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Ph, D. Chemistry
Alden W. Hay

A. The Mercury Photosensitized Decomposition
ot n-Butane.
B. The Kinetics of the Factors Intluencing
the Stability of "s",

. FART A

The mercury photosensitized decom-
position of n-butane was invcsfigated at 100, 175 and
250°C}4~ﬁydrogcn,.pcfan¢s and dodecanes were the main
products found. The mechanism ot the reaction was
concluded to be a C-H bond”splif tollowed by radical
combiﬁatlon reactions.

PART B

' The reactions of N, Nl-di—yﬂ#cﬁlorégthyl)-

methyl amine ("S") in absolute methanol were investi-
gated at O, 25, and 41.5°C by following the rate at
which it disappeared and the ratg at which chloride
and hydrogen ions tormed. Analyfical mcfﬂbds-uscd wkré
shown to be valid.

g ‘It was concluded that the prin;ibal re-
action involved Is dimerization by a unimolecular §n|

mcchanism.‘ The reaction was found to have an acfiv&fign

energy ot about 9.6 Kcal.
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INTKODUCT TUN

Certain simple bimolecular react-
ions, such as the thermal decomposition of hydrogen

iodide have been shown to conform to the rate equation

- E/KT
k = Z /
developed by Lewis in 1919 (l). |In the above equation,
k is the rate constant, Z the collision trequency, R

the gas constant, T the temperature and E is the energy
of activation obtained by substituting experimental
values of k and T into the Arrhenius equation

dlnk = E/RT?
dat

Values ot k calculated from the experimental value of

E and the kinetic theory value of Z are frequently ot
the same magnitude as those obtained by experiment and,
in some cases, the numerical agreement is reasonably
good. The dependence of the rate ot these bimolecular
reactions on the collision trequency obviously estab-
lishes the mode of activation to be collisions between
molecules.,

The theory of unimolecular reactions
developed much more slowly, owing mainly to the lack ot
experimental evidence, the thermal decomposition of nit-
rogen pentoxide being the only known reaction up until
1926, Obviously, the mode of activation of unimolecular

reactions was a problem. Perrin (2) and others (3, 4, 5),



assuming unimolecular reactions were completftely in-
dependent of the pressure, suggested that the mole-
cules obtained the necessary energy ftor activation by
absorbing infra-red radiation. This theory soon met
dif¥ECUl+ies which it did not survive.

The modern theory ot activation ot
unimolecular reactions was originally proposed by
Lindemann {(6) in 1922 and later elaborated by Hinshel-
wood (7) and others (8, 9, 10, I1). They suggested
that activation occurs by collisions between molecules,
but that a time lag exists between activation and re-
action. By virtue ot the internal motions, molecules
must pass through maxima and minima ot stability and
it is quite conceivable that a molecule activated by‘
collision will decompose only when it passes through
its next minimum ot stability, provided it is not de-
activated by a second collision betore it reaches that
minimum ot stability. Then if the average interval be-
tween activation and transtormation is large compared
with the interval between collisions, most ot fhe mol e-
cules will lose their energy_by collision betore they
have a chance fo react. Thus we have -

normal molecules = activated molecules (a)

activated molecules = products of reaction (b)
The p}ocesses indicated in (a) take place very rapidly
compared with that indicated in (b) and a stationary state

is thus set up in which a constant fraction of the mole-



cules present possess the necessary energy for reaction.
The majority ot these molecules will be deactivated by
collision, but a small constant traction of them will
get a chance to decompose. The chemical reaction there-
fore disturbs the concentration of activated molecules
very little. Since the fraction of the molecules acti-
vated is constant and only a small traction ot these
activated molecules react, and since the fracfion ot

the molecules is nearly proportional to e - E/RT (Bol tz~-
mann distribution), the number of molecules reacting per
unit time is independent ot the pressure and all the con-
ditions ot a unimolecular reaction are realized.

It, however, the rates ot the processes
indicated in (a) are decreased {by a decrease in pressurel,
eventuvally the rate of activation, becoming equal to or
less than the rate of reaction, will become the rate de-
termining process and the reaction will become second
order. Thus with a decrease in pressure the unimolecular
rate constant should eventually drop oft and we should
get. a gradual transition from tirst to second order.

Evidence to support the above hypoth=-
esis was soon torthcoming. In 1926 Hinshelwood and his
co-workers (12, 13) tound that propionic aldehyde and
acetone decompose in a unimolecular manner over a range
ot pressures and that fhese‘decomposifions tended to be-
come second order with a sutficient decrease in pressure.

However, the rates ot these decomposition reactions were
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tound to be trom IO2 to IO5 times those predicted by

the Lewis equation., Following this work a large number
ot organic decomposifibn reactions were found to exhibit
the same behaviour and it is now generally conceded that
nearly all organic thermal decomposition reactions con-
torm to a rate expression ot the torm ot the classical
unimolecular equation.

Various theories have been proposed
to explain the abnormally fast rates ot these reactions,
Christiansen and Kramers (l4) suggested that a tirst
order process might tsake place by a chain mechanism in
which the energy of activation augmented by the heat
liberated in the reaction itselt was handed on from the
products to tresh molecules of reactants. The objection
to this "energy chain" is that inert gases, including
the products of the reaction themselves, should help to
dissipate the energy and thus retard the change. Such
retardation is not generally observed.

Hinshelwood {15) and_ofhers {16, 17)
suggested that the numerous internal degrees ot freedom
were involved in the activation of complex molecules.

It the various degrees of freedom can contribute to the
activation energy then the possible rate ot activation

may be up to a million times greater than that expected
trom the Lewis equation. By making reasonable assumptions

as to the number of degrees of #freedom involved, Hinshel-
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wood was able to account for the rates of a large

number of reactions. However, the theory cannot account
tor the rate of the nitrogen pentoxide decomposition at
" low pressures and gives no explanation of the products
tormed in the type ot reaction under consideration.

The work ot Paneth and his co-workers
(18, 19) on free radicals, contributed to place the chain
theory in a new light. F., O, Rice and his co-workers
{20 - 28) using the Paneth ieéhnique were able to detect
tree methyl and ethyl radicals in a number of organic
thermal decomposition reactions. This led Rice to suggest
that nearly all organic decomposition reactions proceed
by a tree radical chain mechanism,

Rice points out that if two reactions
have activation energies difttering by 4 Kcal., then the
relative rates at 600° C are in the ratio of e 400/2 x 873
to |, or approximately 9 to |I. Similarly tor a difterence
of 10 Kcal., the ratio is 500 to I. Assuming that the acti-
vation energy is intimately connected with bond strength (17),
we may conclude that if there are two or more ways of accom-
plishing a primary break in the molecule, and it one of
these has an activation energy 10 Kcal., or mor e, lower than
that ot any ot the others, it alone will occur to any apprec-
iable extent.

Though there is considerable disagree-

ment about the absolute bond strengths, it is detinite

that the CZC and C=C bonds are very much stronger than the



C-C or C-H bonds in a molecule. Moreover indirect evi-
dence (29} indicates that the C-H bond is about 10 - IS5
Kcal. stronger than the C-C bond. One may therefore
conclude that, it the thermal decomposition takes place
by a free radical mechanism, a molecule will always
split at a C-C bond and never at a C-H, or a double or
triple bond.

Only methyl and ethyl radicals can
be detected by the Paneth technique (30) presumably
because the higher radicals are unstable at high tem-
peratures and break down betore detection into ethyl
and methyl groups. Pearson and Purcell (31), however,
have detected higher radicals by photollysis at room
temperature.

The primary reactions of the butane
decomposition (32} according to the Rice scheme would

bes-

Cc H CH, + CH,CH,CH (la)

4°10 3 37272

C4HIO QCH3CH2 (Ib)

Followed by the secondary reaction
CH3CH2CH2 = C2H4 + CH3 {2)

and the chain reactions

CH +R = RH ¢ CH
Mo 3CHoCHCH, (3a)
= KH 4 CH + CH
oa ¥ S,
CH + R = RH 4 CHCH CHCH (3b)
410 3 2 2

RH 4 CH + CH
36 3



where R denotes a methyl or ethyl radical. This scheme
assumes reactions (3a) and (3b) to have activation en-
ergies much smaller than that of (l1). On the basis ot
accessibility, reaction {(3a) would be taster than reaction
(3b) in the ratio of 332 since there are six primary hydro-
gen atoms and only tour secondary hydrogen atoms. There is
evidence, though, that secondary hydrogen atoms are less
strongly bound. On this assumption Rice estimates reaction
(3a) is to reaction (3b) as 6:8. Thus the overall reaction

may be represented by

6 C,H 6 CH, + 6 CH

410 24 26
8 C4HIO = 8 C3H6 + 8 CH4
4 = 8 H ¢+ 6CH ¢+ 6
or | C4H|O C3 6 oMg C2H4 + 8 CH4.

Al though this scheme does not predict
the tormation of butenes and hyarogen, wﬁich are actuvally
tound in the thermal decomposition products of butane, (33),
it is reasonably successtul in predicting the products ot
most of the hydrbcarbon decompositions especially for the
lower members.

By making suitable assumptions Rice and
Herzteld (26) showed that tree radical mechanisms ot the
above type can lead to a tirst order overall rate. Further~-
more, by a suitable choice of activation energies, they were
able to make the overall activation energy agree quite well
with the experimental value, thus explaining why the ex-

perimental activation energies for such reactions are usvally



tar smaller than the C~C bond strength. As an example,
consider the artiticially simplified scheme for the de-

composition of an organic molecule (32}

E in Kcal.
M, = R+ M, 80 (1)
Ry 4+ M, = RH+ R, s (2)
Ry = R+ My 38 (3)
R, Ry T M, 8 (4)

The molecule MI decomposes initially
into a radical Rl and a smaller molecule MQ. The radical
R| then reacts with a tresh molecule of reactant MI’ ab-
stracts a hydrogen atom, and ftorms the stable compound

Rl H and the tree radical R_. RQ then breaks Qp into the

2

radical Rl and a molecule M3. Thus a chain process is

set up since steps (2) and (3) can repeat over and over

again until the radical RI is destroyed to tform a stable

molecule M4.

By setting up equations giving the con-
centrations ot RI and RQ in the steady state, we have,
assuming long chains.

ﬁ% (Rl) =0 = kl (Ml) - kQ(Rl)(Ml) ¢ k3(22)-k4(R')(R2) (5)
and:

{R,) = O = k R -k -
Ef 0 0 { lHMII 3 (RQ) k4 (RI)(RQ) {6)

~and the overall decomposition of Ml may be expressed as



-_d_(M|) = k' (Ml) + k2 (RI) (Ml) (7)

By solving equations (5) and (6) ftor RI and substituting

in (7) we obtain:

- = | ) = k K

F?_(MI) k(M) +1/k2 ko/o k| Kk, )3 M) %ok
2 k,

or,

-d M) = K M)

dt

iee., the reaction is ot the ftirst order. Furfhérmore,
E ovérall = |/2 (E 4 E2 + E3 - E4)
so that substituting the assigned values ot E we obtain
E overall = 1/2 (80 4 I5 4+ 38 - 8) = 62.5 Kcal.,
which is well below the strength ot the C-C bond.
The method by which the chains are ter-
minated determines the order of the reaction. The above

scheme assumes they end by radical recombination

+ R = M

R 2 4

|
and this leads to a tirst order rate. |f, however, the
chhains were terminated by

2 Rl = M5

the overall order wouid be .5 while

2 RQ = M6

would give a value of 0.5. To successtully predict a tirst
order rate, theretore, it is necessary to make the arbi=-
trary assumption that

Rl + R2 = M4

is much taster than the other two possible recombinations.
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Al though mechanisms ot this sort are,
to a considerable extent, based on conjecture, iﬁpressive
support tor the tundamental idea ot free radical chains
soon made its appearance. Frey (34) was able to start
chains in butane below its normal decomposition range by
adding methyl radicals tormed by the decomposition of di=-
methyl mercury. Similarly, Allen and Sickman (35), Fletcher
and Rollefson (36) and Echols and Pease (37) produced the
sensitized chain decomposition of a number of organic sub-
stances., All these observations prove that radicals can
cause chain decomposition, but they do not necessarily
prove fhaf.such tree radicé] chains occur in the normal
pyrollysis ot the substances concerned.

