ky(B) - kg(CH3)(B) - kp(CHy)(Dy)

state one obtains:

kB(B) + kD(D27
anid: i
d(CH3D)  kpky(B)(Dy)
dt - kg(B) + kp(D,)
d(CH )  kgky(B)C
If substitution §% =p 1is mads:
" d(cH k, (B S
(CH4D) ] 1 )(Dzzp_ .
at (B) + %IDET |
.d(CHu) kp (B)2
T - 11

(B)-+ %(pg)
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The ratios of CH3D/CH)_L for the initial stages of
the reaction in function of various initial concentrat-
"ions of the l-butene can be obtained from equations I
and II if a plausible vélue for p is assumed., A value
for k‘B/kD = p can be estimated with the use of known
data for the abstraction of‘hydrogen atoms from l-butene

and deuterium by methyl radicals. For the abstraction

3l
from butene, Trotman-Dickenson and Steacie give:
1 1 -1 -2 . o
KB/k2% x 10 3. 210 cc.? molecules ® sec. © at 253 C
and EB = 7.6 kcal/mole

where k2 refers to the methyl radical re-combination to

37
ethane. For the abstraction from D2, Whittle and Steacie
give: "

i 1 -1 -+ o
kb/k22 = 4.9 cc.? molecules ® sec, = for 290 C
and E. = 11.8 kcal/mole

D
Since E2 = 0, the sgbove data can be used for a calculation

of kp/kp at 560°C. The result obtained is:

kp/kp = 2.5 at 560°C
0f course, the resuit is only approximate, Since the
kB obtained represents in essence only abstraction of
allylic hydrogen atoms from the l-butene, the value for
kB shoul@ be corrected upwards by a factor of at least
l.4. (See calculations of kB on pagel20), Thus, the
calculation leads to a value for p in the order of:

p = g/l = L

The value p = 5 was used in the subsequent calculations,.
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Substituting into equatioris 1 and 1I the values:

p = 5, D, = 100 mm. Hg, and varying initial pressures
for B , values for the ratio of the initial rates,

r (CH3D) /r(CHﬁ? in function of the initial concentration -
of the-butene were obtained., These values are plotted
in Fig. 20(b), together with the experimental values

for the ratio CH3D/CHM found by Danbﬁ and co-workers
after L minutes! feaction.time. it can be seen that the
calculated values for the relative initial concentrations
approximate the experimental curve well, Thus, the
experimentally found variation of CHBD/CHu'can be
explained by a free radical mechgnism;

The procedure of comparing the calculated initial
rates (CH;/r (CH)) with the ratio of the concentrat-
ions,.CH3D/ GHM obtained after four minutes reaction
time implies the unwarrantéd assumption that the con-
centration of the l-butene has remained essentially
unchanged. According to the experimental resﬁlts des—'
cribed earlier in this work (fér'example, Fig. 10),
more than half of the l-butene is decomposed after
i} minutes at SSOOC. Therefore, a refinement can be
inﬁroduced in the calculation by taking account of the -
variation,of‘the butene concentration with time. It
was found that the l-butene concentration decreaseé
approximately by a first order law with time at temp-
erﬁtures around 550°C (Fig. 10), Therefore, one can

write:
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d(B) = - .-kt

4UB) =y and (B) =(Bole
(where (Bo) = initial concentration of the l-butene).

If this time dependenpe of the butene concentration is intro-

duced in equations I and II, one obtains:

: -kt 1

d(CHBD) . kl(Bo)e (D2)§ I(a)
at (Bo)e ¥t + (Dg)%

d(cH,) _ ky(Bo)Ze2kt 1(a)

- Ne=kKt + Lip_
at- (Bo)e + 5(Dy) :
‘Upon integration of I(a) one obtains:

D) - k, (D;) log|(Bo) + (D,)%

37 ke (Bo)ekt * (p )L

(after t seconds)
From the experimental results given in Table Xii, an
approximate value for k can be chosen:

kgg) og = 33 x 10"“1/860._ " x

Introducing the above value in the equation, the ratio
(CHjD)/kl can be calculated for a reaction time of four.
minutes, for different initial pressures of the l-butene.

