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ABSTRACT 

The decomposition of chloroform at 510 0C was investigated in a 

continuous flow systemy using nitrogen as:, -the carrier gas. The main 

products of the reaction were hydrogen chloride, tetrachloroethylene, 

pentachloroethane and hexachloroethane; hydrogen and chlorine could 

not be detected. Neither the addition of. a radical initiator 

(azobisisobutyroni trile) nor an inhibitor (phenol) affected the breakdown, 

and so we have rejected the idea that the main reaction mechanism-is of 

a radical nature. 

From the results obtained by varying the surface to volume ratio 

of the reactor, the reaction appeared to be catalysed by the surface of 

the reactor, but pretreating the tube by steaming, soaking in water or 

EDTA solution did not affect the pyrolysis. The reaction appeared 

to be virtually unaltered when a tube made from very pure silica was used. 

Kinetic investigations showed that the reaction was first order 

with respect to chloroform, and exhibited an induction period. Carrying 

out the reaction in a carbonised tube resulted in a faster reaction, 

and an increase in the induction period. 

To account for the results obtained, a mechanism is suggested which 

involves the formation of a carbon polymer on the silica reactor. 

Chloroform could then be adsorbed onto the polymer where reaction could 

occur. In a carbonised tube a graphite-like carbon structure may begin 

to take over as the catalyst. 

The alkaline hydrolysis of chloroform was studied in aqueous 
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1,4-dioxane (32 % w/v), at 360C. The rate of disappearance of chloroform 

was followed by gas-liquid chromatographyg whilst the sodium hydroxide 

concentration was determined by titration with dilute hydrochloric acid. 

The reaction was second order overall, first order with respect to each 

of the reactants. Data obtained at 25 0 Ct 31 0 Ct 360C and 410C was 

used to determine the activation parameters. 

Increasing the concentration of dioxane in the solvent decreased 

the reaction rate. The reaction showed a definite negative salt effect, 

sodium chloride exhibiting a greater effect than potassium nitrate. 

The reaction between deuterochloroform and sodium deuteroxide in 

deuterium oxide/dioxane was faster than the reaction in the corresponding 

proton system. 

Application of the Yagil approach suggested that the transition 

state is associated with seven water molecules. This led us to suggest 

an alternative mechanism for the reaction, involving nucleophilic 

attack by water on the trichloromethyl anion, formed by loss of a proton 

from chloroform. 

In order to apply the Yagil criterion the hydration number of 

diolane had to be dete=ined; a value of 2.25 was obtainede 
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, 
CHAPTER 1. 

, 
PYROLYSIS OF CHLORINATED HYDROCARBONS 

l. l. i. PYROLYSIS OF CHLOROFOMM 

The vapour phase decomposition of chloroform was first studied 

by Herndon and Reid 1 in 1928, who identified chlorine, hydrogen chloridep 

and hexachloroethane amongst the reaction products. In 1932 Lessig 2 

reported the formation of a 'yellow crystalline material, together with 

a tar', and found that kinetic data for the reaction was very irregular. 

Subsequent work by Verhoek3 (1935)9 identified the solid fo=ed as 

hexachloroethanev and showed that all the hydrogen of the chloroform was 

converted to hydrogen chloride. 

The first comprehensive study of this reaction was undertaken by 

4P5 Semeluk and Bernstein in 1954. Chloroform was introduced into a 

carrier stream of helium and passed through a reaction chamber 

(450-5250C) packed with Vycor rings. The products in the exit gases 

were collected in a series of cold traps and analysed, after removal 

of hydrogen chloride, by infrared spectrophotometry. Hydrogen chloride, 

tetrachloroethylene, hexachloroethane, pentachloroethane, trichloroethylene, 

dichloromethane and symetrical tetrachloroethane were formed in decreasing 

amounts, together with possible trace amounts of caxbon tetrachloride, 

1,1-dichloroethylene, cis- and tran -dichloroethylene and dichloroacetylene. 