Evidence for the presence of chains
was also obtained trom photochemical investigations. Leer-
makers (38) showed that the photolysis of acetaldehyde is
a chain reaction above 80°C and hfs results are in agree-
ment with the mechanism predicted by Rice and Herzteld.
Leermakers also found‘fhaf chains are set up in the de-
composition of dimethyl and diethyl ether induced by ad-
mixed acetone (39]).

Further evidence tor the chain character
of some decomposifions is turnished by Staveley and Hinshel =~
wood (40) and others (41, 42, 43, 44). While these investi=-
gations indicated that large amounts of added nitric oxide

would catalyse the reactions investigated, small amounts



caused some inhibition. Assuming that maximum in=-
hibition corresponds to a complete suppression of chains
normally present, these investigators calculated chain
lengths of from two to tifteen ftor a number of reactions.
This is detinite evidence ftor the presence of chains,
but in most cases the chain lengths are tar too small to
be in accord with the Rice-Herzteld mechanisms. There
are, however, indications (45, 46) that in cerfaih cases
there may be a tew long chains rather than a large number
ot short ones, i.e., that the Rice-Herzteld mechanisms
may hold for a small fraction of the total reaction, the
remainder decomposing by a molecular mechanism. Recent
work (47) suggests that nitric oxide may be a "selective"
inhibitor and thus maximum inhibition by nitric oxide may
not correspond to complete suppression ot all the chains
present which would lend turther support to the Rice=-
Herzteld mechanism,
It may theretore be said that, in gen-

eral, the evidence Supports the tree radical theory. A
great deal of data can be correlated on this basis and
the theory has pointed the way to a great deal of truittul
work. However, when the specitic mechanisms for a number
ot reactions are tested, the situation is quite ditterent.
To date the methods used for this purpose are:

(a) The stationary hydrogen atom concentration is

measured and compared with the theoretical value.



(b] The activation energy ot one ot the proposed
part reactions is measured independently.

(c) Deutero-compounds are used as indicators of

the mechanism,

The results of these investigations
throw much doubt on the validity ot the specitic Rice-

Herzteld mechanisms.



PHUTOSENS I T I ZAT ION

From the foregoing discussion it is
evident that more intormation concerning the elemen-
tary processes in thermal decomposition reactions is
necessary and that no great confidence can be placed in
any one theory until we have turther knowledge about the
individual reactions. Intormation regarding the reactions
ot radicals, particularly when confirmed by independent
methods, is of utmost importance. The chiet methods used
are photochemical reactions and reactions with hydrogen
atoms.

Straight photochemical decomposition
is seldom used in the investigation ot the reactions ot
the simple hydrocarbons since they are transparent down
to the extreme uvltra~violet, and work of this nature in
the Schumann region involves considerable experimental
ditticulty., These difficulties are avdided, however,
it photosensitization technique is employed. In this a
metal vapor is mixed with the reactant gas and the mix~-
ture illuminated by resonance radiation of that metal.
Upon illumination the atoms ot the metal vapor absorb
the radiation and the energy thus gained is imparted by
collision to the molecules ot reactant gas.

Photosensitized reactions present a
much closer analogy to thermal processes than do direéf

photolyses, since the reactant molecule receives the en-



ergy necessary for reaction by collision, Furthermore,
the situation is much simpler in g photosensitized re-
action than in a thermal reaction in that the reactant
molecules receive a rather detinite amount of energy
instead of the Boltzmann distribution. Mercury, cadmium
and zinc metals have been used tor this purpose. The
resonance lines available through the use of these metals
together with the energies associated with the excited

atoms etc., are summarized in Table | (48),

TABLE I,

EXCITATION, ENERGIES, ETC,

Heat of "Maximum energy

dissoc- available to
Energy iation split ott H atom
ot ot assuming inter=-
Reson- excited hydride, mediate hydride
Sub- ance atom Keal. tormation
stance Line R Transition Kcal. - Kcal,
Mercury 1849 6'50-6'P| 153.9 8.5 162.4
I 3 '
2537 6 50-6 PI 12,2 8.5 120.7
Cadmium 2288 s'so-s'PI 124.4 5.5 139.9
I 3
3261 5 50-5 PI 87.3 15.5 102.8
Zine 2139 4'50-4'PI 133.4 23, 156.5
3076 4!s _-43p 92,5 23.1 115.6

0 |




From the above table we see that
the energies involved are in most cases greater than
the activation energies of most reactions and thus with
etticient transterence ot energy a wide variety of re-
actions is possible.

At the present time there is some
doubt as to the mechanism of the primary act in photo-
sensitized reactions and consequently, some doubt re-
garding the energy involved. For example, with hydro-

gen we have

M 4+ hv = M (1)
Followed by M 4 H2 = M 4+ 2H (2a)
or M ¢+ HQ = MH + H {2b)

It the mechanism of the primary act
is (2a) then the energy involved will be that of the ex-
cited atoms plus a little kinetic energy. |t equation
(2b) represents the primary act, the heat ot tormation
of the metal hydride must also be taken into consider-
ation.

In the case of mercury, Olsen (49)
tound it was not possible to produce resonance excit-
ation of HgH bands in a mercury-hydrogen mixture. This
seems to indicate that the primary act in mercury photo-
sensitization occurs according to equation (2a). In
the case ot cédmium-hydrogen mixtures, however, Bender

(50) has observed strong resonance excitation ot the
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CdH bands suggesting that mechanism (2b) occurs in
cadmium photosensitizations.

Taylor and his co-workers (51, 52)
tirst demonstrated that mercury photosensitization is
applicable to the study of hydrogen atom reactions.
In the presence of hydrogen and a reacting substance
we have

Hg (I 'so) + hv Hg (2 3p

3 |

! (n

Hg (2 PI) + H2 = Hg (I SO) £ 2H (2)
H + X = Products ’ {3)
2H + a third body = H2 {4)

Under the circumstances, a station-
ary concentration of hydrogen atoms is set up and knowing
the rates of reactions (1), {2), and (4), we can calculate
the velocity constant of reaction (3). This method is
one of wide applicability, but the results are not always
easy to interpret.

A more direct method of investigating
the reactions ot hydrogen atoms involves the use ot the
Wood-Bonhoetter fechnique (53, 54) in which hydrogen atoms
are pumped from a discharge tube and allowed to react with
other gases in a reaction chamber. Although high hydrogen
atom concentrations are obtained by this method, experi-
ments can only be carried out at very low pressures (between
O.l and | mm.). However, a large number of reactions have

been investigated in this way.
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THE ATUVIC AND PHUTUCHEMICAL KEACTIUNS OF THe
AL I PHAT IC HYUKUCARBUINS “

" METHANE

Hydrogen Atom Reaction using wood-Bonhoetter Technique.

Early investigators (55, 56, 57)
ot the recaction of methane with hydrogen atoms found
methane to be quite stable. Geib and Harteck (58), ex-
tending the experiments over a range ot femperéfures
found no reaction occured up to 183° C, They concluded
that the reaction
CH4 + H = CH3 + HQ ()
had an activation energy of at least [7 Kcal. An alter=-

native suggestion was that this reaction occurs readily

but the back reaction

CH_ +H 4+ M CH + M
3 4
proceeds more rapidly than other reactions such as

2CH =  CH
3 2 6

so that methane is regenerated as fasf as it is consumed.
This suggestion was ruled out by Geib and Harteck on the
grounds that such a mechanism would involve the consumption
ot hydrogen atoms by both forward and backward reactions,
whereas the hydrogen atom concentration is not signiticantly
changed by the introduction of methane., Their objection,

however, could be overcome it the secondary resction

CH + H = CH + H
3 2 4 t2)

occured with a low enough activation energy. Since

estimates of the energy of reaction (2) vary trom 8 to



23 Kcal. (59, 60, 61, 62, 63} the issue is somewhat in
doubt.

Geib and Steacie (64, 65) investi=-
gating the reaction of deuterium atoms and methane
tound no detectable reaction up to 100°C indicating
an activation energy for the exchange reaction ot not
less than Il Kcal. Their work also indicates that the
reaction is the analogue ot the ortho-para hydrogen

conversion

CH, + D CH3D + H (a)

rather than

CHy + D CH3 + HD (b)

Steacie (66) investigated the re-
action up to 500°C and obtained an activation energy
ot 12.9 + 2 Kecal., the value calculated from the tem~-
perature coeftficient and the collision yield being in
good agreement, Preliminary work on the thermal ex-
change reaction by Farkas (67) served to support this
suggestion. The reaction has been studied by other in-
vestigators and the results obtained for the activation

energy are tabulated as tollows:-

INVESTIGATOR RESULT
Farkas and Melville (68) 13 Kcal.
Steacie —==---cu--- (66) 2.9 i 2 Kcal.
Trenner, Morikawa, (69) 15.6 Kcal.

and Taylor.
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There is considerable disagree-
ment as to whether the mechanism ot the reaction is
{a) or (b). In general, however, the evidence favors
an activation energy of about 12 to I3 Kcal. for the

reaction

CH4 + D - CH3D + H

and a somewhat larger value of E tor the reactions

9]
T
“+
|

1

CH3 + HD

and

@)
T
+=
T
1]
O
I
w
-+~
I
N

Photo-Decompositions

Spectroscopic obserQafion on the
photo decomposition of methane have been made by Leifson
{70) and Scheibe and his co-workers (71, 72, 73). They
found that difftuse bands appear around 1600 A.U. On
the basis of their work, Bonhoetfer (74) suggests that

the primary reaction is

CH4 = CH4 + H

tollowed by the tormation ot ethane and hydrogen.
Leighton and Steiner (75), using a
hydrogen lamp near the lower limit ot Fluorite, made a
direct investigation of the photolysis of methane. They
obtained hydrogen and unsaturated hydrocarbons in fhe.

approximate mole ratio ot 4:1 and estimated the quantum
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vield to be in the order of unity. They suggested the

mechanism

C,H .

2 CH2 oMo

Subsequent to a prelim}nary nof; by
Groth and Laudenklos (76), Groth {(77) reported the
results ot a thorough investigation using a Harteck
xenon lamp (78) which produces strong lines at 1469 A.U.
and 1295 A.U, Hydrogen and acetylene were tound to be
the main decomposition products along with some ethane
and traces of ethylene and higher hydrocarbons,. Their
results are in good agreement with those of Leighton

and Steiner and they suggest a somewhat similar mechanism

CH4 + hv = CHy +H

CHj +H CH, + Hy

2

2 CH 0 - CQH2 + Hp

A briet investigation of the photolysis
ot methane with the shorther wave length ot a mercury |amp
{ - 1850 A.U.) led Kemula and Dyduszynski (79) to conclude

that the tirst step is

CH4 + hv = CH2 + H2

Thus it appears that Bonhoetter's mechanism is not valid.



Early investigators (51, 52, 80)
reported that methane was stable to mercury photosensi-
tization but, in a preliminary note, Taylor, Morikawa
and Benedict (81) using a deuvuterium~methane mixture tound
the reaction to ﬁave a low energy ot activation. Steacie
and Phillips (82) tound the reaction to proceed at a
~ measurable rate with a quantum yield, for the production
ot hydrogen, of roughly 0.04 at 195° C and 0.25 at 350° C.
Farkas and Melville (68) investigated the reaction over a
wide range 6* fehperafures using ortho~deuterium=-methane
mixtures and measuring the rate ot ortho~para conversion
as well as the exchange; These invesfigafors concluded

that the reaction occuring is

CH4 + D CH3D + H

rather than

CH4 + D CH + HD

3

In a later paper Morikawa, Benedict

and Taylor (83) working with the systems CH4 + D2 ’ CU4 + H2

and CH4 + CD4 obtained deutero-methanes and some ethane
which led them to conclude that the primary reaction is

largely

FH 4 Hg (1s )

Hg (3p o

3 -
or Po) + CH4 CH

! 3

followed by
CHy + D = CHD = CHQDV+ H
The activation energies obtained in

the above investigations are as followss



INVEST LGATUK KeSULT
Steacie and Phillips (82) 1.7 Kecal.
Farkas and Melville (68) 13 Kcal .

