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Ph.,_o. <;hemistry 

Alden w. Hay 

A. The Mercury Photosensitized Decomposition 

of n-Butane. 

B. The K1netl~~ bt the Factors Influencing 

the Stability of "5". 

, ·fART A 

The mercury photosensitized decom

position of n-butane was investigated at lOO, 175 and 

250°C· •. Hydrogcn 1 -!)ctanes and dodecanes were the ma.in 

products found. The mech~nism of the reaction was 

concluded to be a C-H bond split fol I owed by radical 

combination reactions. 

PART B 

The reactions of N, N1-dt•cp:...c.hlorocthyl)

methyl amJne t"S"J In absolute methariol were investi-

gated at 0, 25, and 4l.S°C by toll owing the rate at 

which it disappeared and the rate at which chlorlde 

~nd hydrogen Ions formed. Analytical meth~ds used ••re 

sh~wn •o be valId. 
, .. 

lt was concluded that the prlnclp•l re

action lnvolved Is dimcrlzation by a unimolecular S I ,fl 
; ' 

mechanism. The reaction was.found to have an activation 

energy of about 9.6 Kcal. 



_ Part A 

The _hl_ercurv Photosensitized Decomposition 

of n-Butane. 

:- . 



lNT kUI)UCT lU\i 

Certain simple bimolecular react-

ions, such as the thermal decomposition of hydrogen 

iodide have been shown to conform to the rate equation 

= Ze 
- I:./ I<T 

developed by Lewis in 1919 (1). In the above equation, 

k is the rate constant, Z the coli ision frequency, 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 

d InK 
dt 

Values of k calculated from the experimental value of 

E and the kinetic theory value of Z are frequently of 

the same magnitude as those obtained by experiment and, 

in some cases, the numerical agreement is reasonably 

good. The dependence of the rote of these bimolecular 

reactions on the col I is ion frequency obviously .estab-

lishes the mode of activation to be collisions between 

molecules. 

The theory of unimolecular reactions 

developed much more slowly, owing main1y to the lack of 

e xp er i men t a I e v i den c e, t h e t h er m a I de compos i t i on of n i t-

rogen pentoxide being the only known reaction up until 

1926. Obviously, the mode of activation of vnimolecular 

reactions was a problem. Perrin (2) and others 13, 4, Sl, 
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assuming unimolecular reactions were completely in

dependent of the pressure, suggested that the mole

cules obtained the necessary energy for activation by 

absorbing infra-red radiation. This theory soon met 

difficulties which it did not survive. 

The modern theory of activation of 

u n i m o I e c u I a r r ea c t i on s w a s or i g i n a I I y prop os e d by 

Lindemann (6) in 1922 and"later elaborated by Hinshel

wood ( 7) and others (8, 9, 10, 11). They suggested 

that activation occurs by col I is ions between molecules, 

but that a time leg exists between activation and re

action. By virtue of the internal motions, molecules 

must pass through maxima and minima of stabi I i ty and 

it is quite conceivable that a molecule activated by 

c o I I i s i on w i I I de compos e on I y w h en i t p a s s e s t h r o u g h 

its next minimum of stability, provided it is not de

activated by a second coli ision before it reaches that 

m i n i mum of s tab i I i t y. Then i f the a vera g e I n t er v a I be

tween activation and transformation is large compared 

with the interval between collisions, most of the mole

cules will lose their energy by collision before they 

have a chance to react. Thus we have -

normal molecules ~ activated molecules (a) 

activated molecules~ products of reaction lbl 

The processes indicated in (a) take place very rapidly 

c omp a r e d w i t h t h a t I n d I c a t e d i n ( b l a n d a s t a t I on a r y s t a t e 

is thus set up in which a constant fraction of the mole-
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cules present possess the necessary energy for reaction. 

The majority of these molecules wi I I be deactivated by 

c o I I i s i on , b u t a s m a I I con s t a n t f r a c t i on of t h em w i I I 

get a chance to decompose. The chemical reaction there-

fore disturbs the concentration of activated molecules 

very I ittle. Since the fraction of the molecules acti-

vated is constant and only a smal I fraction of these 

activated molecules react, and since the fraction of 
_ E/ IH 

t h e m o I e c u I e s I s ne a r I y p r op or t i on a I to e ( B o I t z-

mann distribution), the number of molecules reacting per 

unit time is independent of the pressure and all the con-

ditions of a unimolecular reaction are realized. 

If, however, the rates of the processes 

indicated in lal are decreased (by a decrease in pressure), 

eventually the rate of activation, becoming equal to or 

less than the rate of reaction, will become the rate de-

termining process and the reaction wi I I become second 

order. Thus with a decrease in pressure the unimolecular 

rate constant should eventually drop off and we should 

get a gradual transition from first to second order. 

Evidence to support the above hypoth-

esls was soon forthcoming. In 1926 Hinshelwood and his 

eo-workers (12, 13) found that propionic aldehyde and 

acetone decompose in a unimolecular manner over a range 

of pressures and that these decompositions tended to be-

come second order with a sufficient decrease in pressure. 

However, the rates of these decomposition reactions were 
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found to be from 102 to 105 times those predicted by 

the lewis equation. Following this work a large number 

of organic decomposition reactions were found to exhibit 

the same behaviour and it is now generally conceded that 

n ea r I y a I I or g a n i c t h e r m a I d e c omp o s i t i on r e a c t i on s c on

form to a rate expression of the form of the classical 

unimol ecular equation. 

Various theories have been propo~ed 

to explain the abnormally fast rates of these reactions. 

Christiansen and Kramers ( 141 suggested that a first 

order process might take place by a chain mechanism in 

which the energy of activation augmented by the heat 

I iberated in the reaction itself was handed on from the 

products to fresh 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 

r e t a r d a t i on i s n o t g en er a I I y ob s er v e d • 

Hinshelwood (15) and others (16, 17l 

suggested that the numerous internal degrees of freedom 

were involved in the activation of complex molecules. 

If the various degrees of freedom can contribute to the 

activation energy then the possible rate of activation 

may be up to a m i I I i on t i me s g re a t er than t ha t e xp e c t e d 

from 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 

for the rate of the nitrogen pentoxide decomposition at 

low pressures and gives no explanation of the products 

formed in the type of reaction under consideration. 

The work of Paneth and his eo-workers 

(18, 19) on tree radicals, contributed to place the chain 

theory in a new I ight. F. 0. Rice and his eo-workers 

(20- 28) using the Paneth technique were able to detect 

tree methyl and ethyl radicals in a number of organic 

t h e r m a I de c omp o s i t i on r ea c t i on s • T h i s I e d R i c e t o s u g g e s t 

that nearly a I I Or(JdOiC decomposition reactions proceed 

by a free radical chain mechanism. 

Rice points out that it two reactions 

have activation energies differing by 4 Kc a I • , then the 

at 600° c the of - 400/2 X 873 
relative rates are I n ratio e 

to I, or approximately 9 to I. Similarly for a difference 

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 wavs of accom-

plishing a primary break In the molecule, and if one of 

these has an activation energy 10 Kcal., or more, lower than 

that of any of the others, it alone will occur to any apprec-

table extent. 

Though there is considerable disagree-

ment about the absolute bond strengths, it is definite 

that the c=c and c:c bonds are very much stronger than the 
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C-C or C-H bonds in a molecule. Moreover indirect evl-

dence (29) indicates tnat the C-H bond is about 10 IS 

Kcal. stronger than the C-C bond. One may therefore 

c on c I u d e t h a t , I f t h e t h er m a I de compos i t i on t a k e s p I a c e 

by a free radical mechanism, a molecule wi I I always 

sp I it at a C-C bond and never at a C-H, or a double or 

triple bond. 

Obly 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 before detection into ~thvl 

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 

be:-

c4H10 = CH3 + CH3CH2CH2 

C4H10 = 2CH3CH2 

Followed by the secondary reaction 

and the chain reactions 

C4HIO+ R - RH + CH
3

CH
2

CH
2

CH
2 -

= KH + C
2
H

4 
+ CH

3
CH

2 

C4HIO + R • I<H + CH CH CHCH 
3 2 2 

I<H + C H .j. CH 
3 6 3 

( I a} 

11 b) 

( 2) 

(3a) 

(3b) 
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w h e r e R de no t e s a me t h v I or e t h y I r a d i c a I • T h i s s c h em e 

assumes reactions (3a) and (3b) to have activation en

ergies much smaller than that of (I). On the basis of 

accessibility, reaction (3a) would be faster than reaction 

13b) in the ratio of 3:2 since there are six primary hydro

gen atoms and only four secondary hydrogen atoms. There is 

evidence, though, that secondary hydrogen atoms are less 

strongly bound. On t h i s assumption Rice estimates reaction 

l3a) i s to reaction (3b) as 6:8. Thus the overall reaction 

may be r ep r e s e n t e d by 

6 C4HIO = 6 c2H4 + 6 c2H6 

8 C4HIO = 8 C3H6 + 8 CH
4 

AI though His scheme does not predict 

the formation of butenes and hydrogen, which are actually 

found in the thermal decomposition products of butane, (33), 

it is reasonably successful in predicting the products of 

m os t o t t h e h y d r o c a r b on de compos i t i on s e spec i a I I y f or t h e 

I ower members. 

By making suitable assumptions Rice and 

Herzfeld (26) showed that free radical mechanisms of the 

above type can lead to a first order overal I 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 usually 
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far smaller than the C-C bond strength. As an example, 

consider the artificially simplified scheme for the de-

composition of an organic molecule (32): 

E in Kcal. 

= RI .j. M2 80 ( I ) 

= R1H .j. R2 IS ( 2) 

- RI .j. M3 38 ( 3) -
- M4 8 ( 4) -

The molecule M
1 

decomposes initially 

into a radical R
1 

and a smaller molecule M
2

• The radical 

R1 then reacts with a fresh molecule of reactant M
1

, ab

stracts a hydrogen atom, and forms the stable compound 

R1 Hand the free radical R
2

• R
2 

then breaks up into the 

radical R
1 

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 R
1 

is destroyed to form a stable 

molecule M4 • 

By setting up equations giving the con-

centrations of R
1 

and R
2 

in the steady state, we have, 

assuming long chains. 

and: 

_,d 
dt 

and the overal I decomposition of M
1 

may be expressed as 

I 5 J 

(6) 
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-_d_tM 1 l = k 1 lM 1l .f. k2 lR 1 l lM 1 I dt 
( 7l 

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

i n (7) we obtain: 
• 

IMI I 1/k I k2k3 
-_d_ lM I l = k (M I l 11 .f. i_k2 k3/ 2 k I k ) = 

dt I 4 • 
'· 2 k4 

or, 

-_d_ tM 1 l K !M1l 
dt 

i.e., the reaction is of the first order. Furthermore, 

E overal I • 1/2 tE .f. E2 .f. E3 - E4 l 

so that substituting the assigned values of Ewe obtain 

E overal I = 1/2 (80 .f. IS .f. 38- 8) = 62.5 Kcal ., 

which is well below the strength of 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 

= 

and this leads to a first order rate. If, however, the 

c~ains were terminated by 

= 

the overal I order would be I .5 while 

= 

would give a value of 0.5. To successfully predict a first 

order rate, therefore, it is necessary to make the arbi-

trary assumption that 

--
is much faster than the other two possible recombinations. 
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AI though mechanisms of this sort are, 

to a considerable extent, based on conjecture, impressive 

support for the fundamental idea of free radical chains· 

soon made its appearance. Frey 134) was abl~ to start 

chains in butane below its normal decomposition range by 

adding methyl radicals formed by the decomposition of di

methyl mercury. Similarly, Alien and Sicl::man (35), Fletcher 

and Rollefson (36) and Echols and Pease (37) produced the 

sensitized chain decomposition of a number of organic sub

stances. AI I these observations prove that radicals can 

cause chain decomposition, but they do not necessarily 

p r o v e t h a t s u c h f r e e r a d i c a I c h a i n s · oc c u r i n t h e n or m a I 

pyrollysi s of the substances concerned. 

Evidence for the presence of chains 

was also obtained from photochemical investigations. Leer

makers (38) showed that the photolysis of acetaldehyde is 

a chain reaction above 80°C and his results are in agree

ment with the mechanism predicted by Rice and Herzfeld. 

Leermakers also found that chains are set up in the de

compos i t i on of d i met h y I and d i et h y I et h er i n duce d by ad

mixed acetone (39). 