Hydrogeng chlorine and phosgene were definitely not present. Vaxious 

suspected intermediates were pyrolyzed to ascertain whether the above 
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compounds were formed directly, or from a secondary breakdown. 

It was found that, with increasing extent of decomposition, 

hydrogen chloride and tetrachloroethylene became the major products, 

leading the authors to suggest that the stoichiometry of the reaction 

when allowed to go to completion might be 

2CHC1 3> 2HC1 +C2 cl 

This would predict a pressure rise AP/Apo of 0-5, compared with the 

values of 0-460: ý0-005 4 
and 0.55 

3 
obtained when the reaction was 

studied in a static system. However, if appreciable amounts of other 

products are still present because the reaction has not gone to 

completion, lower than predicted values would be expected. 

The following radical mechanism was proposed by Semeluk and 

Bernstein to account for the observed results. 

primary dissociation 

CHM > -CHC1- + -Cl 

_32 
abst=actions 

-Cl + CHU HU + *CC1 3 

-CHC1 2+ CHU 3> CH2 cl 2+ occl 

recombination 

-ccl 3+ -Cl ccl 4 

disproportionation 

-ccl 3> : CC12 + *Cl 
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dehydrochlorination 

: Ccl 2+ CHC1 3>c2 cl 4+ Hcl 

Once the-initial'radical formntion has taken place, a large variety of 

reactions may follow, and thus explain'the formation of the products obtained. 

Rupture of a carbon-chlorine bond rather than the carbon-hydrogen 

bond in the rate determining step, was substantiated by a small secondary 

isotope effect (20 % decrease), when the rate of chloroform breakdown was 

compared with that of deuterochloroform under the same conditions. The 

isotope effect was measured bý direct comparison of rates, 'and by-a 

competitive method which gave comparable results. 

Kinetic experimentsý using the flow system, in which the reaction 

rate was determined from the rate of hydrogen chloride formation, showed 

that the reaction was first order in chloroform. Rate constants were 

dete rmIned graphically, from plots of x/a; the fraction of hydrogen 

chloride producedg against the contact time. I 

TABLE 1 

Initial rate constants and isotope effect for 
the pyrolysis of CHCl 3 and CDC1 35 

Irl, (sec-ý) kD ( sec-2) 

725 3.66 x 10-3+ - 10170 2.90 x 
3ý + 10- 1.26 

750 1.01 x 10-2 8.30 x 10-3 1.22 

775 1.84 x 10-2 1-54 x 10-2 1.19 

785 2.52 x 10-2 2.00 x 10-2 1.26 

800 4.56 x 10-2 3.0 x 0 -2 1.20 
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Activation energies were calculated as 37.2 t 2.0 and 

37-5 t 2.0' Kcal. mol. 
19. 

for chloroform and deuterochloroform 

respectively, somewhat lower than the value of 49 Kcal. mol. 
' 

obtained by Verhoek3. The frequency factor was calculated to be 

6.3 x 10 8 
sec7l for both-compounds.. 

Changing the surface to volume ratio from 19 cm7.1'in *the flow 

system, to 1-3 cm71 in the-static system, appeared to have little effect 

on thezeaction, which was therefore thought to proceed homogeneously 

under the given experimental conditions. Similarlyv the reproducibility 

of rate. measurements once the reactors had been carbonised suggested 

that the reaction occurred in the bulk of the gas. 

-The addition of hydrogen chloride. had-an inhibiting effect on the 

decomposition of both chloroform and deuterochloroform, whilst addition of 

tetrachloroethylene accelerated the reaction. Product inhibition gives 

rise to a rate law of the form 

-d [CHClý k [CHClg 

dt f (0) 
(1) 

where f(c) is a function of the concentration of hydrogen chloride. 