Morikawa, Benedict {83) 12.5 - 14 Kcal.
and Tavlor. |
ET HANE
Hvdrogen Atom Reaction Using Wood-=Bonhoetter Technigue.
Bonhoetter and Harteck (84) and von

Wartenberg and Schultze (56) ftound that luminescence
occurs on mixing hydrogen atoms and ethane. Bands due
to C~H and C-C were observed and the major part of the
ethane was recovered unchanged. Thésc investigators
had no means of trapping methane and therefore, did not
report it. Chadwell and Titani (57} in a preliminary
investigation reported the tinding ot small amounts ot
methane and ethylene,

Steacie and Phillips (82) studying
the reaction of deuterium atoms with ethane tound an ex-
change reaction was taking place which appeared to have
an activation energy of 6.3 Kcal. They concluded the

correct mechanism for the exchange was

CQH5 + HD

C2H6 + D

CQH5 +D CQH5 D

Trenner, Morikawa and Taylor (69) also
investigated this reaction and concluded (a} that at room

temperature the main reaction was
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CQHé +D = CH3 + CH3D {E = 7.2 Kcal.)

and {b) that the exchange reaction

CQHG +D = CQH5 + HD (E

1.4 Kcal.)
was only appreciable at temperatures of 100° C and up-
wards.

There is considerable discrepancy
in the activation energy between the two investigations,
Steacie and Phillips in their investigation assumed from
Chadwell and Titani's work that methane formation is
negligible. Steacie, however, tinding about ten percent

decompostion has confirmed the production of methane,
but this is not enough to bring the two activation energies
into line,

Very little work has been done on fhe
photo~-decomposition ot ethane. The very meagré spe;fro-
scopic evidence (80) indicates that the absorption is prob-
ably in the C-H bond. |

An investigation by Kemula and Dyduszyn-
ski (79) led them to the equation

A.UQ -
C2H6 + hv (1850 ) C2H4 + HQ

but it is difticult to inter just what the primary step may
be.

Mercury Photosensitized Reactions:

Taylor and Hill (51) were the first to
study the mercury photosensitized decomposition ot ethane.

They observed in ethylene-hydrogen mixtures that ethane and



higher hydrocarbons were tormed. Anomalous pressure
changes atter the ethylene-hydrogen reaction was over
led them to suspecf that the ethane formed was being
attacked by both hydrogén atoms and excited mercury atoms.
Verifvfng this, they suggested the reaction involved rad-
icals. Kemula (85) also showed that ethane could be de=-
composeﬂ by excited mercury atoms.,
Kemula, Mrazek and Tolloczko (86)

tolfowing earlier work by Tolloczko (80), carried out a
more detailed investigation of the photosensitized re-
action., They circulated the reaction mixture through a
trop at -80° C to remove products ot high molecular weight
as soon as they were tormed and thus prevent secondary
processes., The gaseous éroducfs consisted entirely of
hydrogen and mefhang in the ratio ot about 3:l. It the
trap was maintained at 20° C they found the ratio ot hydro-
gen to methane approached intinity. Since -80° C is not
sufficiently fow a temperature to remove butane efficiently,
their prevention ot secondary changes was onlv partially
successtul. They found‘fhaf the decrease in pressure as
the reaction proceeded was accompanied by an exactly parallel
increase in the volume ot the liquid condensate. Rough
tractional disfil!afioﬁs indicafea that these condensable
products were mainly butane and octane. This points to a
C-H rupture tor the tirst step., The investigators there-
tore suggested |

¥

cH¥ 4 = cn® 4 Hg
26 26



*

CoHg = CoHy + H
2CH +M= CH +M
25 410
2H + M = H, + M

= CH +H
Coflg + 1 25 2
CH &#H = CH_ +CH
3 4

They concluded that the higher hydro-

carbons resulted from the secondary reactions of butane

C4HIO = C4H9 + H

2 C4H9 + M= C8HI8+ M

where M is a third body.

Steacie and Phillips (88) made a
more complete investigation of the mercury photosensitized
reactions of ethane. They observed the reaction both in

' {low

a "multiple pass" flow system and in a "single pass'
system (89),

In the mu!fiple pass system trapping
temperatures below -80° C gave efficient removal of the
higher hydrocarbons formed and thus prevented secondary
reactions., The products thus obtained consisted ot methane,
propane and butane. The hydrogen formed was reported as

the product of the decomposition ot propane and butane.

The suggested mechanism follows

3
CH + Hg (6P ) = |
PP | 2 CH, + Hg (6 5o
CH } CH = CH +CH
3 26 4 25
2CH = CH

3 26



2 = H
CQHS C4 10

1l
O
T

CH_+ CH
3 25

Using a single pass flow system,
Steacie and Phillips ftound a considerable production of
hydrogen and concluded that the primary step in the re-
action must be the rupture of a C-H bond instead ot a
C-C bond as postulated above. Furthermore, the rate of
tormation increased with temperature. Thus they suggested

the following mechanism

3 B} |
CoHg + Mg (63p) = CoHg + H + Hg (6'5) (1)
Hy + Hg (6%P ) = 2H + Hg (6's ) (2)
| 0
H+CH = CH + CH (3)
26 4 3
H + C H = CH +H (4)
26 25 9
oCH = C ¢
] He (5)
CH H =
5 b S CHg (6)
92 =
CH, CHo (7)
oH = H
. (8)

The inclusion of the second step was
rendered necessary by the high quenching etticiency ot
hydrogen. Providing that reaction (3) is at least tour
times as tast as reaction (4) this series of reactions

explains the experimental results, To account for the



production of methane, but at the same time to avoid
postulating chain splitting mechanisms similar to (3)

Taylor (90) has suggested that methane is formed by

- *
H + CQH5 - C2H6 = QCH3

3 CH,

H + CH

Steacie and Cunningham (91} also
investigated the mercury photosensitized decomposition

over a wide range of temperatures and pressures with a

"single pass" tlow system. Their results are entirely

compatible with the above mechanism as modified by Tavylor.

We thus have

CH +H + Hg ('so)

3

P )

CH, 4 Hg (P, oHs

26

oH + Hg (')

3
Hy + Hg (3P )

H 4+ CH = CH
26 os +H,
H 4 C,H; = 2cH,
2 CH = CH
3 26
oH =
3 ¥ Cofg C4Hg
2 CoHg = ClHig
CH 4 H = cH
H,

Several qualitative investigations
(52, 85) ot ethane hydrogen mixtures by mercury photo-

sensitization have been made., Steacie and Phillips (88)



have done some quantitative work along this line. They
found methane, propane and butane produced and hydrogen
consumed. No higher hydrocarbons were formed. In a
typical experiment using a trapping temperature ot -125° ¢

the tollowing stoichiometric equation expresses the results

| CHg + 0.5 Hy = 1.34 CH

o o 4 + 0.17 C4H + traces ot

10

C3Hg

They suggested that the mechanism is

Hg (3P 1 +H. = Hg ('s ) 4 oo

| 2 0]
H ¢ CH = CH + CH
26 4 3
H ¢4 CH = H +4CH
2 6 2 25

tollowed by various radical recombination reactions. The
mercury photosensitized reactions 6* ethane~deuterium
mixtures were also studied by Steacie, Phillips and Alex-
ander {(92). They tound the methane produced to be highly
deuterized, while the residual ethane was only slightly

deuvterized. They theretore concluded that the reactions

CH_ + H C H
25 26

and

CH_ +H
2

CH +H
25 26

do not occur to any grecat extent,
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Cadmium Photosensitized Reactionssg

Steacie and Potvin (93) have in=-
vestigated the ethane decomposition by cadmium photo-
sensitization and obtained hydrogen, methane, propane,
butane and some higher hydrocarbons., The quantum vield
is of the same order ot magnitude as that obtained with
mercury and qualitatively the products are the same.
Hydrogen production in the early stages was large, while
that ot methane was small. They therefore concluded that
the primary step involves a C-H bond rupture as in the
case of the mercury photosensitized experiments and in
the light ot spectroscopic measurements on Cd-H2 mixtures
they tavored as the primary act

CH +Cd(3 ) = CH 4+ CdH
2 6 | 25

rather than

|
CH +4Cdi(3p 1 = CH +H +cd
26 I 25 30!

They proposed methane formation by the reaction

H ¢+ CH = 2CH
25 3

tollowed by

CH

CH_ +H
3 4

CH, + H
3 o CH4 + H

The other products were accounted for by radical recombi-
nation reactions.

Steacie and Potvin (98) also worked
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with photosensitized ethane hydrogen mixtures. Using a
sl hydrogen methane mixture they ftound & large product-
ion of methane. Hydrogen was still produced, however,
although in smaller quantities. They concluded the mech-

anism of the reaction was

3
Cd ( Pl) + H2

or 3
cd 1°p)) + H

CdH +H

I
o Cd { SO) + 2 H

fol lowed by

. = H + H
H + CQHG C2 5 o

which would account tor the hydrogen produced, and

H ¢ CH = 2CH

25 3
H 4 CH = CH
3 4

CH + H = CH +H
3 ) 4

which would account for the methane tormed.

P xR OP ANE

Hydrogen Atom Reaction Using Wood=Bonhoetter Technique.

The tirst investigation ot the re-
action ot hydrogen atoms with propane was made by Bon-
hoetter and Harteck (84). They observed that the re-
combination of atomic hydrogen was accelerated by the
presence of propane,

Trenner, Morikawa and Taylor (69)
using hydrogen and deuterium atoms showed the products

were mainly methane, with a small amount of ethane. The



methane and ethane were found to be highly deuterized
while the propane was not exchanged. Thus propane seems
to be much less reactive than ethane, They found no
evidence for the catalytic recombination of hydrogen
atoms observed by Bonhoeffer and Harteck.

Steacie and Parlee (94, 95) investi-
gated the same reactions over a temperature range ftrom
30° to 250° C. They found methane to be the sole product
at low temperatures with some efhéne and ethylene a|s§
tormed at higher temperatures.,

They concluded fhe results can only
be explained on the assumption that the reaction

H + CH = 2CH

25 3
is ot importance. The main steps in the postulated mechan=-
ism are

H f C3H8 = C3H7 } H2

followed by the secondary reactions

H4+ CH = CH +CH
37 3 25
H + CQH5 = 2 CH3
H + CH = CH
3 4
at low temperatures. |In addition to the above they pos-

tulate the tollowing secondary reactions at higher temper-

atures.,

O
T
u

CH +CH
2 4 3

N
O
I

H

3 Cots



= CH
H + CH, oM
= CH
H o+ CH CH,
Hy + CoHe = CoH, + H

With deuterium the methane and ethane
produced were found to be highly deuterized while the pro-
pane was not appreciably exchanged.

Photodecompositions

Kemula and Dyduszynski (79) investi-
gated the photollysis ot propane using the mercury IPI line.
They concluded the main reaction of propane is

+ hv (1850 AU} = CH +H
C3H8 v (1850 3Hs 0

Mercury Photosensitized Reactions:

Steacie and Dewar (96) investigated
the photosensitized decomposition ot propane over a tem-
perature range from 25° to 325° C and found the products
to be hydrogen and hexanes with a trace of methane, thus
indicating the primary step is a C-H bond split as in the
case ot ethane. They postulated the tollowing f}ee rad-

ical mechanism

3 -

CH_ + H = :
3Mg g Pl) C3H7 P H + Hg sO)

H+CH = CH +H
38 37 Q
2CH. = CH
37 6 14
CH ¢ CH = CH +H
37 38 6 14
H+H= H

2



and suggested the traces of methane were formed trom de-
composition ot the propyl radical.

Steacie and Dewar also investigated:
the phbfosensifized reaction of propane~-hydrogen mixtures

postulating as the primary act

3 - |
Hg (%P ) + H, 2 H 4+ Hg ('s))

The subsequent steps, however, were
féund to be the same as the straight mercury photosensi-
tized decomposition.

The hexanes were tound to be mainly
isomers ot n-hexane, thus indicating the primary act in-
volves mainly secondary hydrogen atoms.

Cadmium Photosensitized Reactions:

Sfeaéie, Leroy and Potvin (97) have
investigated the cadmium photosensitized reactions of pro-
pane and propane-hydrdgen miqures at 310°C. The products
ot the reaction and the reaction rates were found to be
practically identical. Hydrogen and hexanes along with
smal ler amounts of methane, butane, pentanes and hepfénes
were found. The tormation of these products indicates the
main process to be a C-H rupture along with some C-C bond

splittings The investigators tavor the following mechanism
3

P ) +CH Cd4 ¢+ C_H
| 38 37

CdH = cd ('so) + H

Cd |

H + CjHy = CoH, + H,

2CH, = H
37 Cé | 4
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Methane and butane production are accounted for by

H + C_H = CH_+ CH

37 25 3
CH #4CH =CH + C_H
3 38 4 37
CH3r+ C3H7 = C4H|O
= H
2 CQHS C4 N6,

and pentane production by

CoHg + G5y = Gy

in the presence of hydrogen an additional primary process

cd (31 4 H, = CdH + H

is posfulafed.