Further evidence for the chain character 

of some decompositions is furnished by Staveley and Hinshel

wood ( 40) and others 141, 42, 43, 44). Wh i I e these Invest i

gations indicated that large amounts of added nitric oxide 

would catalyse the reactions investigated, small amounts 
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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 fifteen for a number of reactions. 

This is definite evidence for the presence of chains, 

but in most cases the chain lengths are far too small to 

be In accord with the Rice-Herzfeld mechanisms. There 

are, however, indications (45, 46) that in certain cases 

there may be a few long chains rather than a large number 

of s h or t on e s , I • e • , t h a t t h e R i c e-H er z t e I d me c h a n I s m s 

may hold for a small fraction of the total reaction, the 

remainder decomposing by a molecular mechanism. Recent 

work (471 suggests that nitric oxide may be a 11 selective 11 

inhibitor and thus maximum inhibition by nitric oxide may 

not correspond to complete suppression ot al I the chains 

present which would lend further support to the Rlce

Herzfeld mechanism. 

lt may therefore be said that, in gen

eral, the evidence supports the free 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 fruitful 

work. However, when the specific mechanisms for a number 

of reactions are tested, the situation is quite different. 

To date the methods used for this purpose are: 

{a) The stationary hydrogen atom concentration is 

measured and compared with the theoretical value. 
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(bJ The activation energy of one of 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 of the specific Rice

Herzfeld mechanisms. 
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PHUTUSi.::.NSITlZATlUN 

From the foregoing discussion it is 

evident that more information concerning the elemen

tary processes in thermal decomposition reactions is. 

necessary and that no great confidence can be placed in 

any one theory unt i I we have further know I edge about the 

individual reactions. Information regarding the reactions 

of radicals, particularly when confirmed by independent 

methods, is of utmost importance. The chief methods used 

are photochemical reactions and reactions with hydrogen 

atoms. 

Straight photochemical decomposition 

is seldom used in the investigation of the reactions of 

the simple hydrocarbons since they are transparent down 

to t he e x t r em e u I t r a- v i o I e t , a n d w or k of t h i s n a tu r e i n 

the Schumann region involves considerable experimental 

difficulty. These difficulties are avoided, however, 

if photosensitization technique is employed. In this a 

metal vapor is ml xed with the reactant gas and the mix

t u re i I I urn i n a t e d by r e son an c e r ad i a t i on of t hat met a I • 

Upon illumination the atoms of the metal vapor absorb 

the radiation and the energy thus gained is imparted by 

col I ision to the molecules of reactant gas. 

Photosensitized reactions present a 

much closer analogy to thermal processes than do direct 

photolyses, since the reactant molecule receives the en-
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ergy necessary for reaction by col I ision. furthermore, 

the situation is much simpler in a photosensitized re-

action than in a thermal reaction in that the reactant 

molecules receive a rather definite amount of energy 

instead ot 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 e xc i t ed 

atoms etc., are summarized i n Table I ( 48). 

TABLE I • 

EXCITATION, ENERGIES, ETC. 

Heat of "MaxI mum energy 
d is s oc- available to 

Energy i at i on sp I it oft H atom 
of of assuming inter-

Res on- excited hydride, mediate hydride 
Sub- anc e atom Kca I. format ion 

stance line 1< Transition Kca I. Kca I. 

Mercury 1849 6 1S -6 1P 0 I 153.9 8.5 162.4 

2537 6 1S -63P 
0 I 112.2 8.5 120.7 

Cadmium 2288 5 1s
0

-5 1P1 124.4 15.5 139.9 

3261 5 1s0-53P1 8 7. 3 15.5 102.8 

Zinc 2139 4 1S -4 1P 0 I 133.4 23.1 156.5 

3076 4 1s -43P 0 I 92.5 23 .I I I 5. 6 
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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 

efficient transference of energy a wide variety of re

actions is possible. 

At t h e p r e s en t t i me t h er e i s s om e 

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 

= 

Fol I owed by = 
or = 

M 

M + 2H 

MH + H 

t I ) 

(2a) 

(2b) 

If the mechanism of the primary act 

is (2a) then the energy involved wi 11 be that of the ex-

cited atoms plus a I i ttle kinetic energy. If equ at ion 

l2bl represents the primary act, the heat of formation 

of the metal hydride must also be taken into consider

at ion. 

In the case of mercury, Olsen (49} 

found 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 l2a). In 

the case of cadmium-hydrogen mixtures, however, Bender 

(50) has observed strong resonance excitation of the 
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C dH b a n d s s u g g e s t i n g t h a t me c h a n i s m I 2 b l o c c u r s i n 

cadmium photosensitizations. 

Taylor and his eo-workers 151, 521 

first 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 11 IS l 
"" 

hv = Hg 12 3p ) (J) 
0 I 

Hg 12 3p ) 
I "" 

H2 = Hg (I IS l 
0 -1- 2H 12) 

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 Ill, 12), and 14), we can calculate 

the velocity constant of teaction 131. This method is 

one of wide appl icabi I ity, but the resuits are not always 

easy to interpret. 

A more direct method of Investigating 

the reactions of hydrogen atoms involves the use of the 

Wood-Bonhoeffer technique 153, 54) in which hydrogen atoms 

are pumped from a discharge tube and allowed to react with 

other gases in a reaction chamber. AI though high hydrogen 

atom concentrations are obtained by this method, experi-

ments can only be carried out at very low pressures (between 

0.1 and I mm.l. However, a large number of reactions have 

been investigated in this way. 
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MI::.THAC\IE. 

Hydrogen Atom Reaction using Nood-Bonhoeffer Technigue. 

Early investigators (55, 56, 57) 

of the reaction of methane with hydrogen atoms found 

methane to be quite stable. Geib and Harteck 158), ex-

tending the experiments over a range of temperatures 

found no reaction occured up to 183° C. They concluded 

that the reaction 

H = (I) 

had an activation energy of at least 17 Kcal. An alter-

native suggestion was that this reaction occurs readily 

but the back reaction 

CH ~ H + M = CH + M 
3 4 

proceeds more rapidly than other reactions such as 

= C H 
2 6 

so that methane is regenerated as fast as it is consumed. 

This suggestion was ruled out by Geib and Harteck on the 

grounds that such a mechanism would involve the consumption 

of hydrogen atoms by both forward and backward reactions, 

whereas the hydrogen atom concentration is not significantly 

changed by the introduction of methane. Their objection, 

however, could be overcome if the secondary reaction 

= CH 
4 

H ( 2) 

occured with a low enough activation energy. Since 

estimates of the energy of reaction (2) vary from 8 to 
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23 Kcal. 159, 60, 61, 62, 63) the issue is somewhat in 

doubt. 

Geib and Steacie 164, 651 investi

gating the reaction of deuterium atoms and methane 

found no detectable reaction up to I00°C indicating 

an activation energy for the exchange reaction of not 

less than 11 Kcal. Their work also indicates that the 

reaction is the analogue of the ortho-para hydrogen 

conversion 

= (a) 

rather than 

CH 4 + D = (b) 

Steacie (661 investigated the re

action up to 500°C and obtained an activation energy 

of 12.9 + 2 Kcal., the value calculated from the tem

perature coefficient and the col I ision yield being in 

good a g re em en t • P r e I i m i n a r y w or k: on t h e t her m a I e x

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 follows:-

INVESTIGATOR RESULT 

Farkas and Me I vi I I e (68 J 13 Kcal. 

Steacie ----------- (66) 12.9 + 2 Kca I. 

Trenner, Morikawa, (69) 15.6 Kcal. 

and Taylor. 
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There is considerable disagree-

ment as to whether the mechanism of the reaction is 

(a) or (b). In general, however, the evidence favors 

an activation energy of about 12 to 13 Kcal. for the 

reaction 

--
and a somewhat larger value of E for the reactions 

= 
and 

= 

Photo-Decomposition: 

Spectroscopic observation on the 

photo decomposition of methane have been made by Leifson 

(701 and Scheibe and his eo-workers (71, 72, 73). They 

found that diffuse bands appear around 1600 A.U. On 

the basis of their work, Bonhoeffer (741 suggests that 

the primary reaction is 

--
followed by the formation of ethane and hydrogen. 

leighton and Steiner (751, using a 

hydrogen lamp near the lower I imit of Fluorite, made a 

direct investigation of the photolysis of methane. They 

obtained hydrogen and unsaturated hydrocarbons in the 

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

mechanism 

= 

--
. 

Sub s eq u e n t t o a p r e I i m i n a r y n o t e b y 

Groth and laudenklos (76), Groth (771 reported the 

results of 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 found 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 

= 

= 

2 CH 2 

A brief investigation of the photolysis 

of methane with the shorther wave length of a mercury lamp 

- 1850 A.U.) I ed Kemu I a and Dvduszvnsk I ( 79) to cone I ude 

that the first step is 

hv = 

Thus it appears that Bonhoeffer 1 s mechanism is not valid. 
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Mercury Photosensitized Reactions: 

Early investigators (51, 52, 80) 

reported that methane was stable to mercury photosensi-

t i z a t i on but , i n a p r e I i m I nary note, Tay I or , Mo r i k a w a 

and Benedict 1811 using a deuterium-methane mixture found 

the reaction to have a low energy of activation. Steacie 

and Phi 11 ips 182) found the reaction to proceed at a 

measurable rate with a quantum yield, for the production 

of hydrogen, of roughly 0.04 at 195° C and 0.25 at 350° C. 

Farkas and Me I vi 11 e (68) investigated the react ion over a 

wide range of temperatures using ortho-deuterium-methane 

mixtures and measuring the rate of ortho-para conversion 

as wel I as the exchange. These investigators concluded 

that the reaction occuring i s 

CH4 + D = CH 3D + H 

rather than 

CH4 + D = CH3 + HD 

In a later paper Morikawa, Benedict 

and Taylor (83) working with the systems CH
4 

+ D
2 

, ~u4 + H
2 

and CH 4 + CD4 obtained deutero-methanes and some ethane 

which led them to conclude that the primary reaction is 

largely 

Hg t 3P1 or 3P
0

l + CH4 = CH3 + H + Hg l 1S
0

l 

followed by 

D -- = 

The activation energies obtained in 

the above investigations are as follows: 
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Steacie and Phillips (82) I I • 7 Kca I. 

Farkas and Me I vi I I e ( 68) 13 Kca I. 

Morikawa, Benedict ( 8 3) 12.5 - 14 Kca I. 

and Taylor. 

E. T H A N £ 

8ydrogen 8tom Reaction Usina Wood-Bonhoefter Technique. 

Bonhoeffer and Harteck (84) and von 

Wartenberg and Schultze (56) found 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. These investigators 

had no means of trapping methane and therefore, did not 

report it. Chadwell and Titani l57l in a prel iminarv 

investigation reported the finding of small amounts of 

methane and ethylene. 

Steacie and Phi 11 ips (82) studying 

the reaction of deuterium atoms with ethane found 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 

= 

Trenner, Morikawa and Tailor (69) also 

investigated this reaction and concluded {a) that at room 

temperature the main reaction was 
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C2H
6 

+ D . - CH
3 

+ CH
3

D lE= 7.2 Kcal.) 

and (b) that the exchange reaction 

= ( E = I I • 4 Kc a I • I 

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 Phi 11 ips in their investigation assumed from 

C h a dw e I I a n d T i t a n i ' s w or k t h a t me t h a n e t or m a t i on i s 

negligible. Steacie, however, finding about ten percent 

decompostion has confirmed the production of methane, 

but this is not enough to bring the two activation energies 

into I ine. 

Photodecomposjtjon: 

Very little work has been done on the 

photo-decomposition of ethane. The very meagre spectre-

s c op I c e v i de n c e ( 8 0 ) i n d i c a t e s t h a t t h e ab s or p t i b n i s p r ob

ably in the C-H bond. 

An investigation by Kemula and Dydus~yn

ski (79) led them to the equation 

c
2

H
6 

+ hv (1850 A.U.J = c
2
H

4 
+ H

2 

b u t i t i s d i t f i c u I t t o i n f er j u s t w h a t t h e p r i m a r y s t ep may 

be. 

Mercury Photosensitized Reactions; 

Taylor and Hill tSil were the first to 

study the mercury photosensitized decomposition of ethane. 

They observed in ethylene-hydrogen mixtures that ethane and 
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higher hydrocarbons were formed. Anomalous pressure 

changes after the ethylene-hydrogen reaction was over 

led them to suspect that the ethane formed was being 

atta~ked by both hydrogen atoms and excited mercury atoms. 

Verifying this, they suggested the reaction involwed rad-

icals. Kenwla !851 also showed that ethane could be de-
'· 

composed bv excited mercury atoms. 