In order to compare the valueé thus arrived at with the
experimental results obtained by Danby and co-workers, a
value for the constant factor k; was calculated by putting:

(CH4D) /Ky * = (CH,D) /iy

where  (CH3D)/kq * represents the number obtained from the

calculation for four minutes' reaction time and an
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initial concentration B€= 20 mm, Hg, and the CH3D‘on
the right hand side fepresents the experimentally obtained
concentration of the CH3D by Danby and co-workers for the
pyrolysis of butene with_EO mm, initial pressure. The
value for kl-obtained in this way was: ‘
| k, = 7.78 x 10‘& sec. -t

The values for CHBD calculated by this second meﬁhod are
plotted in Fig. 20—(a). It can be seen that the calculated
points follow the general trend of the experiméntal curve
well, |

Thus, the experimentally found variation of the CH,D
and CHM concentrations as a function of the initial’butene
concentration can be predicted cn the basis of a free
radical mechanism, Therefore, the conclusion of Danby
and co-workers that isotopic mixing can occur to the ex-
-tentlobsérved in their experimental results without part-
icipation of free methyl radicals is open to doubt., It is
also important to note that if the above corlusions are
correct, the nitric oxide criterion for the existence of
radical chains as used by Molera and Stubbs and Danby, Spall,
Stubbs and Hinshelwood can not be applied to the‘l-butene

system,
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APPENDTITX I

QUALITATIVE INVESTIGATION OF THE POLYMER PRODUCTS

FORMED IN THE PYROLYSIS OF 1-BUTENE
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APPENDIX 21

QUALITATIVE INVESTIGATION OF THE POLYMER PRODUCTS FORMED

IN THE PYROLYSIS OF 1-BUTENE

The reaction mixture from the byrolysis of l-butene
contained a large number of compounds with molecular
weights higherithan that of butene. For convenience,
these pfoducts are referred to as polymers. As Wwas
desdfibed‘in the main text, the polymers were separated
by gas chromatography and the collected fractions analysed
with the mass spectrometer. This appendix presents the
results from the mass spectrometric investigation.

The mass spectrum of a given compound varies to a .
smallhextent from instrument to instrument. The ob-
served variations are generally small,\amounting to a
few perceht of the relative ion ihtensity for a given
mass number., Thus, in the majority of cases, satisfactory
identification of a pure compound can be achieved by a '
simple comparison of its experimentally-obtained spectrum
with the published spectra of isomeric compounds. The
polymerlproducts wére identified by comparing the ex-
perimentally-dbtained mass specfrum_of each gas chr om-
atographic fraction with the mass spectra of compounds
liéted in the Catalogue of Mass Spectral Data published
by the American Petroleum Institute, |

A1l the mass spectra originating from this laboratory

were taken with 50 e.v. energy of the ionizing electrons.,
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A typical gas chromatogram showing the fractions contain-
ing the polymer compounds is represented in Fig. 7 of the
smain text. In the fbllowing sections, the mass spectrometric

results are'giveh in the order in which the fractions appear

in the chromatogram.

Fractions B, By + Bp, Py

Peak B results from unreacted l-butene. Peak By Bp
contains two hydrocarbons: 1,3 butadiene and a butene, pre-
‘sumably 2-butene. The identification of these hydrocarbons
was effected’uéing frabtions separated in the alumina column,
where peak:Bl + Bp was resolved into the two peaks of the
constituent gases, due to-a better separation achieved with
the alumina column in'that‘range. No attempt was made to

identify peak Pj.

Fraction Pp

A combarison of the mass spectrum of P, with that ofl
cyclopentene is given in Tabie I. The spectrum of P, was
recalculated on the basis:

Ion intensity for mass 68 (parent peak) = l1.
It can’be seen that the two spectra fit quite closely except
at mass 67. The mass spectra of 1,3-pentadiene1(e) l,uf
pentadiene}(f) lfpentyne}(d) and 2 methyl-1,3 bﬁtadiené}(c)
the only other mass spectra available_for compourids with the

molecular formula CSHg, give a much less satisfactory
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Table T

Comparison of the Mass Spectrum of Fraction P, with

That of Cyclopentene

Mass Ion Intensity Ion Intensity
of Fraction Pp of Gyclopentenel(a)

69 2 2

68 L1 Ll

67 83 100

66 5.7 7

65 7.6 5

6l 0.3 0.5

63 2.5 2.6

62 1.6 1.8

61 0.8 1,08

sl 1.3 1

53 2L.3 23

52 1.7 1.4

51 3.2 2.8

50 2.1 1.8

Lt-g 0‘3 0'35

L2 11.6 8.1

L1 22 19
Lo 16 16

39 30.2 30

éorrespondénee. It is concluded, therefore, that the gas

present in fraction Pp is cyclopentene.