As in the mercury photosensitized
recactions the hexanes formed are mainly isomers again in-
dicating that a secondary hydrogen is involved in the
primary act.

The above reaction establishes a max-
imum value ot 102.8 Kcal. tor the strength of a secondary

C-H bond.
BUTANE

Hvdrogen Altom Reaction Using Wood-Bonhoetier Technique.

Trenner, Morikawa and Taylor (69)
made one run with n-butane and deuvterium atoms. They found
about |l percent decomposition at |10° C., to give methane,
ethane, and propane., While the methane was highly ex-

changed, they found the recovered butane was not at all ex-

changed,



Steacie and Brown (98) studied the
reaction with hydrogen atoms over & range ot temperatures
from 35° to 250° C. They tound the products consisted
solely of methane at temperatures below 100° C; above
this temperature ethane was found in considerable amounts.
They concluded that the results indicate a mechanism in
which a series of "atomic cracking" reactions play the

main role. The main steps in the postulated mechanisms

are:
H + C4H|O = C4H9 + H2
with
H + CH = CH_ ¢+ CH
4 0 37 3
= 2C H
25
H ¢ CH = CH & CH
3 7 25 3
H + CH = 92CH
25 3
H ¢ CH~ = CH
3 4

as secondary processes at low temperatures and at high

temperatures, the ftollowing additional secondary reactions

CH = C
49 2H4 + CQHS
H4+CH = CH
2 4 25
C H = CH ¢+ CH
37 2 4 3
'HQ + CQH5 = CQHé + H
H + CH = CH +H
2 3 4

Photodecomposition:

. |
Using the "P| mercury line, Kemula
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and Dyduszynski (68} tound butane and hydrogen to be the

main products

C h 1850 ~.U. = +H
4H|O + v ) C4H8 0

From this evidence, it is hard to tell what the primary

act may be.

Mercury Photosensitized Reactions:

Very little work has been done on
the mercury photosensitized reactions ot butane. Tavylor
and Hill (52) tound that resction proceeds more quickly
in butane-hydrogen mixtures than in propane~hydrogen mix-
tures which in turn react more quickly than ethane-hydrogen

mixtures.

Steacie and Phillips (88) in the course
ot another investigation did one run with n-butane and
obtained hydrogen and higher hydrocarbons,.

Cadmium Photosensitized Reactions:

Steacie and Potvin (99) made one run
on the cadmium phofosensiffzed decomposition of n-butane

and obtained the gaseous products

Hy = 0.6%
CH4 = 24.2%
CQH| = 28.8%

C3H8 = 4§.4%

and liquid products 58.2% by weight of the total products.

HIGHEK HYDKUCARBUINS

The Photo and Photosensitized Decomposition:

Klemenc and Patat {(100) investigated
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the mercury photosensitized decomposition of n-pentane.
They tound that both polymerization and decomposition
occured; hydrogen, methane and other hydrocarbons being
tormed. Similar results led Frankenburger and Zell (101)

to conclude that the primary process involved the splitting

ot both C-H and C-C bonds.

A briet investigation of the mercury

photosensitized decomposition ot n-hexane was made by

Taylor and Bates (102). Much hydrogen and some methane

were tormed in the reaction.



e-= 38 --=

THe PHOTUSENS I TIZew VDECUMPULSIT IUN UF [_BUTANE

As the foregoing summary shows, com-
paratively little work has been done on the photosensi=-
tized reactions of butane. Consequently, it was consid-
ered protitable to make a study ot the photosensitized
decomposition over a range of temperatures using the 2537
mercury resonance line. For purposes of comparison with
the results ot Steacie and Dewar (96) and Steacie and
Brown (98) it was decided to employ, as tar as practicable,
the same series of temperatures as were used in their in-
vestigations.

There are two dynamic methods used in
this type ot investigation; namely, the "single pass" and
"multiple pass" systems. In a "ﬁingle pass" system, as
the name implies, the reactant gas is subjected only once
to the tamp radiation. By passing the gas through the re-
action chamber at a rapid rate, secondary reactions can be
eliminated to a large extent., Such a process is very in-
etticient and as a result, it is difticult to attain suftic-
ient product tor accurate analysis in the presence of large
amounts ot undecomposed reactant.

In @ multiple pass system the reactant
gas is circulated through the reaction vessel at a |low
enough temperature to remove the products ot higher mole-
cular weights as tast as they are tormed. Such a method,
ot course, will not remove any hydrogen tormed so the re-

action ot hydrogen atoms with the reactant gas must also
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be considered. Obviously, greater quantities of products
may be obtained in a "multiple pass" system and conseq=-
vently, the analysis of these products will be more accur-
ate and more easily accomplished. Fér these reasons a

"multiple pass" system was used in this investigation.

EXPERIMENTAL
Apparatusse
The apparatus employed in this investi-
gation is shown diagramatically in Figures |, Il, and Ill.

The corresponding parts in these diagrams are indicated
by the same letters.

The mercury saturator 5 supplied the
mercury vapor necessary to saturate the gas. |t provided
a surface area of about thirty square centimetres and was
heated electrically to 60° C. Any excess mercury at 20° C
was removed by an iron coil in trap D. Thus at all times
a constant amount of mercury vapor passed through F into
the reaction vessel.

The circulating pump, P, consisted of a
brass tube 35 centimetres fong and 4 centimetres in diameter
inside ot which was a short close titting solid steel cyl-
inder which acted as a piston, A solenoid of about 1000
ampere turns was arranged to slide on the outside of the
tube and a reciprocating motion was applied to it by means
ot strong cord, a set ot pulleys and an eccentric wheel
geared to a quarter horsepower eleciric motor. The dis-

placement ot the pump was 312 cubic centimetres.
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The pump was connected by R and C
to a set ot mercury valves V (Figure |) which is shown
in detail in Figure |1, |t the pump delivers to C, from
Figure Il, it is.apparent that valve | prevents the gas
from going into B, valve 2 allows the gas to bubble
through and out A, valye 4 prevents the gas ftrom going
back.fo the other side of the piston, while the vacuum
created by the pump will cause gas to bubble through
valve 3 into the cylinder. It the pump delivers to R
then valve 4 delivers to A, valves 2 and 3 prevent the
gas trom going backwards and valve | allows gas into the
pump cylinder. Thus the gas in the system can only flow

one way, i.e., through the saturator to the reaction

vessel.

Since an ordinary Hanovia lamp is un-
suitable for work at elevated temperatures a combined light
source and reaction vessel [(Figure |Il) was employed. The

design ot the lamp was similar to that of Steacie and Dewar
{96). The emitting portion of the lamp was a quartz tube
in the torm ot a double U. The pyrex electrode éhambers,
E, were joined to the quartz fubé by means ot the graded
seals G. The electrodes were supplied and coated by the
Claude Neon Eastern Limited, Montreal, and the bombarding
and tilling were done by the usual Neon sign technigue.

The tinished lamp contained a drop of mercury and three
millimetres of neon at room temperature.

The light source was sealed in a pyrex



jacket, P, with a volume ot eight hundred and seventy

cubic centimetres, which served as the reaction vessel.,

This chamber was equipped with a gas inlet, connected to

F on trap D (Figure |.]), and a gas outlet which was connect-
ed to inlet K above trap M (Figure |,). A thermo-couple
well T was provided tor measuring the temperature of the
reaction vessel with chromel-alumel thermo-couples in con-
junction with a potentiometer., The reaction vessel was
enclosed in an elecfrically heated turnace.

Owing to the proximity of the electrodes
to the reaction vessel they became quite hot, thus increas-
ing the vapor pressure of the mercury in the lamp. With
an increase in pressure fhe,éollision’+requencv ot excited and
normal atoms and the chance ot ftluorescence bhefore collision
accordingly decreased. Thus the energy involved was shared
by.a larger number of»afom§ and the longer wave lengths of
the mercury emission spectrum were produced at the expense
of the intensity of the 2537 line. By eauipping the elec-
trodes with copper cooling coils and controlling the rate
of tlow ot cold water through these coils this reversal of
the 2537 line was controlled.

The condensable products of the reaction
were collected in traps M and L (Figure I), which were

.provided with ground glass joints and spirals so they might
be removed and weighed. In early runé at 100° C the com-
bined light source and reaction vessel was in a horizontal

position and the products were collected in trap L which
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was maintained at -40°C by cooling acetone with dry ice.
However, on elevating the oven temperature to 175°C com-
paratively large amounts of liquid distilled out of the
reaction vessel and condensed in the adjoining glass
tubing. This made necessary the reinvestigation of all
the work previously done by the author with the reaction
vessel and oven in a vertical position directly above trap
M maintained at O°C by ice-water. In view of the above
it was not practical to attempt runs at room temperature.

Trap M was connected to the system by
K (Figure I). The total volume ot the main portion of
the apparatus was |786 cubic centimetres., 1t was connect-
ed by U (Figure |) to a trap containing liquid butane at
-78°C, by H to a manometer, by T to a Mcleod gauge, mercury
dittusion pump and rotary "Hy-vac" pump. A Toepler pump
and gas holder were connected to the system by N.

The Intensity of the Light Source,

It was shown by Steacie and Phillips
(89) that the radiation trom the type of lamp employed
in this investigation is essentially composed of one wave-
length, name.y the 3P| mercury line at 2537 A.Us, the lPI
line being quite efficienjly absorbed by the auartz walls
ot the emitting tube. The intensity of this radiation was
determined by measuring the réfe ot hydrolysis ot mono=
chloracetic acid. Halt normal acid was illuminated at
35°C tor a detinite period of time. Aliquot samples of

the illuminated solution were then analyzed by the addition

ot an excess of halt normal AgNO3 solution and back titrat-
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ing with KNS ysing terric élum as an indicator. lden-
titication ot the end point was tacilitated by the
addition of diethyl ether to the solution, thus creating
an interface at which the precipitated AgSNC and AgCl
collected. The mean of a number ot measurements gave
tor the total resonance radiafion entering the reaction
vessel a walue of 3.16 x 10 -0 %}nsfeins/sec. based on
Rudberg's value of one tor the gquantum vield (103). Al-
though reéenf work (104) has shown that low values are
obfainedABy this method, it was used to facilitate com-
parison Q?fh other work.

General Procedure

All runs were carried oﬂf at the vapor
oressure ot butane at -40°C (about 12.5 cm Hg). With the
lamp on the oven temperature was raised to about twenty
degrees above the temperature at which the run was to
proceeds. A sutticient quantity of butane was allowed to
enter the system and the excess was condensed out when the
trap L was brought to -40°C. while this excess butane was
condensing the mercury saturator was heated and the circu-
lating pump started. During this period the oven temper-
ature was gradually falling and a tew degrees betore the
reaction temperature the fturnace was turned otf. When the
reaction femperafure.was reached the lamp was turned on and
the gas illuminated for a deftinite period ot time (5 hrs.).
The initial heating ettect of the lamp balanced out the

cooling ot the oven, which, after appropriate adjustment
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of the rhoestats controlling the current, was turned
on to maintain the reaction temperature.

Analysis of the Reaction Mixture

The initial pressure of butane was
taken with traps L and M at 0°C. Preliminary work in-
dicated that the liquid products formed were octanes
and dodecanes. Thus by maintaining traps L and M at o°C
by means ot ice water tor a short while at the end ot a
run the pressure of the gaseous products and unused bu-
tane could be determined. Then maintaining trap M at
0°C and cooling trap L with liquid air, the gaseous prod-
ucts were circulated till the manometer gave concordant
readings oh stopping the pump. Thus all possible gaseous
products with the exception ot methane and hydrogen were
removed trom the system and the pressure ot hydrogen and
methane (it present) could be determined. Trap L in
liguid air was then removed trom the system and liquid
air placed around trap M. The oven temperature was then
raised to ensure the trapping out ot all high boiling
products which might have condensed on the Walls ot the
reaction vessel. After a period of five hours the "hydrogen-
methane fraction”" was removed with a Toeppler pump into a
gas holder in which it was transferred to a combustion
apparatus. To ensure the absence of traces of higher
hydrocarbons in the combustion bulb the gas was first dis-
tilled in a Podbelniak type low temperature still (105},

> This also provided a check on the etficlecy of the trapping
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which proved to be quite high.