Kemula, Mrazek and Tofloczko (86) 

following earlier work by Tolloczko (80), carried out a 

more detailed investigation of the photosensitized re-

action. They circulated the reaction mixture through a 

trap at -80° C to remove products of high molecular weight 

as soon as they were formed and thus prevent secondary 

processes. The gaseous products consisted entirely of 

hydrogen and methane in the ratio of about 3:1. If the 

trap was maintained at 20° C t~ey found the ratio of hydro

gen to methane approached infinity. Since -80° C is not 

sufficiently low a temperature to remove butane efficiently, 

their prevention of secondary changes was onlv pr~rtially 

successful. They found tf)at the decrease in pressure as 

the reaction proceeded was accornpanied by an exactly parall_el 

increase in the volume of the I iquid condensate. Rough 

fractional distillations indicated that these condensable 

products were mainly butane and octane. This points to a 

C-H rupture for the first step. The investigators there-

fore suggested 

C H"v.· + Hg .. \= 
2 6 

Hg 
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• - C2H5 .,_ H C2H6 -
2 C H + M = C H + M 

2 5 4 10 

2H + M = H2 + M 

C H 
2 6 + H = C2H5 + H2 

C H + H - CH + CH -
2 6 3 4 

They concluded that the higher hydro-

carbons resulted from the secondary reactions of butane 

where M is a third body. 

Steacie and Phi 11 ips 188) made a 

more complete investigation of the mercury photosensitized 

reactions of ethane. They observed the reaction both in 

a 11 mu I tip I e pass 11 f I ow s y s t em and i n a 11 s i n g I e pass 11 f I ow 

s y s t em ( 8 9 ) • 

In the multiple 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 of methane, 

propane and butane. The hydrogen formed was reported as 

the product of the decomposition of propane and butane. 

The suggested mechanism follows 

C H + ~g l 63 PI ) = 2 CH3 + Hg 16 1s
0

1 2 6 

CH + C2H6 = CH
4 + C2H5 3 

2CH
3 = C2H6 



CH + C H 
3 2 5 

= 

= 
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C H 
3 8 

Using a single pass flow system, 

5teacie and Phi 11 ips found 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 of a 

C-C bond as postulated above. Furthermore, the rate of 

formation increased with temperature. Thus they suggested 

the following mechanism 

C2H6 + Hg I 63P I l = C2H5 + H + Hg 16
1

501 I I ) 

H2 + Hg I 63P I l = 2H .j. Hg (6150) ( 2) 

H .j. C H = CH .j. CH ( 3) 
2 6 4 3 

H + C H = C H .j. H ( 4l 
2 6 2 5 2 

2CH3 = C21ii6 ( 5 ) 

1..,h3 .J.. ~..,2HS - C3H8 - ( 6) 

2C2~\ = C4HIO ( 7) 

2H = H2 ( 8) 

The inclusion of the second step was 

rendered necessary by the high quenching efficiency of 

hydrogen. Providing that reaction 13) is at least four 

times as fast as reaction 14) this series of reactions 

explains the experimental results. To account for the 
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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 

= 

Steacie and Cunningham (91) also 

investigated the mercury photosensitized decomposition 

over a wide range of temperatures and pressures with a 

"single pass" flow system. Their results are entirely 

compatible with the above mechanism as modified by Taylor. 

We thus have 

C2H6 -4- Hg ( 3 p l - C2H5 "' 
H + Hg ( I S l -I 0 

H2 + Hg ( 3p I l - 2H -4- Hg ( I S l - 0 

H -4- C2H6 = C2H5 "' H2 

H + C2H5 = 2CH3 

2 CH - C H -
3 2 6 

CH + C2H5 - C3H8 -3 

2 C2H5 = C4HIO 

l.H + H - CH
4 -3 

Several qualitative investigations 

152, 85) of ethane hydrogen mixtures by mercury photo

sensitization have been made. Steacie and Phi I I ips (88) 



28 

h a v e do n e s om e q u a n t i t a t i v e w or k a I o n g t h i s I i n e • T h e Y 

found methane, propane and butane produced and hydrogen 

consumed. No higher hydrocarbons were formed. In a 

typical experiment using a trapping temperature of -125° C 

the following stoichiometric equation expresses the results 

They suggested that the mechanism is 

H ~ C H 
2 6 

H ~ C H 
2 6 

= Hg t
1

S I ~ 2H 
0 

CH + CH 
4 3 

= H ~ C H 
2 2 5 

f o I I owed by v a r i o u s r ad i c a I r e comb i n a t i on r ea c t i on s • The 

mercury photosensitized reactions of ethane-deuterium 

mixtures were also studied by Steacie, Phi II ips and Alex-

ander (921. They found the methane produced to be highly 

deuterized, while the residual ethane was only slightly 

deuterized. They therefore concluded that the reactions 

and 

C H ~ Hn 
2 5 L 

= 

= C H ~ H 
2 6 

do not occur to any gr~at extent. 
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Cadmium Photosensitized Reactions: 

Steacie and Potvln 193) have 1n• 

vestigated the ethane decomposition by cadmium photo-

sensi tization and obtained hydrogen, methane, propane, 

butane and some higher hydrocarbons. The quantum yield 

is of the same order of magnitude as that obtained with 

mercury and qualitatively the products are the same. 

Hydrogen production In the early stages was large, wh~le 

that of 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 I i gh t of 

they fa vor ed 

rather than 

They proposed 

followed by 

spectroscopic measurements on Cd-H2 mtxtures 

as the primary act 

C H + Cd ( 3p ) - C H -
2 6 I 2 5 

C H + Cd ( 3 p ) - C H -2 6 I 2 5 

methane formation by the 

H + CH· 
2 5 = 

= 

--

2CH 
3 

CH
4 

+ H 

+ CdH 

+ H + Cd I I s
0 

I 

reaction 

The other products were accounted for by radical recombi-

nation reactions. 

Steacie and Potvin (981 also worked 
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with photosensitized ethane hydrogen mixtures. Using a 

I :1 hydrogen methane mixture they found a large product-

ion of methane. Hydrogen was sti 11 produced, however, 

although in smal I er quantities. They concluded the mech-

ani sm of the reaction was 

cd ( 3p l 
I + H2 = Cd H + H 

or 
13P l t I S ) Cd + H2 - Cd + 2 H -I 0 

f ol I owed by --
which would account for the hydrogen produced, and 

H + C H - 2 CH -2 5 3 

H + CH = CH 
3 4 

CH + H = CH + H 
3 2 4 

which w ou I d account f,or the methane formed. 

Hydrogen Atom Reaction Using Wood-Bonhoeffer Technique. 

The first investigation of the re-

action of hydrogen atoms with propane was made by Bon-

hoeffer 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 deuterrum atoms showed the products 

were mainly methane, with a smal I amount of ethane. The 
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methane and ethane were found to be highly deuterized 

w h i I e t h e p r op a n e w a s n o t e x c h a n g e d • T h u s p r op a n e s e ems 

to be much less reactive than ethan~. They found no 

evidence for t~e catalytic recombination of hydrogen 

atoms observed by Bonhoeffer and Harteck. 

Steacie and Parlee (94, 95) investi-

gated the same reactions o~er a temperature range from 

30° to 250° C. They found methane to be the sole product 

at low temperatures with some ethane and ethylene also 

formed at higher temperatures. 

They concluded the results can only 

be explained on the assumption that the reaction 

H + C H = 2 CH 
2 5 3 

is of importance. The main steps in the postulated mechan-

ism are 

= 

foil owed by the secondary react ions 

H + C H = CH + C H 
3 7 3 2 5 

H + CH 
3 

= 

= CH 
4 

at low temperatures. In addition to the above they pos-

tulate the following secondary reactions at higher temper-

atures. 

C H 
3 7 

= C H + CH 
2 4 3 

--
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H + C2H4 = C2HS 

H + C2HS = C2H6 

H2 + C2HS = C2H6 + H 

With deuterium the methane and ethane 

produced were found to be highly deuterized while the pro-

pane was not appreciably exchanged. 

Photodecomposition: 

Kemula and Dyduszynski (79) lnvesti-

g a t e d t he photo I I y s i ·s of. p r op a n e u s i n g th e mer c u r y 1 P 
1 

I i ne • 

They concluded the main reaction of propane is 

h V ( I 8 50 M. u. ) = 

Mercury Photosensitized Reactions: 

Steacie and Dewar (96) investigated 

the photosensitized decomposition of 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 of ethane. They postulated the following free rad-

ical mechanism 

H + C H = C H + H 
3 8 3 7 2 

2 C H = C H 
3 7 6 14 

C H + C H = C H + H 
3 7 3 8 6 14 

H + H = H
2 
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and suggested the traces of methane were formed from de-

composition of the propyl radical. 

Steacie and Dewar also investigated· 

the photosensitized reaction of propane-hydrogen mixtures 

postulating as the primary act 

3 Hg ! P
1 

l + H
2 = 

The subs~queht steps, however, were 

found to be the same as the stralsht mercury photosensi-

tized decomposition. 

The hexanes were found to be mainly 

i s om e r s of n - h e x a n e , t h u s i n d i c a t i n g t h e p r I m a r y a c t I n-

valves mainly secondary hydrogen atoms. 

Cadmium Photosensitized'Reactlons: 

Steacie, leroy and Potvin (97) have 

investigated the cadmium photosensitized reactions of pro

pane and propane-hydrogen mixtures at 310°C. The products 

of the reaction and the reaction rates were found to be 

practically identical. Hydrogen and hexanes along with 

smaller amounts of methane, butane, pentanes and heptanes 

were found. The formation of these products indicates the 

main process to be a C-H rupture along with some C-C bond 

splitting. The investigators fa vor t h e f o I I ow i n g mechanism 

Cd ( 3p ) + C H = CdH + C H 
I 3 8 3 7 

CdH = Cd ( I S ) + H 0 
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Methane and butane production are accounted tor by 

H + C H = C H + CH 
3 7 2 5 3 

CH + C H = CH + C H 
3 3 8 4 3 7 

CH
3 ·+ C3H7 = C4HIO 

and pentane production by 

= 

In the presence of hydrogen an additional primary process 

is postulated. 

As in the mercury photosensitized 

reactions the hexanes formed are mainly isomers again in-

dicating that a secondary hydrogen is involved in the 

primary act. 

The above re act ion est ab I i she s a m a x-

imum value of 102.8 Kcal. for the strength of a secondary 

C-H bond. 

B U T A N E 

Hydrogen Atom Reaction Using Wood-Bonhoefter Technique. 

Trenner, Morikawa and Tavlor (69) 

made one run with n-butane and deuterium atoms. They found 

about 11 percent decomposition at 110°C., togivemethane, 

ethane, and propane. While the methane was highly ex-

changed, they found the recovered butane was not at a 11 ex-

changed. 
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Steacie and Brown (981 studied the 

reaction with hydrogen atoms over a range of temperatures 

from 35° to 250° C. They found 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 

w h i c h a s e r i e s o f 11 a t om i c c r a c k i n g 11 r e a c t i o n s p I a y t h e , 

main role. The main steps in the postulated mechanisms 

are: 

with 
H + C H = C H + CH 

4 9 3 7 3 

• 2C
2
H

5 

H + C H = C H + CH 

H 

H 

3 7 2 5 3 

C H 
2 5 

CH 
3 

= 

= 

2CH 
3 

as secondary processes at low temperatures and at high 

temperatures, the iollowing additional secondary reactions 

C4H9 

H + C H 
2 4 

C H 
3 7 

H2 + C2H5 

H + CH 
2 3 

Photodecomposition: 

= 

C2H4 + C2H5 

C H 
2 5 

= C H + CH 
2 4 3 

= 

= CH + H 
4 

mercury I I ne, K emu I a 
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and Dvduszynski (68) found butane and hydrogen to be the 

main products 

hv (1850 i"\oU•) = 

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

act may be. 

Mercury Photosensitized Reactions: 

Very I i tt I e work has been done on 

the mercury photosensitized reactions of butane. Taylor 

and Hill (52) found that reaction proceeds more quickly 

in butane-hydrogen mixtures than in propane-hydrogen mix

tures which in turn react more quickly than ethane-hydrogen 

mixtures. 

S t ea c i e a n d P h i I I I p s ( 8 8 I I n t h e c ou r s e 

of another investigation did one run with n-butane and 

obtained hydrogen and higher hydrocarbons. 