Ffaction P3

The ﬁass spectrum of the fraction P3 1s given in column
two of Table II. The recorded ion cuffents for masses 8l
and 66 were identified as parent peaks by scanning at low
electroh energies. The spectrum at 50 electron volts also
indicated the presence of two compounds: C5H6 (parent mass

66), present in large amounts, and CeHyo (parent mass 8l),
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present initraqe amounts. The identity of the CéHi2 compound
could not be éstabliéhed. "The contributions of this compound
to the spectrum were estimated on the:basis of the spectrum
for l-hexene (column fhree of Table II), :'Since the spectra
of all hexenes are quite similar, the error should not be
large. In columns four and five of the table, the only two
available gpectfa for compounds with the molecular formula
05H12 are given. A comparison of £he spectra, especially for
masses‘where éontfibutions from the hexenes are not to be
expected‘(underlinéd), reveals a close similarity of the Pj3
spectrum to that of cyclopentadiene. >It is concluded;
therefore, that the gas present in fraction P3 is cydlopenta-

diene.

Fraction H-

~Attempts to identify the components in fraction H were
not successful. This was due to the small amounts of fraction
H present,‘and also to the proximity of fraction H to fraction
Pék The m@ss spectrometric analysis showed that the compound
present in the highest concentration had the molecular
06H10° The spectrum showed some resemblance to that of

cyclohexene, but a positive identification could not be made.
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Table II

Mass Spectra of Fraction_PB, Trans-2-pentene-l-yne

(CH.-CH CH-C CH) and Cyclopentadiene

3
Mass ~ Ion Intensity Contributlons Ion Intensity .Ion
of Fraction of C HQ of . lh)Intensity
P, the Babfs of  CH,.CH: CH.CICH of Cyclo-
N l1-Hexene 3° pentadiene
8l 2.8 2.8
10 0.15
69 2.2 1.9
68 1.27
67 8.27 Sy 6.5
66 100 100 100
65 51 148 39.5
6l 3.8 %-h 8
63 - 8.9 1 245
62 6 11 .15
61 é;% 9 .02
60 0.55 2.4 0.72
56 2.8 8.5
55 10 5.5
54 1
53 1.58 0.72
52 0,318 0.36
51 3.18 11 3.62
50 1.9 10 2.18
L2 . e }
41 8.5 10 1. 1.45
Lo - 37 0.8 L5 30.4
-39 Ll .5 5 69 .6
38 11.3 20 12.7

W
~J
H
Nel
]
AV]
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Fraction H1

The mass épectrum of fraction H1 is given in Table

III .
' Table III
Mass Spectrum of Fraction.H1
Mass Ion Mass Jon Mass Ton .
Intensity Intensity - Intensity
83 O.7 70 0.5 56 1.8
82 10.1 69 0.45 55 2.7
81 8.1 68 1.85 5h 3.5
80 1.6 67 32.h4 53 L.2
79 L 66 l.1 52 1.1
78 0.6 65 2.8 51 2.1
7 2.15 50 1.2
etc. '

The only parent peak detected at low electron energies
was at mass 82. The spectrum is obviously that of a hy- .
drocarbon with molecular formula C6H10' The spectra of-l
cyclohexené and 1, 5 hexadiene could not be fitted, either
separately or in combination,‘tp the spectrum of Hi;

-

Fractions H2 and H3

The mass spectra obtained for the separately collected
and ahalysed fractions H2 and H3 are given in Table IV, For
comparison, the spectrum of 1,3 cyclohexadiene is given
in column four. The three compounds have very similar
spectra. It is probable that a better agreement would
have resulted but for the interference of compounds presént

in trace quantities in fractions H, and H3.

2
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Table IV
Mass Spectra of Fractions Hd and H and 1,3 Cyclohexadiene
) ) ' -
Mass  Ion Intensity Ion Intensity Ion Intensity.
of H of H of 1,3-cyclo=-
2 3 hexac’iiene 1,?,8)
80 60 | 51 59
19 100 100 100
77 bl Ly 38
76 0.8 1 0.8
75 1.6 2.38 .9
qn 2.0 2.8 242
53 10 13 T
52 12.3 16 1L
51 15.6 21 19
50 9.85 13.8 12

The presence of a compound with parent mass 82
(CéHlb) in fraction H, and a compound with parent mass 96

(C7H12)iznfraction H, could be detected easily by meas-

3
urements at low electron energies. It is concluded
that H2 and H3 are composed of cyclohexadienes; presumably

the two isomers, 1,3 and 1,l cyclohexadiene.