Atter pumping ottt the hydrogen in trap
L the contents were analyzed by fractionation in the low
temperature still and combustion apparatus. The high
boiling fraction lett in this trap and the liquid collected
in trap M were weighed and saved tor fturther analysis. -
Tests for unsaturates were made fromtfime to time by the
usual absorption method.

Analysis ot Liquid Productss

Untortunately the high boiling points
ot the products tound precluded the use of a Podbelniak
type high temperature sfill so a typical semi-micro still
was used to fractionate the products. Owing to the small
amount ot liquid produced the products from a series ot
runs at a particular temperature were combined betfore
tractionation. After wzighing,‘fhe tractions with corres-
ponding boiling points were combined and separated by dis-
tillation into three portions. The boiling point determin~

ations had to be carried out under total reflux so the liquid

would not boil away betore the thermometer reached an
equilibrium,
Material

Normal butane was obtained in cylinders
trom the Ohio Chemical Company. Although it contained no
impurities detectable by the analytical methods employed,
a rough fractionation was done to ensure its purity. This

entailed the condensation ot a large sample of butane in a

trap, pumping otf the first fraction, saving the middle

traction and pumping otft the last traction.
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EXPERIMENTAL RESULTS

The results obtained tor the mercury
photosensitized decomposition of n-Butane at 100, |75
and 250° are given in Table Il. The quantum yield given,
based on the hydrogen produced Is the over all quantum
vield ot several reactions and has no direct connection
" with the amount ot butane decomposed. The liquid conden=-
sate is expressed as "Cs H|3" and "CIQ Hog" since boiling
point determinations indicafé octanes and dodecanes to be
the main components of the condeasate.

The material balance gfvcn in Table 111
is not particularly good. From Table 1II it is evident
that the amount ot liquid pfoducts tound is too large.
Expressing the products in terms of butane decomposed
magnities the discrepancy in the hydrogen balance. A similar
behaviour has been observed in previous work done with the
apparatus used by the auvthor. Smval | amounts ot stopcock
grease dissolved by the condensate accounts for part of
the above discrepancy and, in view of the number of oper-
ations involved in a material balance, the agreement is
satistactory. |

The results of the condensate analysis
are given in Tables IV and Vo From Table |V it is seen
that the boiling points obtained tor the "iight" tractions
at 41l temperatures studied are definifeIQ in the boiling
range of the octanes. The boiling point of the "heavy"

traction from the runs at 100°C. is detinitely in the do-
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decane boiling range. |In the absence ot methane, ethane
and propane, the "heavy" products of the runs at 175°C
boiling within the dodecane range are in all probability
also dodecanes. However, in the runs:250°C the torm-
ation ot small amounts 6# methane does not preclude the
presence in small amounts of pentanes, heptanes, nonanes
and vndecanes. That these are actually present in small
amounts Is shown in Table V which gives the results of
turther distillation of the combined tractions of corre-
sponding boiling points (Table IV)e From the boiling
points and the nature of the gascdus products it appears
that isomers of normal octane and dodecane are the main
liquid products tormed. This will be turther discussed
in the next section,

Inasmuch as some hydrocarbons between
Cq4 and Cjg other than Cg are tormed at 250°C the material
balance at 250°C (Runs 6 = 9) in Table i1}l should be slight=-
ly high since it was assumed that the liquid condensate
froﬁAans at this fehperafure was excieitvely Cg Hyg and

Cio Hoge |
| TABLE Il

Vol. of System 1786 cc. Butane Vapor Pressure 12,5 cm.
Vol. ot Reaction Cell 683 cc. Trap Temperature -40°C

Arc Current - 89 milliamps. Circulating rate - 2.67 litres/min.
-6 X3
Resonance Radiation absorbed 3,16 x I0 Einsteins/sec.

(x3. See middle of next pagel



De?ow- Overall PRO§UCTS 0
Roie Moles  yield Moles xI0-
ﬁg? ng?. x10"%/sec. of H,. H, CH, <, cl2

! 100 . 764 09 1 .06 .359  .529
2 100 .825 .19 Lol .351  .518
3 99 .787 .19 1.09 .342  ,500
4 175 .28 .25 |.44 .386 .64l
5 | 74 I.31 .26 .46 .394  ,653
6 250 2.03 .29 .65 0.0l 939  .737
7. 249 2.06 .28 .61 0.011  .951 .74l
8" 240 5.8l .29 1.89  .042 1.0l  .694
o*" .30 © 044 . 759

250

6.08

.0l

A new lamp with an intensity of 7.3‘3)(!0-6 Einsfeins/éec.
was used in these runs.,

TABLE 11
C4H|O HQ
equivalent equivalent
to C8H|8 to C8H|8
Run 9% 2 CiHio 209 € Jfos H
No. tormed. decomposed. tormed, produced.
] 2.31 l.38 .42 1.06
2 2.26 .49 .39 ol
3 2.18 | .42 .34 .09
4 2.70 2.31 | .67 l.44
5 2.75 2.36 1.70 1 .46
6 3.99 3.64 2.36 .65
7 3.93 3.68 2.43 | .62
8 4,10 4,18 2.40 .89
9 4.29 4,37 2.53 1 .90



TABLE v
LIQUID CONDENSATE ANALYSIS

Boilin

Prots. of Runs. Points C. Remarks Weight %
(Fraction | 115.5 Octanes 31.6
|l « 3 (.
(Fraction 2 195-200 Dodecanes 68.4
‘ {Fraction | 115.5 Octane 28.7
4 - 5 |
(Fraction 2 160, Dodecanes 71.3
- {(Fraction | 109, Octanes and 46,2
6 -7 | ' lower. i
(Fraction 2 160. Dodecanes and ~ 53.8
.. lower,
(Fraction | 110, Octanes and 49,2
8 -9 . lower.,
{Fraction 2 160, Dodecanes and 50.8
L. ,lOWCf.
TABLE \
CONDENSATE ANALYS 1S
Boiling Point ot
Malg?Fracfion
Co Remdrks-
Combined Light Fraction === [16=120 Also trace of
. ' lower boiling
traction.
Combined Heavy Fractions 184 Traces of |lower

and higher boil=-
ing tractions.
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DI SCUSS I ON

From the above tables it is apparent
that the main products of the mercury photosensitized
decomposition ot n~butane are hydrogen, octanes and do-
decanes at all temperatures studied.

The tormation of octanes indicates the

primary step to be the production of butyl radicals by

the reaction '
3

- I [
or C4HIO + Hg | PI) C4H9 + Hg | SO) (1),
3 -
C4H|O + Hg PI) C4H9 + Hg H (2).
= C4H9 + Hg + H
fol lowed by
2C H = CH (3).
49 8 18

Since hydrogen is a product of the re-
action which is not trapped out, the formation ot hydrogen
atoms by the reaction

3

oH + Hg (4).

or
3

P )

| Hg H + H . (5).

H

o + Hg |
= H 4+ H 4+ Hg

in the latter part of a run cannot be precluded. Formation

of butyl radicals may theretore take place by

H+ CH = CH_ +H 6).
4 10 40 2 tol
However, the contribution ot butyl radicals from this reaction
is probably not large since the hydrogen atom concentration in
systems ot this type is generally low.

The reaction

CH +CH = CH +H (7).
49 4 10 8 18
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cannot be considered a source of octanes. This reaction

is of the same general type as

= CH + H (8).
CH3 + CH4 o s

which is estimated to have an activation energy of from

40 to 50 Kcal. (97).

The tormation of dodecanes indicates
the tformation, in the presence of butyl radicals, of octyl

radicals by the reaction

(3 = CH +H4+Hgt's ) 19).
CgH, g + Hg (7P ) el 7 g 0
or 3
S CH _ ¢+ .
C8HI8 + Hg (7P} o) 7 Hg H (10}
= CgH,, + H + Hg.

{ollowed by
(1l

"
O
I

CH + CH
8 17 4 9 12 26

The reaction

C H H = H 4+ .
4 9 * C8 18 C|2 26 i ta

is again of the same type as reaction (8) and cannot be
suggésfcd as a source of dodecanes. However; the prepond-
erance of dodecanes over octabes in the runs at 100°C and
1 75°C suggests the formation of octyl radicals at these

temperatures by

C4H9 + C8Hl8 = C4H!O + C8Hl7 (131,

in addition to reaction (9) or {10). Reaction (13) is of
the same general type as
CH3 + C4H|O = CH4 + C4H9 {14),

This is known to occur at these temperatures from the work

of Smith and Taylor (106).
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The tormaticn of octyl radicals by

H + C8H|8 - H2 + C8HI7 (151,

cannot be excluded, but again the low concentration ot
hydrogen atoms rules out this reaction as an important
source ot octyl radicals.

The reversal of the octane-dodecane
ratio at 250°C is probably due to the decomposition ot

octyl radicals by

C H

+ CH (161l.
8 17 4

cH
4 9 8

tollowed by

H+CH C H t1L7).
4 8 4 9

The above mechanism suggested for the
decomposition of octyl radicals is the only one which
will not produce considerable amounts of methane, ethane
and propane. |t these were formed in considerable quan-
tities, the tormation of more than traces of liquids other
than those boiling in the octane and dodecane ranges should
occur., This was not observed. The lack of unsaturates in
both the gaseous and liquid products indicates that any
butvylene formed is hydrogenated. This 6akes necessary the
inclusion ot reaction (17},

The mechanism of the n-butane decom-
position is, in certain respects, similar to that of the
mercury photosensitized decomposition of propane. Steacie
and Dewar (96) concluded'fhe main reactions ot importance

in the propane decomposition to be
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Hg (P ) # CH = Hg ( $ CH 4+ H (18).
9 | 38 Hg 175,) 37 :
3 _ |
Hg (3P ) + H = Hg ('S ) + oH (19).
g | . g 'S,
- H+CH = CH +H (20).
8 7
o CH = CH (211,
37 6 14
2 H = H, (221,

With both propane and butane the prihary
act involves the removal of & hydrogen atom which is followed
by radical combination. However, Steacie and Dewar rgporf
only small amounts ot higher hydrocarbons, mainly nonanes,
which presumably arise from the combination ot hexyl and
propyl radicals. While this reaction is relatively unimport=
ant in the propane decomposition, its counterpart, reaction
{Il), in the n-butane decomposition is considerably more
prominent,

The results ot this investigation are
in no way incompatible with the results of the reaction of
n-butane with hydrogen atoms obtained by Trenner, Morikawa
and Taylor (69) and Steacie and Brown (98). They suggested
reaction (6) as the primary step in their investigation.

They accounted ftor the tormation of large amounts of methane
and ethane (which are not found here) by reactions of the

general type.

(23).

T
+
O
T

i
O
I
+
O
T

and

I
-.-
O
xI

it
O
I
-+
I

(24).



In the case ot the photosensitized
decomposition the high pressure of butane will tavor
radical recombination recactions and the relatively low
concentration of hydrogen atoms renders unimportant re-
actions similar to (23} and (24},

The tormation of small amounts of meth-
ane at 250°C may possibly occur by reactions of the same
type as (23) and (24) or by C-C bond splitting in the
sensitized butane molecules. |1t the C-C bond splitting
involves the breaking ottt ot only one carbon atom the same
products will result trom both fypes-éf reaction. The
situation is quite complex and in view ot the relatively
small amounts ot methane tormed fturther discussion seems
to be unwarranted,

The octanes formed in the reaction
appear from their boiling points to be mainly isomers of
n-octane. Ot the many isomers ot n-octane, those fall-
ina in the boilinc range tound are listed in Table VI,

It is apoarent that n-Octane, 3-Methyl
heptane and 3, 4 - Dimethyl hexane are the only préduc+s
that could result from the combination of n-butyl and/or
isobutyl radicals. 1t is theretore concluded that the
octanes formed are mainly 3, 4-Dimethyl hexane and/or
3-Methyl heptane. This indicates that the radicals tormed
are mainly isébufyl rather than n-butane, which is in

accord with the results of other investigators.

X3 From.EgIoff, Physical Constants of the Hydro~-

carbons {New York, 1939}, Vol. I.