Cadmium Photos~nsitized Reactions: 

Steacie and Potvin (991 made one run 

on the cadmium photosensitized decomposition of n-butane 

and obtained the gaseous products 

H2 = 0.6% 

CH
4 = 24.2% 

C2HI = 28.8% 

C3H8 = 46.4% 

a n d I i q u I d p r o d u c t s 58 • 2% by we i g h t of t h e t o t a I p r o d u c t s • 

HtGHt~ HYUKUCA~BUN~ 

The Photo and Photosensitized Decomposition: 

K I em en c a n d P a t a t ( I 00) I n v e s t i ga t e d 
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the mercury photosensitized decomposition of n-pentane. 

They found that both polymerization and decomposition 

occured; hydrogen, methane and other hydrocarbons being 

formed. Simi I ar results I ed Frankenburger and Zell ( 101 J 

to conclude that the primary process involved tile spl ittlng 

of both C-H and C-C bonds. 

A brief investigation of the mercury 

photosensitized decomposition of n-hexane was made by 

Tavlor and Bates {102). Much hydrogen and some methane 

were formed in the reaction. 
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THt:. PHUTU~c:.N.') IT I .C.c:.u U&:.CUViPI..J.')l T IUI'-1 uf n-l:)ulr\1'-lt:. 

As the foregoing summary shows, com

paratively little work has been done on the photosensi

tized reactions of butane. Consequently, it was consid

ered profitable to make a study of the photosensitized 

decomposition over a range of temperatures using the 2537 

mer c u r v r e son a n c e I i ne. F or pur p os e s of c omp a r i s on w i t h 

the results of Steacie and Dewar (961 and Steacie and 

B r own ( 98 I i t w a s de c i de d t o emp I o v, as f a r a s p r a c t i cab I e, 

the same series of temperatures as were used in their in

vestigations. 

There are two dynamic methods used in 

this type of investigation; namely, the "single pass" and 

"multiple pass" systems. In a "single pass" system, as 

t h e n a me i mp I i e s , t h e r ea c t an t g a s i s sub j e c t e d on I y on c e 

to the lamp 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

efficient and as a result, it is difficult to attain suffic

ient product for accurate analysis in the presence of large 

amounts of undecomposed reactant. 

I n a mu I t i p I e p a s s s v s t em t h e r ea c t a n t 

g a s i s c i r c u I a t e d t h r o u g h t h e r ea c t i on v e s s e I a t a I ow 

enough temperature to remove the products of higher mole

cular weights as fast as they are tormed. Such a method, 

of course, wi 11 not remove any hydrogen formed so the re

action of 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

uently, the analysis of these products will be more accur

a t e and more ea s i I y a cc omp I i shed. F or these r ea son s a 

11multiple pass" system was used in this investigation. 

t.XP 1::." I Mt.hl TAl 

6_qparatps: 

T h e a pp a r a tu s emp I o ye d i n t h i s i n v e s t i -

gation is shown diagramatically in Figures I, 11, 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. It provided 

a surface area of about thirty square centimetres and was 

heated electrically to 60° C. Any excess mercury at 20° C 

w a s r em o v e d by a n i r on c o i I i n t r a p D • T h u s a t a I I t i me s 

a constant amount of mercury vapor passed through F into 

the react ion vessel. 

The circulating pump, P, consisted of a 

brass tube 35 centimetres long and 4 centimetres in diameter 

inside of which was a short close fitting solid steel cyl

inder which acted as a piston. A solenoid of about 1000 

ampere turns was arranged to si ide on the outside of the 

tube and a reciprocating motion was applied to it by means 

of strong cord, a set of pulleys and an eccentric wheel 

geared to a quarter horsepower electric motor. The dis-

placement of the pump was 312 cubic centimetres. 



I. 

MERCURY-z' --........_ 
2. 4. 
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The pump was connected by R and C 

to a set of mercury valves V !Figure I) which is shown 

i n de t a i I i n f i g u r e I I • I f t he pump de I i v er s to C, f r om 

Figure I I, it Is apparent that valve I prevents the gas 

from going into B, valve 2 allows the gas to bubble 

through and out A, valve 4 prevents the gas from going 

back to the other side of the piston, while the vacuum 

created by the pump wi I I cause gas to bubble through 

valve 3 into the cylinder. If the pump delivers to R 

then valve 4 delivers to A, valves 2 and 3 prevent the 

g a s f r om go i n g back war d s a n d v a I v e a I I ow s g a s i n to t he 

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 I ight 

source and reaction vessel (figure I I I J was employed. The 

design of the lamp was similar to that of Steacie and Dewar 

!96). The emitting portion of the lamp was a quartz tube 

in the form of a double U. The pvrex electrode chambers, 

E, were joined to the quartz tube by means of the graded 

seals G. The electrodes were supplied and coated by the 

Cl aude Neon Eastern Limited, tv\ontreal, and the bombardIng 

and fillins were done by the usual Neon sign technique. 

The finished lamp contained a drop of mercury and three 

mi 11 imetres of neon at room temperature. 

The I ight source was ses:lied in a puex 
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jacket, P, with a volume of 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 I .l, and a gas outlet which was connect

ed to inlet K above trap M (figure I.). A thermo-couple 

we I I T w a s pro v i de d t or me as u r i n g t he t emp er a tu r e of t he 

r e a c t i on v e s s e I w i t h c h r om e I -a I u me I t h er m o-coup I e s i n con-

j u n c t i o n w i t h a p o t e n t i om e t e r • T h e r e a c t i o n v e s s e I w a s 

enclosed in an electrically heated furnace. 

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 the coli ision ·frequency of excited and 

normal atoms and the chance of fluorescence before coli ision 

accordingly decreased. Thus the energy involved was shared 

by.a larger number of atons and the longer wave lengths of 

the mercury emission spectrum were produced at the expense 

of the intensity of the 2537 I ine. By eauip,:-:Jina the elec

trodes with copper cooling coils and controlling the rate 

of flow of cold water throu'gh these coils this reversal of 

the 2537 I ine was controlled. 

The condensable products of the reaction 

were collected in traps M and L (figure 1), which were 

.provided with ground glass joints and spirals so they might 

be removed and weighed. In early runs 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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w a s m a i n t a i ne d a t - 40 ° C by coo I i n g acetone w i t h d r Y i c e • 

However, on elevating the oven temperature to 175°C corn-

paratively large amounts of liquid distilled out of the 

reaction vessel and condensed in the adjoining glass 

tubing. This made necessary the reinvestigation of al I 

the work previously done by the author with the reaction 

vessel and oven in a vertical position directly above trap 

M maintained at 0°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 1). The total volume of the main portion of 

the apparatus was 1786 cubic centimetres. lt was connect-

ed by U (figure I) to a trap containing I iquid butane at 

-78°C, by H to a manometer, by T t~ a Mcleod gauge, mercury 

diffusion pump and rotary 11Hy-vac 11 pump. A Toepler pump 

and gas holder were connected to the system by N.· 

The Intensity of the light Source. 

lt was shown by Steacie and Phillips 

189) that the radiation from the type of lamp employed 

in this investigation is essentially composed of one wave

length, namely the 3P
1 

mercury I ine at 2537 M.U., the 1P
1 

I ine being quite efficiently absorbed by the ouartz wal Is 

of the emitting tube. The intensity of this radiation was 

determined by measuring the rate of hydrolysl$ ot mono-

chloracetic acid. Half normal acid was i I luminated at 
0 

3 5 C f or a de t i n I t e p er i o d of t i m e • A I i q u o t s amp I e s of 

the illuminated solution were then analvzed by the addition 

of an ex c e s s of h a I f nor m a I AgN03 so I u t i on a n d back t i t r a t-
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ing with i<.l,..l'l::> using terric alum as an indicator. lden-

tification of the end point was facilitated by the 

addition of diethvl ether to the solution, thus creating 

an interface at which the precipitated AgSNC and AgCI 

coli ected. The mean ot a number ot measurements gave 

for the total resonance radiation entering the reaction 

vessel a .value of 3.16 x 10 -
6 

E.lnsteins/sec. based on 
.<2~· 

Rudberg's value of one tor the quantum yield (103). AI-

' 

though recent work (104) has shown that low values are 
.... , 

ob t a i n e d by t h i s m e t h o d , i t w a s u s e d t o f a c i I i t a t e c om-
., 

parison w·tth other work. 

General Procedure 

AI I runs were carried out at the vapor 

pressure of butane at -40°C (about 12.5 cm Hgl. W'ith the 

lamp on the oven temperature was raised to about twenty 

degrees above the temperature at which the run was to 

proceed. A sufficient quantity of butane was allowed to 

enter the system and the excess was condensed out when the 

trap l was brought to -40°C. '#hile this excess butane was 

condensing the mercury saturator was heated and the c ircu-

lating pump started. During this period the oven temper-

ature was gradually falling and a few degrees before the 

reaction temperature the furnace was turned off. When the 

reaction temperature was reached the lamp was turned on and 

the gas illuminated for a definite period of time (5.hrs.). 

The initial heating effect of the lamp balanced out the 

cooling ot the oven, which, after appropriate adjustment 
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of the rhoestats control I ing the current, was turned 

on to maintain the reaction temperature. 

Analysis of the Reaction Mixture 

The initial pressure of butane was 

taken wHh traps L and M at 0°C. Preliminary work in

dicated that the I iquid products formed were octanes 

and dodecanes. Thus by maintaining traps L and M at 0°C 

by means of ice water for a short while at the end of 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 ti I I the manometer gave concordant 

readings on stopping the pump. Thus all possible gaseous 

products with the exception of methane and hydrogen were 

removed from the system and the pressure of hydrogen and 

methane (if present) could be determined. Trap L in 

I iquid air was then removed from the system and I iquid 

air pi aced around trap M. The oven temperature was then 

raised to ensure the trapping out of all high boiling 

p r 'O d u c t s w h i c h m i g h t h a v e c on de n s e d on t h e w a I I s o t t h e 

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 Podbelnial:: type low temperature still (105). 

7 This also provided a check on the efficl~y of the trapping 
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which proved to be quite high. 

After pumping off the hydrogen in trap 

L the contents were analyzed by fractionation in the low 

temperature stilI and combustion apparatus. The high 

boi I ing traction left in this trap and the I !quid collected 

in trap M were weighed and saved for further analysis. 

Tests for unsaturates were made from time to time by the 

usual absorption method. 

Analysis of Liquid Products: 

Unfortunately the high boiling points 

of the products found precluded the use of a Podbelniak 

type h i g h temper at u re s t i I I so a t yp i c a I semi -m i c r o s t I I I 

was used to fractionate the products. Owing to the smal I 

amount of I iquid produced the products from a series of 

runs at a particular temperature were combined before 

fractionation. After weighing, the fractions with corres

ponding boi I ing 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 I iquid 

would not boil away before the thermometer reached an 

equilibrium. 

Material 

Normal butane was obtained in cylinders 

from the Ohio Chemical Company. AI though it contained no 

impurities detectable by the analytical methods employed, 

a rough fractionation was done to ensure its purity. This 

ental led the condensation of a large sample of butane in a 

trap, pumping oft the first fraction, saving the middle 

fraction and pumping off the last fraction. 
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EXPERIMENTAL RESULTS 

The results obtained for the mercury 

photosensitized decomposition of a-Butane at 100, 175 

and 250° are given tn Table 11. The quantum yield given, 

based on the hydrogen produced Is the over all quantum 

yield of several reactions and has no direct connection 

with the amount of butane decomposed. The I lquid conden

sate Is expressed as "c8 H18n and "c12 H26" since boiling 

pot~t dcterminations Indicate octanes and dodecanes to be 

the'Main components of the condensate. 

The material balance given In Table tit 

is not particularly good. From Table Ill it Is evident 

that the amount of liquid products fooad Is too large. 

Expressing the products tn terms of 'utabe decomposed 

magnifies the discrepancy In the hydrogen balance. A similar 

behaviour has been observed In previous work done with the 

apparatus used by the author. s~ll amounts of stopcock 

grease dissolved by the condensate accounts for part of 

the abo.ve discrepancy and, in view of the number of oper

atfo~s l~volved In a material balance, the agreement ts 

aatl:stactorv. 