‘Fraction Bz

'The trapped fraction, Bz wWas positively identified
with the mass spectrometer as benzene.

Fractions T

The three small peaks following the benzene peak
were collected together. A resolution of the mass spectrum
was not attempted. At low electron energies, the parent
peaks‘for masses 96 (C7H12), oL (C7Hi0)’ and 110 (CBHlu)’
were found, By analogy with the benzene group, the C7H10

could be expebted to be methyl cyclohexadiene.
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Fraction Tl

The mass spectrometric analysis of the Tl gave
positive identification of Toluene. Trace quantities
of a compound with parent mass 106(C8H10) also were found.

Fraction Xl

Table V gives a comparison +of : the upper mass

spectrum of fraction Xy with that of o-xylene. The

spectrum of Xl was recalculated on the basis:. |
ion Intensity for mass 106 = 51,

All three xylenéé have similar spectra, but the spectrum
of X1 is mqst'similar to that bf o-Xylene, It is con-
cluded that fraction Xl consists of xylene, most probably
.o-xyxlene.

Table V

Mass Spectra of'Fraction X, and 0-Xvylene

Mass : Ion Intensity Ion Intensity

of Xl : of 0-Xylene -1(b)_
106 51 51
105 18 22
104 A 3 2.y
103 5 5
102 1.3 1.1
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APPENDTIZX I7T

DEUTERIUM MIGRATION DURING THE IONIZATION OF‘

1-BUTENE-l4-d3_BY ELECTRON IMPACT™

Reproduction of paper by W. A. Bryce and Paul Kebarle:
Can. J. Chemistry, 3L, 1249 (1956).
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APPENDTIZX II

DEUTERIUM MIGRATION DURING THE IONIZATION

OF 1-BUTENE-L|_-d3 BY ELECTRON IMPACT

INTRODUCTION

| Migratidn of hydrogen atoms along the carbon skeleton
in ionized hydrocarbon molecules has been propbsed to
account for the appearance of such fragments as CHL in
the mass épectrum of propane and CH5 in the spectrum of

cyclohexane. These peaks can not be accounted for by

isotopic contributions from 013. Bvidence for rearrange—

ment of hydrogens prior to dissociétion of the corres-
ponding mélecule ions has been reported by several workers
(1, 2, 8); Some migration of'deuterium atoms 1is reported-
in a receht paper on the mass spectra of ‘deuterated but-
anes (5). Migration of atoms and isomerization'of ionized
molecules has been referred to by McDowell (L) in an
interpretation of mass spectra based:on excited moleculaf
states. Processes df this type are of special interest
because of the insight they provide into the nature of
bonding forces in molecular ignic states.
The present study of the mass spectrum of l—butene-u—d

arose in connection with mass spectral analysis of the
byrolysis;products of this compound and of the light

isomer l-butene.

3
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EXPERIMENTAL

The 1¥butene used for purpeses of comparison was
.Research Grade (99.88%) obtained from the Phlllips
Petroleum Company, Bartlesville, Okla. The deuterated
butene was kindly prepared for us by Dr, L. C. Leitch
of the National Research Laboratories, Ottawa, according

to the following method:

hy
CCl Br + CH=(CH-CH C1—— CCl1_.CH -CHBr-CH_C1
_ 3 2 2 3772 2 !
in
CCl.CH.CHBrCH.Cl —— —— +» CD_CH.CH=CH .
3772 2 CH,C00D 372 2

The product was shown by analysis to be almost
100% G=C hydrocarbon. -A preliminary mass spectrometric
analysis using 10 volﬁ electrone gave an uncertain result
but indicated that the sample was better than 90% 1-
butene-u- 3 Coﬁclusive proof of the purity of the com-
pound Was obtained by analysis with a Varian high res-
olution nuclear magnetic resonance (NMR) spectrometer.
The NMR sﬁectrum of the l-butene is shown in Fig. 1l(a).
The peaks<1abelled a, b, ¢, and d are proton resonance
ebsorption peaks for the hydrogens located on the carbons
as follows:

CH2=CH-CH2-CH

3

a b c d
The theoretical relative intensities of the two groups of
peaks for 1—butehe can be expressed as

(atb)/(€+d) = (2+41)/(243) = 3/5.