TABLE Vi

B.Pt. @
| somer 760 mm. Carbon Skeleton
n-Octane 125,6 ¢=c-c-c-c-c-c-C
3-Methyl heptane 119 c-C-C-C=-C-C=-C
|
c
3,4-Dimethyl hexane 117.8 c-c-c-=c=c-cC
1
c c
2-Methyl heptane 117.2 c-c-¢c-c=-Cc=-c-C
I
C -
4-Methyl heptane 118.0 C~C=C=C=C=C=C
|
c
2, 3-Dimethyl hexane 15,7 c~-¢c-c=-Cc-c-c¢C
I
cc
3-Methyl, 3-Ethyl 118.4

pentane.,
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INTRODUCT ION

Methyl b5579-ch|oroefhylamine, gener-
ally designated by "S", has been tound to produce
pronounced physiplogiéal ettects ot such nature that
it Is regarded as an outstanding weapon tor chemical
wartare. However stabilization of the compound has been
$ound ditticult. Freshly distilied, this compound is
8 colorless oily liquid with a marked tendency towards
supercooling at low temperatures. Although the melting
point of the solid is around =63°C.(11, the liquid is
frozen with difticulty at -78°C. it has a b.p. ot 59°
at 2 mm., 64° at 5 ﬁm., 75° at 10 mm.(2), is sparingly
soluble in water but readily soluble in the usual or-
ganic solvents. The redistilled liquid, on standing at
room temperature over a period of time, deposits a
tlutty mass of small white crystals, the rate of torma-
tion ot which increases with an increase in temperature
or when a solvent such as methanol or ethanol €l) is
present.

In analogy to the dimerlzati§n ot other
P-chloroethylamines (3,4) it was suggested (2) that this

precipitate might be a pipereziniuﬁ chboride ot the type

CHg - CHo
+/ \ +
Ra" N\ N - R*

Cl CHg - CHg ClI

resulting from the dimerization of "s",
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That this white precipitate does contain

»
the piperazinium chloride

CH CHg - CHy  CHy
N Nt/
Cl CHg - CHg = N N = CHy = CHg Cl

CT ~CHg = CHo ClI
ls indicated by molecular weight determinations lS}, by
analyses on "puritied polymer™ and its picrate (6) and
by the tact that the "polymer" possesses two lonizable
chlorines, which may be determined in aqueous solution
by precipitation with sklver nitrate (6)., This dimer
shrinks at 310°C. giving ott Bydrogen-chloride and the
residue melts if 325°C.(6). The di-picrate tormed by
the elimination of two moles of hydrogen chloride melts
at 208°C (6,8). - It thus appears that liquid "S" itselft
slowly dimerizes on standing and the rate ot dimerization
fs accelerated by an increase in temperature or by solu-
tion in methanol or ethanol. )

In an attempt to find a "stabilizing
agent™ tor "s", Burns, Eastwood and MCAlpinc 17) carried
out a large number of tests with a variety of substances.
Most of the materials used were found to have Jittle or no
ettect on the rate ot dimerization. Among these were

aluminum, cadmium, nickel, tin and cobalt metals. Iron

* .

Although the evidence is not conclusive, the indications
(8) are that the dimer of "S" does possess the above
structure and In turther references made by the author
to the dimer this structure will be assumed.
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appeared to have a detinite stabilizing eftect while
copper and silver appeared to increase the rate of
dimerization. Anti-oxidants in general were also tound
to increase the rate of dimer formation. Formamide gave
an unidentified precipitate which Burns et al. suggest
might be a salt of "s",

In nitro=-benzene, they observed slow
deposition ot & solid, which from the melting point ot
its plcraté, appeared to be a complex involving "s"
and nitro-benzene., Dimerization was also found to occur
in nitro-methane, since the precipitate ftormed vfclded
a picrate ot the same melting point as that of dimer
picraic. Chlorobenzene, carbon tetrachloride, chloroform
and dioxane were fo&nd to have a marked stabilizing
ettect, chlorobenzene being the most cffccfl§¢ and
dioxane the least ettective of the four solvents.

Marion (6,8) found solutions of "S* in
87% tormic acid were clear at the end of torty days bro-
vided that the concentration of "S" in the solution was
not over 40% by weight. When, however,: |0 g. of "S" and
2 g. ot 874 tormic acid were éombincd,} a precipifafg
tormed almost immediately, with the cvolufién of heat.
The picrate of this precipitate melted at 225°C. (dimer
picrate m.p. 208°C.) and analysis of this picrate
indicafed it to be dimer picrate. Marion suggests this
might be a case ot dimorphism, but there is also the

possibility of isomerism.
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in agreement with Burns, Eastwood
and McAlpine, Marion found hydroquinone accelerated
dimerization. Ammonium chloride was found to have no
ettect while thio-urea did exhibit a stabilizing intluence
but not as marked an intluence as benzene. A solution of
93% "S" in benzene dimerized to the extent of 2.3% in 15
days-af room temperature while "S" itselt was found te
be 6% dimerized in the same time. Thus benzene would
sppear to be a good stabilizing agent. In agreement with
this it was tound (9) that only .29% of the "S" in a 50%
"S"-benzene solution had dimerized on standing for seven
days at 100°C. This determination was made by weighing
fhc‘filfered precipitate atter washing it with ether.

It Is to be noted that precipitation of
a solid was us¢d>és the criterion ot stability in all of
the above work.* However, reaction to give a soluble pro-
duct cannot be disregarded, and since chloride ion is pro=-
‘duced in almost any reaction in which "S" might participate,
it would seem that a test with silver nitrate would be a
more svuitable criterion and more indfcafive ot the relative
stablility ot "S" in various solvents. From the above it
appears that non-ionizing solvents favor stabilization but,
due to the lack of quantitative information and due to

ggg;iblc solubility ettects, the relative merits of the

various stabilizing agents mentioned above cannot be’judged.

%
Marion does not state in his report how he determined the
amount ot dimerization in benzene.
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The hydrochloride ot "S" is quite stable
when dry and provides a means ot sforing "S" in the
|laboratory over long periods of time. Sandin and Nichol
(10) tound no Inérease in the chloride content of a solu-
tion of "S"=hydrochloride ("S=-HCI") in pyridine at the
end of three hours. The stability of the dry hydrochloride
and that of a pyridine solution ot the hydrochloride would
seem to indicate that the tormation of quaternary nitrogen
in the "S" molecule prevcnfs furthér reaction.

In water, the hydrochloride appears to be:
subject to change. Robinson (ll) tollowed the production
6t chloride ion in an aqueous solution of "S=HCI™ by precipi=-
tation with aciditied silver nitrote solution and tound
19.25% ot the total chlorine lonizable in 72 hours. This
would correspond to an increase of «37% in the ionizable
¢hlorine in 72 hours. Sandin and Nichol (12) found 1%
"hydrolysis" in 2 days at 249C. and 40% "hydrolysis" in |0
minutes at 90°C. Marion (6,13) tollowed the reaction with
silver nitrate and sodium!hydréxide {indicateor not steted)
ond reported 1.3% hydrolysis in 20 days and 3.4% hvdrolysis
in 47 days. |In determining the amount of chloridg ion pre=-
sent at the end of 47 days he found an ac!dified silver

nitrate solution gave 2.6% reaction when the precipitate
was coagulated by letting the solution stand ovzrrnighf;f_
while coagulating the precipitate by boiling the solution’
tor 5 minutes gave I1.5 to 12.5% fonizable chlorine. It

is apparent that the results of the above invesfigafiohs
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.- regarding the validity of chloride. determinations in the
 ]prcs¢nc€ of "S"-HCI. | |

Also, while §oﬂdlﬁ‘agﬁ*ﬂichol+§§n§|ude
the main reaction is hydrolysis, Robingoﬁ”éqncl%ggs trom
tollowed by hydrolysisvof the dfﬁgf (IA)ﬁrvMﬂgtﬁh concluded
from his resulfs{QSQlufhctiﬁﬂgﬁgﬁlgakézkggjbrine-was
determinable in "S"-HCl solutions by precipitation with
silver nitrate, tb) that the normal hydrolysis reaction
occurs veryvslbwiy, (c) that the dimer it formed at all is
present in negligible quantity only. Thus these three
investigations are In violent disogreemcnf.

Since the structure of "S"-HCI is anaiagous
to that of NHECI, it is probable that in aqueous solution
the followingréqulllbrlum is set up

sH" + c1”a= s + 1Y & €I
*gnd as Rébinson indicates (14) a numbef ot reactions are
pﬁégibie; namely - hydrolysis of "SHtff‘hydfo}isis'éf non,
'dimgffzaffah?of "s", hydrolysis of "S" dimer and posgibfy
lminiiaflpn; making the reaction of "S"-HCI in aqueous
;Qluflbn éuii§ ¢omplicated. -The GIscrepahcics in the -~
results of the abo?é invesfiga}ions, in view of Marioatls
work may Qéll be due, In part at least, to the agalvfjéglv
procedure vsed in the defgrminafion of chioride ion.

Roblnson () also follow;d the producf{qﬁ |
ot chloride ion in a solutian of "S"HCI which was 3N with
rcspecf to NACH. He concluded that bases decompose "SEHCI

F TR Tein e

tairly rapidly. Sandin andi]chol {12) tollowed the production
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ot chloride fon in a 7.5 N NH4OH solution of "S-HCI" and
reported practically 100% "hydrolysis" in 3 hours at room
temperature. In 1% sodium oleate solution, they found 80%
of the "S=HCI™ "hydrolysed” in 3 hours at 24°C. and 70%
“hydrolysis" in 10 minutes at 90°C. The results of these
investigations indicate that "S" itself is quite unstable
in alkaline aqueous solution.

Measurements made by Dixon (15) on the
conductivity ot a tresh .00l molar solution of "S" in a 30%
alcohol water mixture indicate "S" to be quite unstable in
‘water alone. The conductivity increased rapidly and reached
a constant value in six minutes. No appreciable hydrogen
jon formation was observed in this time but it was possible
to tollow the production of cﬁLoride ion by precipitation
with silver nitrate, He reported the conductivity valuve
reached to be "about what would be expected, it one Cl per
molecule ot "S" became ionic", and that hydrogen ion forma=-
tion occured to some extent atter a period ot fimegl From . e K
this he concluded that in aqueous solution "S" undergoes very
rapid dimerization which is folloﬁed by hydrolysis ot the
~dimer.,

Young, Miller and Hopewell (16) tollowed the
production of chléride ion in the two phase system of "S" and
water. They found only 50% of the total chlorine became ioni-
zable even on standing and that the rate of tormation of

chloride ion Increased when the mixture was stirred. From

this they concluded that dimer formation was the main process
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occurring and that the solution of "S" In water occurred
mainly by dimerization.
| These authors followed the ettect ot pH
on the rate of production ot chloride in "S" water mix-

tures. Their results are brietly summarized in Table VI

TABLE VI
pH  BUFFER RATE OF Cl FORMAT ION
‘ - (4 lonizable Chlorine)
3.3 Formic Acid Trace CI” atter 3 hours

4 Tartaric Acid 2.24% atter 3 .days
4 Clark and Lubs Butter 41% atter 26 hours
5 Clark and Lubs Butter 654 atter 24 hours

6 Clark and Lubs Butter 51.,2% atter 24 hours
7 Clark and Lubs Butfer 684 atter 24 hours
8 Clark and Lubs Butter 96% atter 22 hours
8 Boric Acid 45% atter 72 hours
2N NaOH : 04% atter 24 hours

Young et al. couclddcdgfrom’thIr results that "S" in
water is stabilized at pH 3.5 or less, torms dimer (or
higher polymer) at pH values between 4 and 7 and that
the dimer undergoes hydrolysis above pH 8.
Ogston (17) sfudlgd the rate ot tormation
of chloride ion and hydrogcn ion with "S" in o 5% ethanol-
water mixture at 25°C.over a range of pH. The chloride

ion formation was followed by titrating excess AQNO3 with
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KCNS and hydrogen ion formation by titrating the whole
solution with smajl portions ot N/|0 NaOH and measuring_ﬂt‘
the time required for the pH to reach a detinite valuve: |
(indicators). The rate of tormation of chloride ion was
found to be the same at pH 9-10 as at pH 6-8. The rela~
tive rates of hydrogen and chloride ion producfiéa tound

by Ogston are given in Table ViIlI (17).