The results ot the condensate analysis 

are given In Tables IV and v. From Table IV it is seen 

that the boiling points obtained tor the "I ight" tractions 

at i11 t~mperatures studied arc definitely in the boi1ing 

range of the octanes. The boi I lng point of .the "heavy" 

traction ·from the runs at I00°C. is definitely in the do-
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decane boiling range. In the absence of methane, ethane 

and propane, the "heavy" products of the runs at 175°C 

boiling within the dodcea~c range are in al I probabil tty 
at 

0 also dodecanes. However, in the runsA250 C the form-

ation of small amounts of methane does not precl~de th~ 

prtsence in smal I amounts of pentanes, heptanes, nonanes 

and undecanes. That these are actually present in small 

amounts ts shown In Table V which gives the results of 

further distillation of the combined fractions of corre-

sponding boiling points lTable IVJ. from the boi I lng 

points and the nature of the gaseous products it appears 

that Isomers of normal octane and dodecanc are the mai~ 

I lqQ1d products formed. This wil I be further dlscu~scd 

i n · the next sect i on. 

Inasmuch as some hydrocarbons between 

C4 and C12 other than C9 are formed at 250°C the material 

balance at 250°C (Runs 6- 9) in Table I 11 should be slight-

ly high since it was assumed that the liquid condensate 

from runs at this temperature was ext~eitvely c8 H18 and 

cl2 H26· 
TABLE 11 

Vol. of System 1786 cc. Butane Vapor Pressure · 12.5 cm. 

Vol. of Reaction Cell 683 cc. Trap Temperature 

Arc Current- 89 mil I lamps. Circulating rate- 2.67 I itres/min. 
-6 x: 

Resonance Radiation absorbed 3.16 x 10 Einstelns/sec. 

(-XJ. Sc,e ml ddl e of next page J 
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Decem- Overall Pf<ODUCTS 

position Quantum Moles xi0- 2 
Rate Moles yield 

Run Temp. -6; of H2• H2 CH c c xiO sec. 
No. oc. 4 8 12 

lOO • 764 • 19 I .06 .359 .529 

2 lOO .825 • 19 I • I I .351 .518 

3 99 • 787 ' " • 19 1.09 .342 .500 

4 175 I .28 .25 I. 44 .386 .641 

5 I 74 r. 31 .26 . I. 46 .394 .653 

6 250 2.03 .29 I. 65 0.01 .939 • 737 

7, 249 2~06 .28 1.61 0.011 • 951 • 741 

8 
x: 

249 5.81 .29 I .89 .042 I .0 I .694 . x• 
6.08 ."044 9 250 .30 I •. 90 I .0 I • 759 

J x: A new lamp with an intensity of 7.33xlo-6 Einsteins/sec. 
was used i n these runs. 

T A 8 L E. I I I 

C4HIO H2 
equivalent equivalent 

'' to c 8H18 to c
8

H
18 

and C H 
c4~1o 

and c
12

H
26 H2 Run 12 26 

No. formed. deGompo~ed. formed. produced. 

2.31 I. 38 I .42 I .06 

2 2.26 I. 49 I. 39 I • I I 

3 2. 18 I. 42 I. 34 I .09 

4 2. 70 2.31 I. 67 I. 44 

5 2. 75 2.36 I. 70 I. 46 

6 3.99 3.64 2.36 I. 65 

7 3.93 3.68 2.43 I .62 

8 4.10 4.18 2. 40 I. 89 

9 4.29 4. 37 2.53 I .90 
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T A B L E IV 

LIQUID CONDENSATE ANALYSIS 

Runs. 

(fraction 

' (fraction 

(fraction 
I 
(fraction 

(fraction 
( 

lfractton 

(fraction 

' (fraction 

Boiling 
Points c. Remarks 

115.5 Octanes 

2 195-200 Oodccanes 

115.5 Octane 

2 160. Dodecanes 

109. Octanes and 
lower. 

2 160. Dodecanes and 
lower. 

11 o. Octanes and 
I owe r. 

2 160. Dodecanes and 
.I ower. 

_TABLE V 

CONDENSATE ANALYSIS 

Weight % 

31.6 

68.4 

28•7 

71.3 

46.2 

53.8 

49.2 

50.8 

Boiling Point of 
Maliffraction oc. Remarks. 

Combined Light Fraction--- 116-120 Also trace of 
I ower bo t·l t· ng 
fraction. 

Combined Heavy Fractions 184 Traces ot lower 
and higher boil
Ing fractions. 
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D I S C U S S I U N 

F r om t h e ab 0 V e t ab I e s i t i s a pp a r en t 

that the main products of the mercury photosensitized 

decomposition of n-butane are hydrogen, octanes and do-

decanes at all temperatures studied. 

The formation of octanes indicates the 

primary step to be the production of butyl radicals by 

the reaction 

C4HIO + 
or 

C4HIO + 

fol I owed by 

Hg (3p ) 
I 

Hg t3P ) 
I 

2C H 
4 9 

= C4H9 + Hg l IS l 
0 

( I l • 

= C4H9 + Hg H ( 2) • 

= C4H9 + Hg .f. H 

: C H ' 3) • 8 18 

Since hydrogen is a product of the re-

action which is not trapped out, the formation of hydrogen 

atoms by the reaction 

H 2 .f. Hg l 3p ) 
I : 2H + Hg ( 4) • 

or 

H
2 

.f. Hg ( 3p ) 
I 

= Hg H + H ( 5) • 

• H .f. 14 .f. Hg 

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

of butyl radicals may therefore take place by 

( 6) • 

However, the contribution of butyl radicals from this reaction 

is probably not large since the hydrogen atom concentration in 

systems of thls type is generally low. 

The react ion 

CH +CH 
4 9 4 10 

CH .f. H 
8 I 8 

( 7). 
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cannot be considered a source of octanes. This reaction 

is of the same general type as 

= C H + H 
2 6 

( 8 ) • 

which is estimated to have an activation energy of from 

40 to 50 Kcal. (97). 

The formation of dodecanes indicates 

the formation, in the presence of butyl radicals, of octyl 

radicals by the reaction 

C8HI8 + Hg (3pl) 

or 
( 3 p ) C8HI8 + Hg I 

followed by 

C H + CH 
8 17 4 9 

The reaction 

C4H9 + C8HI8 

= CH + H + Hg l
1

S0 l 
8 I 7 

( 9). 

-
C8HI7 + Hg H - ( I 0 J • 

• C8H17 + H + Hg • 

= c H ( I I J • 
12 26 

= c,2H26 + H l I 2) • 

is again of the same type as reaction (8) and cannot be 

suggested as a source of dodecanes. However, the prepond

erance of dodecanes over octabes in the runs at I00°C and 

175°C suggests the formation of octyl radicals at these 

t emp er a t u r e s b y 

l I 3 J • 

in addition to reaction (9) or (10). Reaction (13) is of 

the same general type as 

( I 4 J • 

This is known to occur at these temperatures from the work 

of Smith and Tayl or ( 106). 
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T h e f or m a t i on of oc t y I r a d i c a I s by 

l I 5 l • 

cannot be excluded, but again the low concentration of 

hydrogen atoms rules out this reaction as an important 

source of octyl radicals. 

The reversal of the octane-dodecane 

ratio at 250°C is .probably due to the decomposition ot 

octyl radicals by 

I I 6 l • 

f o I I owed by 

H.f.CH :CH I I 7) • 
4 8 4 9 

The above mechanism suggested for the 

decomposition of octyl radica~s is the only one which 

wi I I not produce considerable amounts of methane, ethane 

a n d p r op a n e • If these were formed in considerable quan-

titles, the formation 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 I iquid products indicates that any 

butvlene formed is hydrogenated. This makes necessary the 

inclusion of reaction (17). 

The mechanism of then-butane decom-

position is, In certain respects, similar to that of the 

mercury photosensitized decomposition of propane. Steacie 

and Dewar (961 concluded the main reactions of importance 

in the propane decomposition to be 
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Hg ( 3 p ) + C3H8 
- Hg t I S l + C3H7 + H tl 8). -I 0 

Hg ( 3p ) + H = Hg t IS ) + 2H t I 9) • 
I 2 0 

H + C H - C H + H ( 20). -3 8 3 7 2 

2 C H = CH ( 21 ) • 
3 7 6 14 

2 H = H2 ( 22). 

With both propane and buta~e the primary 

act involves the removal of a hydrogen atom which is followed 

by radical combination. However, Steacie and Dewar report 

only smal I amounts of higher hydrocarbons, mainly nonanes, 

which presumably arise from the combination of hexyl and 

prop y I r ad i c a I s • Wh i I e t h i s r ea c t i on i s re I a t i v e I y u n imp or t-

ant in the propane decompos.ition, its counterpart, reaction 

till, in then-butane decomposition is considerably more 

prominent. 

The results of 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 for the formation of large amounts of methane 

and ethane (which are not found here) by reactions of the 

general type. 

H + C4H9 - C
3
H

7 
.f. CH

3 
(23). -

and 
H2 + C3H7 = C3H8 + H. ( 24) • 
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In the case of the photosensitized 

decomposition the high pressure of butane wll I favor 

radical recombination reactions and the relatively low 

concentration of hydrogen atoms renders unimportant re-

actions similar to l23l and (24). 

The formation of small amounts of meth-

0 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. I f t he C-C bond s p I i t t i n g 

involves the breaking off of only one carbon atom the same 

products will result from both types.of redction. The 

s i tu at i on i s q u i t e c omp I ex and i n vi ew o t the r e I at i v e 1 y 

smal I amounts of methane formed further discussion seems 

to be unwarranted. 

The octanes formed in the reaction 

a pp ea r f r om t h e i r b o i I i n g p o i n t s to be m a i n I y i s om er s of 

, n-octane. Of the m8ny isomers of n-octane, those fall-

x: 
in9 in +he boilin(1 range found are listed in Table VI. 

lt is apQarent that n-Octryne, 3-Methyl 

heptane and 3, 4- Dimethyl ~exane are the only products 

that could result from the combination of n-butyl and/or 

isobutyl radicals. lt is therefore concluded that the 

octanes formed are mainly 3, 4-Dimethyl hexane and/or 

3-Methyl heptane. This indicates that the radicals formed 

are mainly isobutyl rather than n-butane, which is in 

accord with the results of other investigators. 

x: From Egloff, P.hysical Constants of the Hydro-

carbons lNew York, 1939), Vol. I. 
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T A B L ~ VI 

Isomer 

n-Octane 

3 -Me thy I h ep tan e 

3 , 4-D i me t h y I h ex a n e 

2-Methyl heptane 

4-Me thy I h ep tan e 

B.Pt. @ 
760 mm. 

125.6 

119 

I I 7. 8 

I I 7. 2 

I 18.0 

2, 3-Dimethvl hexane 115.7 

3-Methyl, 3-Ethyl 
pentane. 

I I 8. 4 

Carbon Skel ~don 

c-c-c-c-c-c-c-c 

c-c-c-c-c-c-c 
I 
c 

c-c-c-c-c-c 
I I 
c c 

c-c-c-c-c-c-c 
I 
c 

c-c-c-c-c-c-c 
I 
c 

c-c-c-c-c-c 
I I 
c c 

c 
I 

c-c-c-c-c 
I 
c-c 
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Part i. 

The Kinetics of the Factors lnfluen~ing 

. ' . ~· ; 

the Stabi I ity of "$"• 
I 

(In collaboration with A. L. Thompson). 
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INTRODUCT IG.I 

Methyl bis-~-chloroethylamine, gene~ 

ally designated by "s", has been found to produce 

pronounced physiological effects of such nature that 

ft Is regarded as an outstanding weapon tor chemical 

warfare. However stabil ization of the compound has been 

tooad difficult. Freshly distilled, thts compound is 

• c61orless oily liquid with a marked tendency towards 

supercooling at low temperatures. Although the melt~g 

point of the rolld is around -63°C.IIJ, the liquid is 

frozen with difficulty at -78°C. lt has a b.p. of 59° 

at 2 mm., 64° at 5 mm., 75° at 10 mm.(21, Is sparingly 

soluble in water but readily soluble In the usual or

ganic solvents. The redistilled I iquid, on standing at 

room temperature over a period ot time, deposits a 

fluffy mass of smal I. white crystals, the rate of forma-

tion of which Increases with an increase in temperature 

or when a sol vent such as methanol or ethanol tl J is 

present. 