The actual ratio found by measuring the area under the
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Fig.la NMR Absorption Spectrum of l1l-Butene

lb NMR Absorption Spectrum of 1-Butene-4-d5




-182-

peaks was 3/5.8.

Fig.Al(b) shows the NMR spectrum of the deuterated
butene. .The identity of the a and b peaks with those
shown in Fig. i(a) is obvious. The d beak of the CH3
group in‘l-butene_has completely disappeared in the deu-
terated éompound. |

Déuterium atoms, having an even number of nucleons,
do not exhibit NMR abéorption. The relative intensities
of the groupsin

CH_= GH-CH.~ CD
a2 b o2 a°

should be

(a+b)/(c+d) = (2+1)/(2+0) = 3/2,
The obsefved ratio was 3/2.26. The complete absence ofA
é rar brahch in the spectrum of ﬁhe deuterated compound
was taken as éonclusive evidence that the methyl group
was compietely deuterated, within the sensitivity of.
detection of the analytical method. The relative in-
tensities of the a, b, and ¢ branches demonstrate the
absenée of deuterium in the groups to which these peaks
correspond, |

As é check on the results obtained by NMR a com-
parison of the infrared spectra of the two butenes was
made using a Perkin-Elmer double beam spectrophotometer.
A'complete interpretation of the spectra obtained has not

yet been achieved but a preliminary band assignment confirms

the results obtained by NMR.

©
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The mass spectrum of the light butené is presented in
Fig., 2 and that of the deutersted compound in Fig. 3.
Fifty-volt electrons were used in obtaining these sPectra.
The intensity of the largest peak in each spectrum is
éssigned a value of 100 in the usual way. Normalized spectra
for both compounds are presented in Fig. l.. Here the total

ion intensities for the C,, C,, C and C roups of ions
L v3 1 8

o7
are plotted on a scale such that the C)_L ion intensities are
made equal, The s0lid peaks are for the undeuteratéd com-
pound. -

A detailed study of the fragmentation pattern of the
deuterated butene at low electron energies was not made
but a few preliminary results showing the intensities of
various fragments as a function of electron energy are pre-
éented in Table I. 7The relative intensities at 50 electron
volts are also shown; N

Results obtained for the pyrolysis of the two butenes .
provided an interesting basis for comparison.of the therméi
and electron-impact modes of dissociation., The results
given in Téble IT show the distribution of the principal
products for the pyrolysis of 100 mm. of each hydrocarbon
in a static system for 5 min. at SSZOC. The analyses
were performed by gas chromatograbhy,'using‘both adsorp-

tion-elution and partition-elution methods.

DISCUSSION

The mass spectrum of the 1ight'butene shows clearly that
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Table 1

Variation of C3 Ion Intensity with Electron Accelerating

‘:Potential for CDSCHZCHCHZi
Electron Accelerating Ion Intensitv (Arbitrary
Potential (volts) ' Units)
L 42 L3 Ll
13.0 1.0 3.0 5.0 240
‘15.0 LI..O 8.0 1)4..0 . 6.0
17.0 12,0 20.5 32,0 16,0
50.0 The3 67.0 99.3 59.0
Table IT
Pyrolysis Produéts for the Two Butenes
CH3CH20HCH2 | CDBCHZCHCH2
| (vol.%) (vol.%)
Methane 2.0 - 2l.0
Ethane 5.3 5.2
Ethylene 8.3 9.0
Propylene 13.0 13.6

the most abundant fragment produced by electron impact
is the'03H§ ion, formed presumably as a consequence of

the preferred rupture of the CH5-CH CHCH, bond. This ion

2 3
would be expected to have the allyl structure, CH2CHCH2,

but by rearrangement could assume structures such as
CH2CH2CH or CHBCHzc..A:-:.CBH3 fragment is also relatively

abundant, The spectrum of the deuterated compound is

markedly different from that of the light isotopic molecule.