TABLE V111
pH ~ RaTE OF H* / RATE CI”
9 - 10  0.016
6.5~ 7 0,067
4,5~ 5 , va. |0

- In thiosulphate solution Ogston tound the formation ot
chloride ion to be independent of the thiosulphate con-
centration and to proceed smoothly to the "total" end at
2 equivalents of chlorinebion per mole of "S", with the

production ot

$g03 = CH g= CHg
From these results he concluded the chiet mechanism ot ngH
disappearance in water to be of the vnimolecular SNI type
{18) but that the reaction is complicated by the dimerization
of "S" and the formation of a variety of quaternary compoudds

among which are imines.
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Thus while Robinson, Dixon and Young,
Miller and H0p¢w¢||, are ot the opinion that the main
course of the reaction is dimerization tollowed by dimer
hydrélysis, Ogston Conclﬁdcs the main reaction to be the
hydrolysis of "S" which is complicated by dimerization and
the tormation ot quaternary products such as imines. Both
Ogsfon and Young and his co-workers have crystallized dimer
picrate out of their reaction mixtures; the fundamental
ditterence in opinion is the relative rates at which the
dimerization and hydrolysis of "S" take place. These
investigators also disagree on the ettect of pH on the
rveaction rate. As in the case of the hydrochloride, this
discrepancy in the rates at pH 6-7 and at pH: 9=10 may
be due to the analyfical_prodedurcs used,

In view ot the contusion indicated above,
and in view of the apparent complexity of the reactions of
#"s" and "S-HCI" in aqueous solution, it was decided to uﬁdcr-

fake 8@ study ot the kinetics of the formation ot chloride

and hydrogen ions by "S" in various organic solvents,
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EXPER IMENTAL

Attempts were made to study the reactions
ot "S™ in carbon tetrachloride and in acetone solutions.
Re;cfioa in these solutions was tound to proceed very
slowly at 25°C. At 100°C. a rust colored precipitate.was
formed in the carbon tetrachloride solutions while acetone
solutions at this femperaibfe turned orange-yellow in color
with the deposition of only a small amount of white precipi-
tate. In view of these complications, studies with carbon
tetrachioride and acetone were discontinued and methanol
substituted as a solvent.

- Solutions were prepared by adding pre=cool ed
methanol to a weighed quantity of "S" at -78°C. (dry ice-
acetone bath). Since no reactionwwas observed, the pure
compound and its solutions were stored at this temperature.
The "S" was prepared from fecrvsfalllzed "S-HCI" by neut~
ralizing it with NH4OH and extracting with ghlorotorm. The
chlorotorm solution was subjkcfed to a vacuum distillation and
the fraction having a boiling point corresponding to that ot
"S" was redistilleds The methanol was dried over Cal for 36
hours, at the end ot which time it was distilled over fresh
CaO, the boiling point of the final product being 64.5°C.

; Aliquot portions of solutions prepared in
the above manner were scecaled in pyrex bulbs at -78°C., dve
allowance being made for expansion of the solution in coming

to the reaction temperature. The transter of solution to
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these bulbs was made with a pipette connected to a water
suction pump through a scratched stop-cock. It wai
necessary to enclose the body ot the pipette and the
graduated stem in a glass jacket containing CaCI2 to-
‘prevent condensation of moisture on the walls ot the
pipette. The smooth surtace of the rubber stopper con-
stituting the bottom of the pipette jacket fitted the
ncck“oi the stock solution container quite closely pre-
venting moisture trom condensing into the solution. Ilce
tormed on the stem of the pipefféfwhile if was ‘draining,
To keep this ice from contaminating the stock solution,
it was allowed to melt and the stem of the pipette was
dried caretully afieq\fhe fransfcr ot each sample.

A mixture of ice and water was used as a
constant temperature bath at OOC. Other thermostats were
controlled to .05°C. by fhe'convcntiqnal'mefhods with
thermoregulators, relays and heating coils,

Sinée it was reported that ferric ion
catalysed d{merliafion (1), determination of chloride‘ﬁgn
. by the Volhard method wasyconsidcred unsuitable, although
the method apparently hqs been used with success by Ogston
(171, *Moreover, "S" is unstable in nevtral solution. The
prod@cfion ot chloride ion was followed therefore by pre-
in 4N. HNO,.

3 3
The liquid in a bulb was transferred to a

cipitation with AgNO

beaker containing approximately 10 ml. of the acid; atfter
yhich the precipitate was washed out of the bulb into the

beaker with separate portions of the acid, the-volume of
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the resulting solution being about 60 ml, After the yhlte
precipitate dissolved, 15 ml. of 104 AgNO3 solution.was
added and the AgCl| precipitate coagulated by heating over
o.sfeam bath for one hour. The precipitate was then ftiltered
by means of a pyrex sintered Gooch crucible,washed with .02 N.
HNO3 and with acetone, dried tor one hour at 100°C. and
weighed. Determinations on solutions of known chloride con~
tent in the presence ot various concentrations of "S" (Table
IX}) indicate the above procedure to give resuvlts gcc§f§f¢
to .00I5 grams of AgCl.

The hydrogen ion production was {ol lowed by
fifrafiqg the contents of bulbs at 0°C. to a pH of 8.5
with standard base. The samples were lmmediafélv.back'
titrated with standard acid to a pH 4.0 to check the total
amount of "S" fett in the solution (Fig.l)le The end points
were ob?aincd with a Beckman pH-metéf. D;fcrminafions on
soluf%o;s ot -known "S" coneentration (Table X) indicated
that, although titration with standard acid gives low values
tor the "S" present, the qpplicafion ot a constant corrccfloa
tactor was qqifc in order. With the correction applied the
estimation of "S" by this method gives results accurate to

within 14,



EXPERIMENTAL RESULTS

The results of this investigation are
tabulated in Tables IX to XVIil| and in the accompanying
graphs. Data in the tables marked wlfh‘fhe supefscrlpf X
are not actval experimental values but are taken from ex-
perimental rate curves. The figures in the lett hand col~-
umn of Tables XI to XVl are obtained by substracting the
amount -of hydrogen ion produced from the amount of chloride
ion produced.

TABLE X

Validity ot Chloride Deter~
minations in "S" Solutions.

Co;c. of "s® Weight of AgCl Weight of AgCl

Meles/Litre Calce (ge) tound (g.)
0.000 0.1435 0.1415
0.000 0.1435 0. 1408
0.000 0.1435 0.1420
0.0Q0 0.1435 0.1399
0.069 0.1435 0.1436
0.069 0.1435 0.1410
0.138 0.1435 , - 0.1440
0.138 0.1435 0.1400
0.367  0.1435 0.1440
0.$50 0.1435 0.1 440

Average ot above determinations = ,.1421 grams.

Average Deviation = .0015 grams.



TABLE X
le Titration ot tree or combined acid in the
presence of "S",
Milliequivalents of "S" present in sample = 2.89

Milliequivalents of HCl present

Calculated Analysed
2.89 2.90
2.89 2.89

A 2 -Back titre of above samples to pH 4.0 with
. _
standard ‘HCI.

Milliequivalents ot "S" present

Calculated | Analysed Correction Factor
2.89 2.69 1.075
2.89 2.71 1.065

Average Correction tactor = 1.070



pH

(Pa)

————.

>, HCI

+ NaCOH

I 2

Milliequivalents
Fige IV,

Titration Curves
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TABLE XIi

"S" jn Methanol - Reaction Temperature :'OQC.

Initial "S" concentration = .5668 moles/litre at -78°C.

ngn Total CI” H* Cl Formed by

Time Reacted _p Produced _ Produced _o Dimerizafiq%
{hours) Moles x 10 Moles x 10 Moles x 10 Méoles x 10

14 «090 Negligible .090
«120

24 « 120 Negligible « 120

48 o .254 Negligible . .254

51 «200 ‘ .001

98 . «304

131 »380 «006

194 : «431
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Rate Curves obtained in absolute methanol at OOC.

tnitial "S" concentration = .567 M. at -76°C.,



TABLE Xil
"S" in Methanol - Reaction Temperature = 0°C.

Initial "S" concentration = [.148 moles/litre at -78°C,

wen - + Cl~ Formed
' S Total ClI H by
Time— Reacted _o Produced _, Produced _o Dimcrizafion2
{hours) Moles x |0 Moles x 10 Moles x 10~ Moles x 10 ~

12 <072 .058 .002 .056

17 .106 .088 .003 .085
29,5 .178 146  .004 142
41.5 . 248 104 .004 190

Except for the data given in the above
table and in Figure Vi results obtained are iﬁ close
agreement. The significance of this discrepancy cannot
be assessed witﬁouf further work at 0°C with the con-

centration ot "sM Tndicéfed.
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TABLE XIIl

"S" in Methanol - Reaction Temperature = 25°¢.,

Initial "S" concentration = .570 moles/litre at -78°C.

"sh Total CI~ | nt | Cl Formed b
Time " Reacted = _ Produced Produced Dimerizatio

b4
A
{hours) Moles x 10 Moles x 107 Moles x 10°2 Moles x 10-2

( --- | +169 N
2 202 a2 .002 170
3 +262 .273 008 265
6 . +360 . .396 ——e ---
9 . 424 . 450 ;3:3 | . 431
11.5 .- <473 --- ---
13 <452 - C emem ———
17 470 .476 021 - .455

I8 . 2ee « 4717 ——— -
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TABLE XV

"S" in Methanol - Reaction Temperature = 25°C.

Initial "S"™ concentration = 1.148 moles/litre at -78°C.

Hgn Total CI~ Ht Cl Formed by
Time Reacted Produced Produced _ Dimerizafiog

{hours) Moles «x IO"2 Moles x I()“2 Moles x 10 Moles & |0

oo —— «062 -—- ———

1 .088 .089 .004 .085
2 193 +200 +006 <194
3 .287 «264 .008 ‘ +256
4 .341 o317 .009 .308
8 <447 .47l .013 458
12 . 480 .482 . .016 - . 466

19 cee _ «509 -—— ———
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Rate Curves obtained at 25°C

initial "S" concentration = 1.148 M at -78°C.
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"S" in Methanol

Reaction Temperature = 41.5%.

initial "S" concentration = .572 moles/litre at -78°c.

ng Total CI~ Hf, Cl Formed by
Time Reacted _p, Produced _o Produced .o Dimerizatiop
(Hours) Moles x 10 Moles x |0 Moles x 10 Moles x 10
+ 224 217 «005 «212
| « 298 307 . .0l5 « 2902
2 396 . 401 .023 .379
3 - «457 - -———
: x
3.5 «459 «470 .035 « 435
4 -—- .480 --- ---
x
6.25 «491 + 505 «054 . 449
' x
9 « 492 513 «055 458
14 --— 58 ——— ———
, X
17 . 492 «525 « 060 « 465
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Fige IX
Rate curves obfafned in absolute methano! at 41.5°C.

Initial concentration of "s" 2,570 M at -78°C.
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TABLE XxXvi

o
"S" [n Methanol - Reaction Temperature = 41.5 C.

| . o
initial "S" concentration =15348 moles/litre at =78 C.

gt Total CI~ H* Cl Formed by

Time Reacted -9 Produced -9 Produced _o Dimérizatigg
{hours) Moles x |0 ‘Moles x 10 Moles x 10 Moles x 10

P

.5 239 .278 0l4 .264
i .37 .335 017 .318
2 .455 .456 021 . 435
3 468 .488 .026 . 462
4 .501 512 029 .483
8 .521 | .540 .037 .503

12 «526 , «542 +039 «503
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TABLE

XVil

Data tor Arrhenivus Llne

Temp. L o . . . :
°A 1/Tx10" Io148M."S" soln. +570M."S" soln.
k' initial In(kxlO) k{initial) InikxlO}
{unimol) {unimol)
314.5 3.19 1.30 10.262 .925 9.92
208 3.36 2.o4x|o" 8.40 2.09x|o" 8.44
' -2 -2
273 3.67 .90x10 5,39 1.02x10 5.40
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\ O .570M-"S" soln,
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Figo XIO

Arrhenius Line from initial unimolecular
rate constants of the reaction of gt

in absolute methanol.
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DISCUSSION .

Wl idit he Anglyti eth

Boubf exists as to the validify ot
gravlmeirlc determinations of chloride ion with slightly
aciditied AgNDg in "S" or "$-HCI" solutions. Marion's
results (6) indicafe that chloride ion producfléh occurs
quite readily at 100°C in the dilute acid solution. The
results given In Table IX indicate that reasonéblc stab-
ilization is obtained by the addition of 50 ml. of 4 N,
HNO; to a 10 ml. sample of a 4550 moI;r solution of "sS"
in meth;nol, and fhat:determlnafiohs with AgNO; by the
prevjouslv described procedure, may be carried out in
"s" and/or ?S-HCI" solutions, the accuracy being about
a5 mljligrams‘ofﬁAQCl. Thus, in the above results the
maximum error arising from the analytical method used
tor chloride determinations would be 2% and the method
theretore is quite svitable tor following the rate ot
chloride ion production in this investigation,

The titration curves of "s" and "S-HCI"
given in Figure IV show that the end points, obtained in
the hydrogen ion and "S" determinations with standard
base and sfandard acid, are quite sharp. The data in
Table- ¥ %&diea*c that flfratnon vajues tor "S" are low
by a facfor ofrl.070 and, that, wifh the applxcaf:on of
the indicafed»cofridtjon,“aétt?MInl?Téns of Ys" by this
method ore accurate fﬁgﬂlfﬁiﬂ¥$‘} -Tttrating af@O C with.