In analogy to the dimerizatlon of other 

p-chloroethylamine'S.l3,41 lt was suggested (2) that this 

precipitate might be a piperazinium cb~oride of the type 

CH2 
+I 

Ra-N . 
-\ 

Cl CH2 

resulting from the dimerlzatlon of "s". 
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That this white precipitate does contain 

the plperazinium chloride 

- CH\r/CH3 
~N -_CH2 - CH2 Cl 

- CH2 Cl 

Is indicated by molecular weight determinations lSJ, by 
-

analyses on "purified polymer" and Its picrate (6} and 

bv the tact that the "polymer" possesses two lonizablc 

chlorines, which may be determined in aqueous solution 

by precipitation r.tth ,,~lvcr nitrate (6). This dimcr 

shrinks at 310°C. giving oft hydrogen chloride and the 

residue melts ~t 325°C.(6J. The dt-picrate formed by 

the cl imination ot two moles of hydrogen chloride melts 

at 208 °C C 6, 8 J • I t thus appears that I i quid "S" I t 'e I f 

slowly dimerizcs on standing and the rate of dlmerlzation 

ts accelerated bv an Increase in temperature or by sblu-

tion in methanol or ethanol. 

In an attempt to find a "stabilizing 

agent" for "s", Burns, Eastwood and McAlpine J7) carried 

out a large number of tests with a variety of substances. 

Most of the materials used were found to have little or no 

effect on the rate of dimcrizatfon. Among these were 

aluminum, cad~ium, nickel, tin and cobalt metals. l~on 

~ 

Although the evidence is not conclusive, the Indications 
(8) are that the dimcr of "s" does possess the above 
structure and In further references made bv the author 
to the dimer this structure wi•l be assumed. 
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appeared to have a definite stabil izlng effect while 

copper and silver appeared to Increase the rate of 

dimerization. Anti-oxidants In general were also found 

to increase the rate of dimer formation. Formamidc gave 

an unidentified precipitate which Burns et al. suggest 

might be a salt of "s". 
In nitro-benzene, they observed slow 

deposition of a solid, which from the melting point of 

tts picrate, appeared to be a complex involving "S" 

and nitro-benzene. Dlmerlzatlon was •lso found to occur 

In nitro-methane, since the precipitate formed yielded 

a picrate of the same melting point as that of dimer 

picrate. Chlorobenzenc, carbon tetrachloride, chloroform 

and dioxane were fo~nd to h~ve a marked stabil izi•• 

effect, chlorobenzene being the most effective and 

dioxane the least effective of the tour solvents. 

Marlon (6,8) found solutions of "s" in 

87% formic acid were clear at the end of forty days pro

v!dcd'that tbc concentration of "s" In the solution was 

not over 40% by weight. When, however,, IQ g. of "S" and 

2 g. of 87% formic acid were combined,; a precipitate 

formed almost immediately, with the evolution of heat. 

Tbe picrate of this pr,ecipitate melted at 225°C.(dimer 

picrate m.p. 208°C.J and analysis of this picrate 

indicated it to be dimcr picrate. Marion suggests this 

might be a case of dimorphism, but there is also the 

possibility of isomerism. 
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In agreement with Burns, Eastwood 

and McAipine, Marion found hydroquinone accelerated 

dimerlzatlon. Ammonium chloride was found to have no 

effect while tbio-urea did exhibit a stabilizing Influence 

but not as marked an influence as benzene. A solution of 
• 

93% "S" In benzene dimerlzed to the extent of 2.3% in 15 

days at room temperature .while 11 5" Itself was found te 

be 6~ dimerized In the same time. Thus benzene would 

appear to be a good stabil lzing agent. In agreement with 

this it was found 19J that only .29% of the "S" in a SO% 

"S"-benzene solution had dlmerized on standing for seven 

days at I00°C. This determination was made by weighing 

the filtered precipitate after washing Jt with ether. 

lt Is to be noted that precipitation of 

a solid was used as the criterion of 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, 

lt would seem that a test with silver nitrate would be a 

more suitable criterion and more indicative ot the r.elative 

stabil lty of 11 5" In various solvents. From the above it 

appears that non-ionizing solvents favor stabll izatlon but, 

due to the lack of quantitative information and due to 

R~s.sible solubt I ity effects, the relative merits of the 

various stabil lzlng agents mentioned above cannot be' judged • 

• 
Marion does not state in his report how he determined the 
amount ot dimerfzation In benzene. 

• 
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The hydrochloride of "s" Is quite stable 

when dry and provides a means of storing "s" in the 

laboratory over long periods of time. Sandin and Nichol 

(IQ) found no increase in the chloride content of a solu-

tion of "s"-hydrochloride l"S-HCI"I in pyridine at the 

end of three hours. The stability of the dry hydrochloride 

and that of a pyrldine solution of the hydrochloride would 

s~em to indicate that the formation of quaternary nitrogea 

lh the "S" molecule prevents further reaction. 

In water, the hydrochloride appears to be· 

subject to change. Robinson lll) followed the production 
. 

of chloride ion in an aqueous solution of "S-HCI 11 by precipi-
~ . -

tation with acidified silver nitrate solution and found 

19.25% of the total chlorine lonizable in 72 hours. This 

would correspond to an increase of .37% in the ionizable 

cl\lorine in 72 hours. Sandin and Nlchol (12) found 1% 

"h y d r o I y s I s " i n 2 d a y s a t 2 4 °C. a n d 40:i " h y d r o I y s I s " i n l 0 
~ -

Mar ion (6,13) tol lowed the reaction with 
~ 

silver nitrate and sodium hydroxide (indicator not stat,d) 

and reported 1.3% hydrolysis In 20 d~ys and 3.4% hydrolysis 

in 47 days. In determining the amount of chloride ion prc-. 

sent at the end of 47 days he found an acidified silver 

n i t r a t e s o I u t i on g a v e 2 • 6% r ea c t i on w h e n' t h e p r e c i p i t a t e 

was coagulated by lc.ttlng the solution stand over night,..·. 

while coagulating the precipitate by boiling the solutioa · 

for 5 minutes gave 11.5 to 12.5% ionizablc chlorine. lt 

is apparent that the results of the above Investigations 

do not agree at af l and' t,r6m Mar iQn 1-t· 1work 4oubf ·•r i'$cs 



tc~~dhtl the valldiJy of chlo;lde~determinatlons inJhe 

:p r ·e s c n-e c ~ f "5" -HC I • 

A• so, wh i I e ~a-1\di a att:d- Ni cho'l ~.Pne I ude 

the main reaction is hydrolysis, Robinson-·e~ncl\l.·i•s from 
;.:_1;•,'"' 

h
1

iS results tha._. :~,C cOlJ#·clf! of the reaction is d_l~-fiat&on 

followed by hydrolysis of the dlmer ll4)Jt-,.,.,._tu .concluded 

from his resu Its t·"""'~ ~;.}.. j b.o t_.)''? ~~~~'-"n, ~ z.a~;.\_~:~~~JorJ.ac was 

determinable In "5 11 -HCI solutions by pr-ecipitation with 

silver nitrate,.~) that the ,normal hydrolysis reaction 
,., 

occurs very slowly, Ccl that the dlmer ·'If formed at all is 

present In neglisible quantity onJy. Thus these three 

Investigations are In violent disagreement. 

5 l.nce the structure of 11 5"-tiCI Is anal asous 

to that ot NH4CI, lt is probable that In aqueous solution 

the tol lowins equil ibriMm is set up 

5H+- +Cl- o4: • 5 +,H+ t Cl-

~nd as Robinson indicates (14) a number of reactions are 

possible, namely- hydrolysis of "sHtn, hvdrolisis' of "5!', 

dimerizatio·n'·of 11 5", hydrolysis of trs" dlmer and possibly 

lmlnization~ making _the reacti~n of 11 5 11 -...CI in aqueous 
,.. 

soLution quite complicated. The discrepancies in the · 

results of the above investisations, in view of ~~[iOA·ts, 

worl:: m.y we:11 be due, In part at least, to the apalytical 
~ ~,, ~ 

procedure used in the determination of chl~ri~e ion. 

Robinson 11 I) also followed the production 

of chloride Ion in a solution of "S"~I which was 3N wLth 

respect to NA~,- He conclud•d .that bases decompose· "~HCJ 
~,>-:.;,~:----

fairly rapidly. Sandin and·Nt~nol Cl2} followed the production 
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of chloride ton in a 7.5 N NH 40H solution of "S-HCI" and 

reported practically lOO% 0 hydrolysis 0 in 3 hours at room 

temperature. In 1% sodium dleate solution, they found 80% 

ot the "S-HCI" 0 hydroly•ed" 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 Oixon (15) on the 

conductivity of a fresh .001 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 

ion formation was observed tn this time but it was possible 

to foUow' the production of chloride Ion by precipitation 

w I t h s i I v er n i t r ate • He report e d the conduct i v I t y v a I u e 

reached to be "about what would be expected, If one Cl per 

molecule of "s" became ionic", and that hydrogen ion forma-
11 

lion occur.ed to some extent after a period of time. From 

this he concluded that In aqueous solution "s" undergoes v~ry 

rapid dlmerizatlon which is followed by hydrolysis of the 

·'dimer. 

Youog, Miller and Hopewell Cl6l followed the 

production of chl•rtdc Ion In fbc two phase system of "s• and 

water. They found only SO% of the total chlorine became loni-

zable even on standing and that the rate of formation 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 

melnly by dimerlzation. 

These authors fol I owed the effect of pH 

on the rate of production of chloride In "S" water mix

tures. Their results are briefly summarized in Table VI I 

liAt:H. t. V" ... 
pH BUFFER RATE Of Cl FORMAT I~ 

(% , I on i. ~•9l e ChI G)r i ne) 

3.3 Formic Acid T~ace er atter .3 ~ours 

4 Tartaric Acid 2.24~ after 3,days 

4 Cl4rk and Lubs Buffer 41% after 26 hours 

s Cl ark and Lubs Buffer 65~ after 24 hours 

6 C!ark 4Ad Lubs Butt er 51.2% after 24 hours 

7 Clad~ and Lubs Buffer 68% after 24 hours 

8 Cl ark and Lubs Butt er. 96% after 22 hours 

8 Boric Acid 45~ at ter 72 hours 

2N NaOH 94% at t er 24 hours 

,• 

Young et al. concluded"irom their results that "S" ln 

water is stabilized at pH 3.5 or less, forms dimer for 

higher polymer) at pH values between 4 and 7 •nd that 

the dimcr undergoes hydrolysis above pH 8. 

Ogston (17) studied the rate of formation 

of chloride Ion and hydrogen ion with "S" in a 5% ethanol

water mixture at 25°C.over a range of pH. The chloride 

ion formation was followed by titrating excess Agf\03 with 



__ ._ 70 --.. 

KCNS and hydrogen ion formation by titrating the whoie 

solution with small portions of N/10 NaOH and measuring 

the time required for the pH to reach a definite value • 

(indicators). The rate of formation 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 production found 

by Ogston are given In Table VI I I CI7J. 

TABLE VIII 

pH RATE Of H .. I RATE Cl-

9 - 10 0.016 

6.5- 7 0.067 

4.5- 5 va • 1.0 

. In thiosulphate solution Ogston found the formation of 

chloride ion to be independent of the thiosulphate con• 

centration and to proceed smoothly to the "total" end et 

2 equivalents of chlorine ion per mole of "S"• with the 

production of 

From these results he concluded the chle't mechanism of "s" 
disappearance In water to be of the unimolccular S~l type 

(18) but that the reaction is complicated by the dimcrlzatioa 

of "S" and the formatfon of a variety of quaternary compounds 

among which are imines. 
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Thus while Robinson, Dixon and Young, 

Miller and Hopewell, are of the opinion that the main 

course of the reaction is dimerlzation followed by dimer 

hydrolysis, Ogston concludes the main reaction to be the 

hydrolysis of "S" which is complicated by dimerization and 

the formation of quaternary products such as imines. Both 

Ogsten and Young and his eo-workers have crystal I ized dimcr 

picrate out of their reaction mixtures; the fundamental 

difference In opinion is the relative rates at which the 

dimerlzation and hydrolysis of "S" take place. These 

Investigators also disagree on the effect of pH on the 

TC4ttton 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 analvtlcat prodedures used. 

In view of the contusion indicated above, 

and in view of the apparent complexity of the reactions of 

"S" and "S-HCI" in aqueous solution, tt was decided to under

take a study of the kinetics of the formation of chloride 

and hydrogen Ions by "S" in various organic solvents. 
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EXPERIMENTAL 

Attempts were made to study the reacti~ons 

of "S" in carbon tetrachloride aAd in acetone solutions. 

Reacttoa in these solutions was found to proceed very • 

slowly at 25°C. At I00°C. a· rust colored precipitatc~was 

formed In the carbon tetrachloride solutions while'acetohe 
' 

~olutlons at this temperature 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 

tetraehforide and acetone were discontinued and metha•ol 

substituted as a solvent. 