The chief difference is seen in the 03 group of peaks,
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The“C3H§‘ ion (mass 41), which might well be expected
to be the most abundant 3-carbon fragment, accounts for
only 19% of. the total ion intensity. The greater part
of the C3 iop intensity comes‘from higher masses. Sev-
eral possible formulas can beAwritten for each of these
ions, but the contributions of some of these to the ionic
intensities will be negligible. Since the L2 peak from
l-butene is only slightly greater than the 013 isotopic
peak the contribution of ions equivalent to C3Hg can
be neglected. This includes ions such as CBthé (mass L)
and C3H5D’(mass'u3). In addition since the mass li0 peak
from l-bﬁtene is quiteAsmall, ions equivalent to C3H£
will make relatively small contributions to the low
energy spectrum. Therefore, ions C3HD§ (mass 43), C3D§
(mass L2), and C3HD5 (mass 41) can be»neglected. Thus,
the greater part;of the 03 ion intensity comes from Q3H2D;
(mass L), CBHBDé (mass L3), C3HMD’ (mass 42), and C3Hg
(mass L1). It is therefore apparent that migration of the
deuterium atoms from the CD3 group to the rest of the
carbon skeleton must have'éocurred. Rearrangement of
hydrogen atoms similar to the rearrangemenﬁs observed in
the deuterated butene will, of course,Aoccur in the 1light
compound but cannot be detected by the presént method,

The relative intensities of the ilons of masses L1

to lly (Table I) provide some insight into the relationship

betwaen‘the energy of the ionizing electron and the
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extent of tﬁé migration process, At the lowest electron
energy the CBHBf ion makes a comparativeiy small con-
tributibn to the total G, ion intensity. The contribution
increases markedly with increasing electron energy. This
can be seen fromwTable III in which the variation of fhé

+

. ) n o .
CBHuD (42) 03H3§2 + (L3) C4H Dy (Lly) to c3H5 (41)

Table ITI

Variation of Ratio of ﬁhe Sum of Masses L2, 113 and Ll to

Mass lj1 with Electron Energy

Electron accelerating potential b2 + L3 + Li

(volts) 11
13.0 10.0
17.0 5.7
50,0 3.0

intensity ratio is presented as a function of electron
accelerating potential. It.is apparent that deuterium
‘migration is the less proBable the higher the energy of the
ionizing electron,'a consequence presumably of the shorter
1ifetimes of ions in higher energy states., At 1owef electron
energiés the lifetimes of the ions are sufficient, perhaps
several vibrations long, to permit extensive rearrangement
of the atoms attached to the carbon skeleton.

The relative intensities of the lons of masses L2, L3,
and uu remaln approximately constant for all electron energies,

This indicates that the migration mechanism doeé not depend
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on the energy of the ionizing electron but is the same

for all energies once ionization of the molecule has occurred.
The facﬁdr controlling the extent of migration is the 1life- |
time of the ion, as suggested‘above.

It can be seen from Fig. l} that the total intensities
of the ions of a given carbon-number group are the same in
the two butenes even though the distribution of intensities
and the numbers of fragments observed within the groups
are.différent. This similarity in group intensities shows
that deuteratibn does not have any appreciable effect on
the probability of C - C bond rupture. A similar lack of
effect in thé thermal decomposition of the parent'molecule
is shown by the distfibution of pyrolysis products for the
two isotopic compounds given in.Table iT.

The present work confirms the results reported by
Stevenson and Wagner (8) and bears out their prediction that
rearrangement of H and D atoms would be more extensive in
6lefinic than in paraffinic hydrocarbons, This is presumably
a consequence of the less locaglized chaﬁacter of the bonding
in the olefinic parent moiecule-ion.

The variety of three-carbon fragments formed is evidence
of the existence of a number of'different modes of decomp-
osition of the ionized molecules. The existence of such
modes has been referred to by Rosenstock et al. (7) in
attempting to calculate the mass spectra of polyatomic

molecules from a statistical basis., Migration of deuterium
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atoms, with the resulting changes in configuration,
results in transitions between various close-lying energy
levels of the given ionic state. ©Such transitions are
equivalent to the crossing of the corresponding potential
energy surfaces. The over-all decomposition pattern of
the molecule-ions will depend on the distribution of the
ions among the various accessible energy states. In-
formstion is not yet available to permit the evaluation
of-the probabilities of the transiﬁions referred to above,
Lennard-Jones and Hall (3) have considered the probability
of excitétion to varlous electron states in n-octane by
calculating the density of positive charge over tﬁe octane
ion but little is known about the probability of tfansition
_between close-lying.configurational states in.polyatomic
molecuies.
The extensive migration of isotopic hydrogens ob-

servedAin the present work casts some doubt on the re-‘
1iabiiity of the "fragmentation indices"” calculated by
Magat and Viallard‘(é) to describe the pfobability of
bond rupture in the dissociation of hydrocarbons by
electron impact. The necessity for caution in inter;
preting the results of mass spectral analyses Where deu-

terium migration can occur is obvious,
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