'tfgndard basc and standard acid thetetare Fs.e suifqblc
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method tor following the rate of tormation of H+ and

the rate of disappearance of "S" in the reactions in-

vestigated.

Reactions of "S" ipn Methanol Solution,

The variety of reactions that might

possibly.occur In a methanol solution of "S" are given

below:
1) CIl-CH,-CH Cl-CH,~-CH CH
N
RN \
CHy CHQCHQ-CI CH,~CH,~C!
i 2 2
' + / \ 7/
= Cl -CH,~CH N-CH -CH -Cl
2" ////// b2
(2) Cl-CHQCHQ ' o ) : Cl-CH2-CH2 !
| //N-CH3 + CH3OH = N-CH 4 HCI
which could be followed by
{3) CI-CHQfCHQ : CI'CHQ'CHQ\\\ //CH3
’//N-CH3 + HCI - N - H
N N t . +
'CI-CHQ-CHQ CI-CHQ-CH (of e
and
(4) CH,0-CH.-C -CH -
) H3 CH2 HQ\~ CH30 CH2 CHQ\\\ CH3
Cl=CHy-CH, cl-cH -cn” ¥ ci”



or by
(5) CH30-CH2-CH2\\\ //CHQ-CHQ-CI /}JiQCHQ-CI
N + N-CH3
- - -Cl
CH30-CH2-C|-12 CH2 CH2 CH2 CH
~N.. AN
2 CH ",N N"CHa
3 .
TN - S -
Cl CHQ-CH2 C
or by ‘
(6) CH3O-CH CHQ\\\ Cl-CHQ-CHg\\:v/EﬁQ-GHQ-OCH3
N + “ N
/ . N\
- - CH
CH3 CH2 CH2 Cl ‘ 3
CHBO-CHQ—CH CH_.-CH CH_.-CH -OCH3 o

n
(@]
ju
!
P
]
2

NSO\

Since the dimer it f&rmcd bvff?&iff&ﬁT(t)'possesgs fwb
ﬂ‘-l;:’ﬁj oroethyl groups the reactions

t7) Ci-CH,~-CH

272\ /CHQfCHQ\ /CH3



and
(8) CI-CH -CHQ\ /CH -CH2 / 3'
CH3- N=-CHg-CH,=OCHj + CH,0H
4 \ * 2
CHQ-CH
CH30-CH2-CH2\ / CH‘Q-CHQ /CHa
= H =N N-CH_-CH _-OCH. + HCI
¢ 3 4_\ / + 2 2 3
CH,~CH, Cl

must be includeds To this list should be added the form=-
ation ot ethylene imines by the products of reactions (3)

and (4) in the tollowing manner:

(9) X-CH -CHQ\ CHQ\ - CH,
"N"CH3 - HCI “ CH3~N-CH2-CH2~X
- , +o
Cl =CHg=CHy Cl | cl

where X is a CH3O group, or a Cl. Again 1t X is a CI
the possibility of imine tormatiaon requires the inclusion

of the reaction

(10)  CH_=CH H -
CHy-N-CHy=CHo=Cl  # CHZOH = HCl + CH3=N"4 CI”
+ - , .
(of I CH_,-CH -OCH.
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iminization might also occur by the reaction

(1) Cl-CHo-CH, CH, - CHg
I
=CH 3 N CHp=CHg™

/ ko

C1-CH,,~CHy cl

Of the above possible reactions (1),
(5), (6), (9) and (Il) would produce chloride ion alene
while (2), t7), (8), and (10) would produce equal quan-
tities ot hydrogen and chloride ionse From the data in
Tables X1 to XVI and from‘Figures V: to X it appears
that the production ot chloride ion 1is practically the
qnly process occurring in fhe‘lnitial stagcs-of the re=-
action at the temperatures indicateds The reaction or
reactions producing hydrogen ion do not become prominent
vuntil 30 to 40% reaction has occurred.

Since practically no hydrogen lon form-
‘afton‘occurs in the initial phases of the reaction it
would appear that reaction (2) dees not occur to any
appreciable extent. This eliminates the po#sibillfy ot
the occurfehggy_fo any appreciable extent of reactions
(4), (5) and (6). The Iqﬁ initial concenfrafiqn of hydro-
gen ion renders the production of chloride ion by (9)
quite improbable and the marked stability of "S-HCI" In
pyridine solution (10) indicates reactions (9) and (10)
do not occur at all.

Reactions (7) and (8) obviously cannot

be the source ot the |arge amount of chloride ioa pro-
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duced in the initial phases ot the reaction. Thus it
would appear that reactions (l) and (l1) are the only
processes that could occur in the initial phases of
the reactions From the work of Marion (6), who ob~

llsll

tainc& dlmcr from methanol scolutions of it would

e

appear that reaction (1), which would bz‘blmolccular,
is the principal process occurring in the ecarly stages
ot the reaction. However, fr§m Figures V to X it is
appérenf that doubling the fnitial concentration ot~
"S" does not appreciably atfect the rate of chloride
lon production., Since dimer is the principal product
obtained by Marion, its rate of tormation appears to
be controlled by Q vnimolecular process. |
Reaction (Il) would be unimolecular
and, theretore, it would appear that the rate of imine
tormation by (1) go?erns the rate ot dimgr formgfion
and that dimer formation does not occur by reaction ()

"but by the reaction.

+ Cl C|-CH2-CH2
CHy - CH, CH
= Cl-CH -CH -N CH -CH -C|
272 2 2
+\ - / T
Cl- CH _-CH Cl

2 2
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Thus it is concluded that the principal reaction occurr-
ing in fﬁe initial stages ot the reaction is the uni-
molecuvlar S, | formation ot dimer.

From Figures V to X it is seen that,
although the rate of dimerization and the rate of "s"
disappearance appear to have dwindled almost to zero
in the latter part ot the reaction, the total amount,
ot chloride ion and hydrogen ion present in the solution
continues to increase. Moreover the slopes ot the total
chloride ion curves and the hydrogen ion curves appear
to be the same. This iﬁdicafés the presence ot a process
in the latter phase of the reaction in which.cquivalznf
amoﬁnfs ot hydrogen and chloride ion are tormed. Since
;ome hydrogen ion is tormed in the intermediate phase
of the reaction and, since "S" is a weak basé, it appears
thaf the small aﬁounf ot hydrogen ion tormed would
immediately combine with "S" by reaction (3). Thus at
the point where the rate of M"gh disappearance falls oftf,
it would appear that the "S" originally presénf in the
solution is dimerized or stabilized by tormation of the
hydrochloride.

‘Since hydrogen and chloride lon are
tormed in equivalent amounts after all the "S" In the
solufion_has dimerfzcd or tormed hydrochloride, their
production presumably Involves a product formed in the

earlier part ot the reaction. While dimer formation is
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the main reaction taking place, slight alcoholysis of
"s" by reaction (2) might produce the Initially small
amounts of hydrogen ion found. The two products pres-
ent in appreciable amounts are dimer and "SU_HCI  either
of which may react with solvent to produce hydrogen and
chloride ions. |

The presence ot an . induction period

in the production of hydrogen ion is ditticult to detect
under the experimental conditions employed, owing to the
slow rate at which hydrogen ion is produced. Only tur-
ther data on the relative rates of dimer hydrolvsls‘aﬁd
the hydrolysis of "S"=HC| can determine which ot the prod-
vets is the source of the equivelent amounts ot hydrogen
and chioride flon.

Thus the course ot the reaction appears
to be the unimolecular S | dimcrizafiénvoi "S" accompanied
by a slight amount ot alcoholysis. The products of these
reactions are then turther alcoholized, The calculatlon
of rate constants for the dimerization process Is coﬁpll-.-
cated by the QCCUrrencc’of reaction {3). However, initial
rate constants (Table XVII|) glve a suitable Arrhenivus - :
line which indicates this reaction to have an aciivafloﬁ
energy of about 9.6 Kcal.

The resylts ot this investigation and

the conclusions arrived at in the above discussion compare

quite tavorably with work done by Mason and Biock :13).
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They investigated the polymerization ofﬁ?-4-morpholino-
ethyl chloride and found that 34% of the com pound was
converted to N, NéAsf,s‘-Q'l"éb'iromorphol ino-piperaznium
| dichioride when an ethanol solution containing 5 grams
.of the compound was retluxed for 24 hours. Evaporation
ot the alcohol after the removal of the solid piperazinium
dichloride gave them a solid which they indentitied as
/9-4-morpholino;fhyl ether.
Since "S" contains a secondfs-chloroefhvl
group it is to be expected that the dimerization of "3§"
would proceed much more quickly than the dimerization

ot ﬂ-4-morphol inoethyl chloride.

Porton Report No. 2384 which became
available immediately prior to submission ot this fhisis
is In agreement with the conclusions from the présen;v
sfudy. In this report it Is concluded that iminization
is the rate controlling process in the reaction of "S"
with water and that dimer is the principal product formed

when high concentration ot "S" (I11% by weight) are vused,
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Summary- ead Cowtribufien to Knowledge

Part A.

4

The mcrcur?”bhofosensifized dccom;
‘posifion of bu}ane has been investigafed at IOOOCQﬁ
|75°c and 250°€. Hydrogen, octanes and dodecanes are
the main products at ;II the temperatures studied.
It is concluded that the primary step Is a CfH bond

splits 3 .
’ C4H|0 +f§9f£ Pl) - C4H9'+ Hg + Hi,
or

3.
Cho HHe UP1 = GHo 4 HeH

fhz'maln,secpqdarv reactions afe
a | = C.F
2 &T‘Q ABA»‘H] 8,

Mg 7P )+ CoH o = ‘;.;;1’.3%”L+«.,ng\;,wH

or
8 .- .« CH ;,, y
- | C3H|7 ‘l‘Hg &H,

and | N ‘ |

94-H°~ b Ly * t""4H_|o. .,9}8»'?37
Followed by

CH_ 4 CH = ¢ K
and _

HiH =

The octanes tormed appear to be mainly

3, 4-dimethyl hexane and/or 3-methyl heptane.



..Rart B,
wbﬁlﬁé,ﬁgéf};;nkbfgﬂ;'Nl-di-gg-qﬁlorocfhwh)
»ﬂm¢;g¥lyqp}§gﬁgg§ﬁg,ln absolute methanol were investi- ‘
gated at 0, 25 and 41.5°C by following the rate at
which it disappeared and the rate at which chloride
and hydrogen ions tormed. Analyficaljmefhods vsed
were shown to be valid.

It was coﬁcludzd that the principal
reaction involved is dimerization Qila vnimolecul ot
Sﬁ' mechanism, Th?‘rcacfl;n was ftound to have ¢ gcii;

vation energy of about 9.6 Kcal.



The results given in the following
tables were obtained in the course of the above in=

vestigation. Further work is necessary to demonstrate

their signiticance.

TABLE XVIiil

"S" in Methanol-water Solutions.

Reaction Temp. = 0% , |
Inftial "S" Concentration = ,573 moles/litre at -78°C.
, L .

Chloglgc lon Prodqg}ion (moles x10”%)
(Izgfi’ 0.0MiH,0  TM.H,0 | 4M.H,0.
2 - .036 -
3 - - ~ .078
4 - .066 | -
10 - ol ' .203
12 - - «247
14 .090 - -
I5 | - 166 -
24 120 . 241 .378
36 - - . 451
48 254 .384 -
08 .304 - -

194 «431 - -
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TABLE XiX

MG" |n Methanol-water Solutions.

Reaction Temp. = 25°C. _
Initial "s" Concentration = .573 Moles/Litre at -78°C.

Chloride lon Production (moles xIO-Q’

(;;‘gfs, | 0.0MH0  TMaH,0 1 4M.H,0
1/2 - J144 .213
| .109 .223 .340
2 72 .328 . 449
3 .273 .398 . 489
6 .396 - -
7 - - .534
9 . 450 506 -
.5 an - :
14 - .526 -
17 476 - -
I8 477 - -

99 486 - .

24 - - .562