Solutions were prepared b~ adding pre•cooled 

methanol to a weighed quantrty.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 recrystal I ized "S-HCI" by neut-

ral izing it with NH40H and extracting with Ghlorotorm. The 

chloroform solution was subj~cted to a vacuum distillation and 

t h e t r a c t i on h a v I n 9 a b o i I I n g p o i n t cor r •.s pond i n 9 t o t ha t o t 

"S" was redlstil led. The methanol was dried over CaO tor 36 

bout's, at the end of which time lt was distilled over· fresh 

CaO, the boiling point of the final product being 64.5°C. 

AI iquot portions of solutions prepared In 

the above manner were sealed in pyrex bulbs at •78°C., due 

allowance being made for expansion of the solution In coming 

to the reaction temperature. The transfer of solution to 
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these bulbs was made with a pipette connected to a water 

suc't(G:ap!.~'P through a scratched stop-cock. lt was 

necessary to enclose the body of the pipette and the 

graduated stem in a glass jacket containing CaCI 2 to 

prevent condensation of moisture on the wal Is of the 

pipette. The smooth surface 9f the rubber stopper con

stituting the bottom of the pipette jacket fitted the 

neck of the stock solution container quite closely pre

venting moisture from condensing into the solution. Ice 

formed on the stem of the P.ipettei while it was ·draln1ng. 

To keep this ice from contaminating the stock solution, 

Jt was allowed to melt and the stem of the pipette was 

dried carefully after. ,the transfer of each sample. 

A mixture of ice and water was used as a 
0 constant temperature bath at 0 c. Other thermostats were 

controlled to .OS°C. by the conventional methods with 

thermoregulators, relays and heating coils. 

Since it was reported that ferric ion 

catalysed t~H•crlzatlon llJ, determination of chlorldc·:to.n 
t. '~ -r , 

by the Volhard method was considered unsuitable, although 
~ .... '.,~' .·.,.,_ . .,..-.,, ... .., -~~~-~--?---~ ·•-"!:f...:f· 

the method apparently has been used with success by Ogston 

lf7.)... ~oreover, nsn is unstable in neutral solution. The 

production of chloride ion was followed therefore by pre

cipitation with AgN03 in 4N. HNP
3

• 

The liquid In a bulb was transferred to a 

beaker containing approximately 10 ml. of the acfd1 after 

which the precipitate was washed out of the bulb into the 

beaker with separate portions of the acid, the-volume of 



--- 74 -----

the resultiRg solution being about 60 ml. After the white 

precipitate dissolved, 15 ml. of 10% AgN03 solution was 

added and the AgCI precipitate coagulated by heating over 

a steam bath tor one hour. The precipitate was then filtered 

by meats of a pyrex sintered Gooch crucible,washed with .02 N. 

HN03 and with acetone, dried tor one hour at I00°C. and 

wefghed. Oetermlnations on solutions of known chloride con

tent in the presence of various conceotrations of "S"' lTeblc 

lXI indicate the above procedure to give results accur•te 

to .0015 grams of AgCI. 

Tbe hydrogen Ion production was fol lo•ed by 

titrating the contents of bulbs at 0°C. to a pH of 8.5 

with stahdard base. The samples were ImmediatelY. back· 

titrated with standard acid to a pH 4.0 to check the total 

amount of "s" left in the solution lfig.l). The end points 

were obtained with a Seckman pH-meter. Oetcrminations on 

solutions of,known "S" contcntration lTable XI Indicated 

that, although titration with standard acid gives low values 

for the "s" present, the application of a constant correction 

factor was quite In order. With the ~orrcction appl led the 

estimation of "s" by this method gives results accurate to 

"i,thin 1~. 
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EXPERIMENTAL RESULTS 

The results of this investigation are 

tabulated in Tables IX to XVII I and In the accompanying 

graphs. Data tn the tables marked with the superscript x 

are not actual experimental values but are taken from ex

Per i men t a I r a t e cur v e s • T h e f i gu r e s t n t h e I e f t h a n d c o I -

umn of Tables XI to XVI are obtained by substractlng the 

amouat-of hydrogen ion produced from the amount of chloride 

ton produced. 

Cone. of "s" 
Me·l e s /L t t re 

o.ooo 
o.ooo 
o.ooo 
o.ooo 
Ot.069 

o.o69 
0.138 

0.138 

0.367 

o.t5o 

TABLE IX 
Val ldtty of Chloride Dcter
minations in "s" Solutions. 

Weight of AgCI 
Calc. lg.) 

0.1 435 

0.1 435 

0.1435 

0.1 4~5 

o. 1435 

0.1435 

0.1435 

0.1435 

0.1 435 

O. I 435 

Weight of AgCI 
found lg.J 

0.1415 

o. 1408 

0.1420 

0.1399 

o. f 436 

0.1410 

0.1440 

0.1400 

0.1 440 

o.t440 

Average of above dcterminattons = .1421 grams. 

Average Deviation a .0015 grams. 
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T A 8 L &i X 

1. Titration of free or combined acid In the 

presence of "s". 

Mill lequfvalents of "S" present In sample • 2.89 

Mill lequivalents of HCI present 

_calculated Analysed 

2.89 

2.89 

2.90 

2.89 

2;-r.:: "'aa~k t 1t re of above samp I cs to pH 4.0 wIth 
I 

standard HCI. 

Mllllequivalents of "S" present 

Calculated Analysed 

2.69 

2.89 2. 71 

Average Correction factor --

1.075 

1.065 

t .070 
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\ 
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Mi 11 ieqvi val ents 

fig. IV. 

Titration Curves 
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T A B l E XI 

"s" In Methanol Reaction Temperature : 0°C. 

0 
Initial "S" concentration: .5668 moles/litre at -78 c. 

Time 
(hours) 

14 

24 

48 

51 

98 

I 3 I 

194 

"s" Total Cl H• Cl-Formed by 
Reacted 

10
_2 Produced _2 Produced -2 Dimerizatlq~ 

Moles x Moles x 10 Moles x 10 M•les x 10 

.090 Negligible .090 

.120 

.120 Ncgl iglblc .120 

.254 Negligible .254 

.200 .001 

.304 

.380 .006 

.431 
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' 

! 

0 -------1..---.---l------·-L-~----·-··---..l.-........ ·----J- ..... ~ 
0 25 · 50 75 I 00 l 25 

Time- hours 

Fig. V. 

kate Curves obtained in absolute methanol at Q°C. 

Initial 11 5 11 concentration= .567 tvi. at -78°C. 
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T A 8 L t. X11 

"S" tn Methanol Reaction Temperature • Q°C• 

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

tt s •• H~ Cl- Formed 
Total Cl by 

Tiaac- Reacted 
I0-2 Produced 2 Produced -2 Dlmerlzation2 lhoursJ Moles X Moles x 1o· Moles X 10 . Moles x 10-

. ' ' 

12 .,072 .058 .002 .056 

I 7 .106 .088 .003 .085 

29.5 • I 78 .146 .004 .142 

41.5 .248 .194 .004 • I 90 

Except for the data given in· the above 

table and In Fig~rc. V~ results obt~in~d are in close 

agreement. The significance of this dlscrepanct cannot 

be assessed without further work at 0°C with the con-

centration of "S" tndicatcd. 
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60 
Complete Reaction 

50 

40 

Moles 
"s" xlo- 4 0 Disappearance 

• Cl- Production 

30 
X H~ Production 

Time - hours 

Fig. VI. 

Rate Curves obtained in absolute methanol at 0°C. 
11 11 0 

Initial ~ c.oncentration = 1.148 M. at -78 C. 
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TABLE XIII 

"s" In Methanol Reaction Tempcr~iturc·: 25°c; 
. . 0 

initial "S" concentration- .570 moles/litre at -78 c. 

"s" H ... -Total Cl I Cl Formed by 
TIme Reacted 

I0-2 Produced 
I0-2 Produced 

lo-2 elmcrizafio2 
(hours) Moles X Moles X Moles X Moles x 10-

-.~G9 

2 .202 .I 72 - .002 .170 

3 .262 .273 .ooa .265 

6 .360 .396 ...... 
.424 .450 

• 019 
• 431 9 .019 

ll. 5 ........ .473 ---
13 • 452 

I· 7 .470 .476 .021 .455 

18 .,.., ... .477 --- ---
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,--'----'--------- -·- ---------------+ 

6 

l st 
I 

Mole:t 
-4 l 

xiO 
3
+ 

2t 

Complete Reaction 

• Cl- Production 

0 "Sn Disappearance 

() Dimer Formation 

X H~ Production 

I~ 20 

Time - hours 

Fig. \1.11. 

Rate Curves obtained with 11 5 11 in absolute methanol 

lnttlal 11 5 11 concentration= .570 M at -78°C. 
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T A 8 L E XIV 

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

Initial "S" concentration : 1.148 moles/1 ltre at -78°C. 

"s" Tot a I Cl H.,. CI-F ormed by 
Time Reacted 2 Produced _2 Produced _2 Dimcrization 
(hours) Moles x 10- Moles x 10 Moles x 10 Moles « 10•2 

.5 .062 ---
I .088 .089 .004 .085 

2 .193 .200 .006 .194 

3 .287 .264 .008 .256 

4 .341 .317 .009 .308 

8 .447 .471 .013 .458 

12 .480 .482 .016 .466; 

19 ••• .509 



Moles 
xi0- 4 

60 

20 

0 4 

85 

Complet€ Reaction 

• Cl- Production 

0 
11~11 Disappearance 

(J Dimer formation 

X H~ Production 

8 I 2 

Time- hours 

Fig. VIII. 

16 

Rate Curves obtained at 25°C 

Initial 11 5 11 concentration= 0 l.f48 M at -78 C. 

20 
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T A 8 L E XV 
. 0 

"S" In Methanol Reaction Temperature: 41.5 C. 
0 

Initial "s" concentration= .572 moles/litre at -78 c. 

"S" H! -Total Cl Cl Formed by 
Time Reacted 

I0-2 Produced -2 Produced 
I0-2 Dimcrlzati9t 

CHours) Moles X Mol cs X 10 Moles X Mo I cs x 10 

t .224 .217 .oos .212 

.298 .307 .015 .292 

2 .396 .401 .Q23 .379 

3. .,. .... .457 
__ _, ---

X 

3 .• 5 .459 .470 .035 .435 

4 .480 ---
X 

6 •. 25 .491 ~SOS .054 .449 

8 ~~- ~··8 --- ---
X 

9 .492 .513 .oss .458 

14 --- .518 --- ---
X 

I 7 .492 .525 .060 .465 

48 --- .547 .... ... -.. 
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Complete Reaction 

• 
0 

Cl 

"s" 

Product ion 

Disappearance 

Q Dimer formation 

X 
4-

H Production 

Time- hours 

fig. IX 

~ate curves obtained in absolute methanol at 41.5°C. 

Initial concentration of "S" 
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T A B L E XVI 

- 0 
Reaction Temperature: 41.5 c. 

0 
Initial •s• concentration &1~l48 moles/1 ltre at -78 c. 

"S" Total Cl Ht Cl-Formed by 
Time Reacted to-2 Produced 2 Produced -2 Oimerizati2~ 
thou r s J Moles X Moles X 10- Moles X 10 Moles x I 0 

.5 .239 .278 .014 .264 

.371 .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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r-----------------------------------------------, 
60 

Complete Reaction 

-----·---~ 0 

40r 
Mol ~4 p 
xiO ~ 

I ! 
3 I 

• 
2 

Rate Curves 

In it i a I "S" 

e, Cl Product ion 

0 "s" Disappearance 

(t D i me r F or m a t i on 

X H+ Production 

8 12 

TIme - hours 

Fig. x. 
obtained at 

0 . 
41.5 c. 

16 

concentration • I • I 48 M • at 

20 

0 -78 c. 
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T A i L C. XVI I 

Data for Arrhenlus Line 

Temp. 

OA 1/Txi0-
3 

1.148M."s" soln. • S 70M. 11 5 11 soln. 
• I) 

k·lnltlal lnCkxiO) Id initial) lnCkxiO) 
( un imol ) ( un I mol ) 

314.5 3.19 I • 30 I 0. 262 • 925 9.92 

298 3.36 
-1 -1 2.04xl0 8.40 2.09xl0 8.44 

273 3.67 -2 -2 .90xl0 5.39 1.02xl0 5.40 
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I I 

0 . 5 70M• "S" so In • 

10 • 1.148 M. "s" soln. 

\ 
9 

In( kxiO) 

8~ \ 
\ 

7~ \ 
'1. 

E = 9-.6 Ka Is. \ 
t \ I 

6~ 

\ - 0 298° 314.5 A. 
'2 73 ° 

5 ·-' .... ~~...-,..J 
3 .o 3.2 3.4 3.6 

1/Tx I0-3 

FIg. X I. 

Arrhenius line from initial unimolecular 

rate constants of the reaction of "S" 

in absolute methanol. 



DISCUSSI~ · 

)(~.lldltv of the Aglytical Methods. 

Boubt exists as to the vel idity of 

gravimetric determinations ot chloride ion wJth slightly 

acidified A~ In 11 5 11 or "S-HCI 11 solutions, Mar ion's 

results 16) indicate that chloride Ion production occurs 

quite readily at t00°C In the dilute acid solution, The 

results given in Ta~le IX indlcate that reasonable stab

il ization is obtained·by the addition ot 50 ml. of 4 N. 
' 

HN03 to a 10 ml. sample of a .550 molar solution ot "S" 

In methanol, and that determinations with AgN03 by the 

previously described procedure, may be carried out in 

"S" and/or "S-HCI" solutions, the accuracy being about 

· I • 5 m t I I I grams o t ,Age I • T h u s , i h t h e above r e s u I t s t h e 

maximum error arising from the analytical method used 

for chloride determinations would be 2% and the method 

therefore is quite suitable for following the rate of 

chloride ion production In this Investigation, 
' _.;of .. ~.-.-

.--
The titration corves of 11 5" and "S-HCI" 

given in Figure IV_!how that the end points, obtained in 

the hydrogen ion and "S" determinations with standard 

base and standard acid, are quite sharp. T~e data in 

.. -
by a factor of 1.070 and, that, with the application of 

the in d i eat -·~-cor rec t.f OR' 'det.:crm I n•t·ron,_ ~ -!·~"- by Ud s 

mc.thod arc accurate t.P"-111tal:•i·f.~,- ·Tttratlng a~.W°C wJth. 
. . ~--- . '; . " .......... .. 
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... 
method for fol lowlng the rate of formation of H and 

the rate of disappearance of 11 S" in the .reactions In-

vcstlgated. 

Reactions of "S" ln Mcthapol Solution, 

The variety of reactions that might 

p~l'l·t:h_IY.-occur in a methanol solution of "S" arc given 

be I ow: 

CI-CH2-cH2\. /CH3 

+ N 

\H2-0i2-CI 

= 

(2) CI-CH2CH2 '\. . 
/N-CH3 

C.! -(:H~-CH2 
which cbul~ be fol I owed by 

13) CI-CH2~2'\. 

/N-CH3 
... 

· C I -CH2 -CH
2 

and 

(4) CH30-CH2-cH2 
'\. 

. . N-CH
3 

Cl-CH2-a;/ ... 

= + HCI 

HCI • 

HCI • 
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or by 

1 S 1 CH30-CH2 -CH2 """' / CH2 ·CH2 -Cl 

N .a. 

CH CH -Cl 
/ 2 2 

N-CH 

• 

or by 

--

/ 
CH3 

/ 3 
CI-Oi

2
-cH2 

CH3o-CH2-CH CH2•CH2 CH2-cH2-0CH3 • . 2" / ; "' / \ . 
CH -N N-CH >\ /~ : 
Ct CH

2
-a-t

2 
Cl 

Si nee the dlmer if torrHd by·r--tteti · f t1 potseses two 
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and 

( 8 ) 

= 

must be Included. To this I 1st should be added the form-

ation of ethylene imines by the products of reactions (3) 

and (4) in the following manner: 

( 9) 

-- HCI 

Cl 

where X Is a CH30 group, or a Cl. Again If X is a Cl 

the possibility of Imine formatiQJl requires the Inclusion 
- _,, 

of the rec1ction 

(IOJ CH
2

-CH
2 '\I 

CH3-~-CH2-CH2-CI 
... 

Cl-
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lmlnlzation might also occur by the reaction 

I I I J CH2 - CH2 
"/· CH3-N-CH2-ct;2-CI • 

... !.. 

Cl 

Of tbe above possible reactions 11 )~ 

lSJ, (6)~ (9) and IIIJ would produce chloride ton alone 

while (2), 17)~ (8), and 1•01 would produce equal quaft

tities of hydrogen and chloride ions. From the data fa 

Tables x1· to XVI and from Figures y; to X it appears 

that the production of chloride ion Is practically the 

only process occurring in the initial stages ·of the re

action at the t.-p«ratures indicated. The reaction or 

reactions producing hydrogen ton do not become prominent 

until 30 to 40~ reaction has occurred. 

Since practically no hydrogen ton form

ation occurs In the initial phases of the reaction lt 

would appear that reaction t2f.de~• not occur to an~ 

appreciable extent. This eliminates the possibility of 

the occurre~."'. to any appreciable extent of reactions 

(4)~ fS) and (6). The lqw Initial concentration of hydro

gen ion renders the production of chloride ion by (9J 

quite Improbable and the marked stabll lty of "S-HCI" In 

pyrtdfne solution liOJ indicates reactions (9) and (IQ) 

do not occur at all. 

Reactions 17J and 18) obviously cannot 

be the source of the large amount of chloride loa pro-
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duced in the initi41 phases of the reaction. Thus it 

would appear that reactions Ill and liiJ are the onty 

processes that could occur In the Initial phases of 

the reaction. From the work of Marion 16), who ob

tain•a dtmer from methanol solutions of "s" it would 

appear that reaction (IJ, which would be bimolecular, 

Is the principal process occurring In the early stages 

of the reaction. However, from Figures V to X lt Is 

apparent that doubling the initial concentration of 

11 511 does not appreciably affect the rate of chloride 

Ion production. Since dimer is the principal product 

obtained by Marion, its rate of formation appears to 

be control led by a unimolecular process. 

Reaction Ill) would be unimolecular 

and, therefore, it would appear that the rate of Imine 

formation by Ill) governs the rate of dlm~r formation 

and that dimer formation does not occur by reaction (IJ 

but by the reaction. 

112) 

--
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Thus Jt is concluded that the principal reaction occurr

ing In the initial stages of the reaction is the unl

molecular Snl formation of dimer. 

From figures V to X it Is seen that, 

although the rate of dlmerization and the rate of "Sfl 

disappearance appear to have dwindled almost to zero 

In the latter part of the reaction, the total amount 

of chloride ion and hydrogen ion present In the solution 

continues to Increase. Moreover the slopes of the total 

chloride ion curves and the hydrogen ion curves appear 

to be the same. This indicates the presence of a process 

In the latter phase of tHe reaction in which equivalent 

amounts ot hydrogen and chloride ion are formed. Since 

some hydrogen ion Is formed In the intermediate phase 

of the reaction and, since "s" is a weak base, it appears 

that the smal I amount of hydrogen ion formed would 

immediately combine with "S" by reaction (3J. Thus at 

the point where the rate of "s" disappearance falls oft; 

it would appear that the "S" originally present In the 

solution is dlmerlzed or stabilized by formation of the 

hydrochloride. 

Since hydrogen and chloride Ion are 

formed In equivalent amounts after all the rrsn In the 

solution has dimerized or formed hydrochloride, their 

production presumably Involves a product formed In the 

earlier part of the reaction. While dlmer 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 dlmer and 11 5"-HCI either 

of which may react wtth solvent to produce hydrogen and 

chloride ions. 
I 

The presence of an induction period 

In the production of hydrogen ion is difficult to detect 

under the experimental conditions employed, owing to the 

slow rate at which hydrogen Ion Is produced. Only fur

ther dat~ on the relative rates of dlmer hydrolysis afld 

the hydrolysis of 11 5"-HCI can determine which of the prod-
• 

ucts Is th~ source of the equivalent amounts of hydrogen 

and chloride Ion. 

Thus the course of the reaction appears 

to be the unlmolecular S I dlmcrization of. "'S" accompenled n 

by a slight amount of alcoholysis. The products of these 

reactions are then further alcoholized. The calculatlon 

of r • t c cons t a n t s f or t h e d i me r I z a t r on p r oc e s s I s c ocnp I I -

cated by the occurrence of reaction C3J. However, l~ttlal 

rate constants (Table XVII) give a suitable Arrhcniu$ · 

I I ne which Indicates this reaction to have an ectivatro• 

energy of about 9.6 Kcal. 

The results of this Investigation -~d 

the conclusions arrived at in the above discusSion compare 

quite favorably with work done by M•••• •~~ &loct '131. 
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They Investigated the polymerization oft"-4-morp·holino

ethyl chloride and found that 34% of the compound was 
't . . ... ' 

converted toN, 'k..;(Jdlspiromorpholino-piperaznium 

dtchlorid~·when an ethanol solution containing 5 grams 

of the compound was refluxed tor 24 hours. Evaporation 

of the alcohol after the removal of the sol id plperazlnlum 

dichloride gave them a sol id which they indent if led as 

ft-4-morphollnoethyl ether. 

Since "S" contains a second~-chloroethyl 

group it Is to be expected that the dimerizatlon of usn 

would proceed much more quickly than the dlmerization 

of p-4-morpholl noethyl eh I or f de. 

t«:JTE: 

Porto~ Report No. 2384 which became 

available Immediately prior to submission of this th~sls 
~ ..... 

Is In agreement with the conclusions from the present 

study. In this report it is concluded that lmlnization 

is the rate control I ing process ·in the reaction of "S 11 

with water and that dlmer is the principal product formed 

when high concentration of "S" (I 1% by weight) are used. 
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Part A. 

The mercury·-photosens it I zed decom

position of butane has been investigated at I00°C,. 
• < 

17S°C and 2so°C. Hyd-r:ogen, octanes and dodecanes are 

the main products at all the temperatures studied. 

lt is concluded that the primary step Is a C-H bond 

• ., 11 t: 

or 
4- Hg c3

P J. = 
~. I 

Hg 

S.fi9 4- ~· 

4- H 

·• ~41-+g · + ·HQ + M 

The·main seco~dary reactions are 

or 

and 

Foil owed b. 

and 

CH 
-4 9 

2 -C....H 
''Ctt .. .9 

• ':a~ 8, 

: :~] 7 + Hg--,4-..-~ 

~ 

CH 1-~H 8 17 . ··~ 

• Cs~ I 7 + tl9 •.. t;t, 

• ·c• t-t . 
12 . 26 

= H . 2. 

The octan~s formed appear to be mainly 

3, 4-dlmethyl hcxane and/or 3-mcthyl heptanc. 
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'-~~he t.ea'c) J ~n· bf N/ N1
-di-I,A-ch I oroethy,.t) 

__ .:~l~v,.-L .. aJQ.l~:~~l}~~~-~-ln absolute methanol were investt-

g·a t e d a t 0, 2 5 a n d 41 • 5 °C by f o I I ow t n g t h e r a t e a t 

which it disappeared and the rate at which chloride 

and hydrogen Ions formed. Analytical methods used 

were shown to be valId. 

lt was concluded that the principal 

reaction involved is dlmerization ~y·a unimolecula.t 

Snl mechanism. The. reaction was found to have.,._ tctt

vation energy of about 9.6 Kcal. 



APPt:.NDIX Pagc·l. 

T h c r c s u I t s g i v c n i n t h c f o I I ow i n g 

tables were obtained in the course of the above in-

vcstigatlon. further work is necessary to demonstrate 

their significance. 

T A 8 L t XV 1 l t 

"S" In Methanol-water Solutlons. 

Reaction Temp. = 0°C 

Initial "s" Concentration • .573 mo I e s/ I It re at -78°C. 

Chloride 
I 

Ion Product ton lmo I e s xi0-2 J 

IIIRC O.OM.H20 7M.H20 14M.H20. l .. hoflr!i 
'> 

2 .036 

,3 .078 

4 .066 

10 .I I I .203 

12 .247 

14 .090 

15 .166 

24 .120 • 241 .378 

36 • 4~1 

48 .254 .384 

98 .304 

194 .431 
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T A B L E XIX 

"s" In Methanol-water Solutions. 

Rea~tlon Temp. • 25°C. 

Initial "S" Concentration • .573 Moles/Litre at -78°C • 

Time 
I h<?UJ:'. J _ 

1/2 . 

2 

3 

6 

1 
./ 

9 

11.5 

14 

I 7 

18 

22 

24 

Chloride 

O.OM.H20 

.109 

.172 

.273 

.396 

.450 

.473 

X 
.47~ 

.477 

.486 

lgn erodus;tion lmoles xiO .:2, 

7M.H20 14M.H20 

.144 .213 

.223 .340 

.328 .449 

.398 .489 

.534 

.506 

.526 

.562 