The'inhibition function f(c) (1 + bC)20 gave the best representation 

of Semeluk and Bernstein's data, hence, at low extent of reaction 

-. d [cHcl 31 k JCHC1ý 

1 11 1-II11 
(2) 

(it (1 +b [HC1] )2 

Howlett5 suggested that a bimolecular mechanism is more probable, thus 
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-d [CHC1 
3] k[M] 'CHC'33 

dt QM] + b[HC13 )2- 

where M is the carrier gas in the flow runs, giving a rate, law which 

is indistinguishable from that observed. In the static system however, 

M is a second molecule of chloroform, resulting in an order of 3/2, 

which does not agree with the observed results. 

The catalytic effect of. tetrachloroethylene has been explained4 

(3) 

as being due to the removal of trichloromethyl radicals, with subsequent 

breakdown to give two molecules of tetrachloroethylene for every one 

which reacts. 

-ccl 3' +. C2 cl 4> ccl 3 ccl 2-CC'2* 

ccl 3CC12CC'20 + CC13" > 2Cl 2 cl 5* ---> 2C 2 cl 4+ 2Cl- 

The altei7iative, removal of hydrogen chloride, was thought unlikely 

since this does not occur readily. in the gas phase. 

purther support for the radical mechanism came from, Errede and 

Cassidy 
6, 

who studied the pyrolysis of chloroform both on its own, -and 

also, by coaxial pyrolysis with p-xylene which will be discussed later. 
I 

An alternative mechanism for chloroform breakdown was suggested 

by Shil6; r and Sabirov, a7-9'in 1957. They studied'the reaAion'in a 

vacuum flow system using either excess toluene vapour as a carrier gasq 

or none at all, and determined the extent of reaction from hydrogen 

chloride formation. First order rate constants were found to be 

independent of the presence of carrier gas, andq packing the reaction 
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vessel with glass wool or quartz glass, did not cause any noticeable 

change in the reaction rate. A mechanism based on the existence of 

dichlorocarbene was suggested, since the decomposition rate constant 

was thought too great, and the activation energy too low, to 

substantiate homogeneous radical decomposition. Also, in carrying out 

the reaction in the presence of toluene, any radicals formed (e. g. -Cl 

and -CHCl 2)1 would be expected to abstract a proton from the toluene 

to give a benzyl radicalv which would result in the formation of a 

considerable amount of bibenzyl, as has been found in the decomposition 

of bromoethanes lovil 
* 

The possibility of a chain mechanism was disoaxdedg since the 

presence of toluene does not have an inhibiting effect 6n-the reaction. 

Similarlyq carbon tetrachloride did not accelerate the reaction9, as 

might be expected if a radical mech9nism was-involvedt since initial 

removal of a chlorine atom should take place more readily from carbon 

tetrachloride than from chloroýorm. 

More recentlY12,13 however, it has been shown that carbon - 

tetrachloride does in fact accelerate the decomposition of chloroform, 

although this may result from an additional reaction by which chlorine 

atoms originating from carbon tetrachoride abstract a proton from the 

chloroform molecule, rather than an increase in reaction by the usual 

mechanism. ' 

ccl > -Cl + -CC! 4. 

-Cl + CHU 3 ---> Eci + -ccl 
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A study of the decomposition of deuterochlorofo=9 gave a larger 

isotope effect, (ý,, /k, = 1.65), than that reported previously5. 
. 11 Ij 

However, this may have resulted from the fact that the former authors were 

using shorter contact ti; aes. This, together with the fact that the 

reaction was first order in chloroformv, has led the authors to suggest 

that the initial, rate determining step, is the removal of hydrogen 

chloride from chloroform. 

CHU 3> : Ccl 2--+-HC' 

This was thought to be energetically more favourable than rupture of 

the carbon-chlorine bond, because of the stability of the dichlorocarbene 

produced. Since deuterium is Imown to exchange between CDC1 3 and HU, 

during decomposition4, and hydrogen chloride has an inhibiting effect on 

the reaction5, it was assumed that the-reaction must be reversible. 

Once dichlorocarbene. had, beeTi formed,, it was thought to react 

either with another chloroform molecule, or, with a molecule of toluene, 

when the latter is used as a carrier gas. This explained the formation 

of hydrogen chloride during the decomposition of deuterochloroform-in 

the-presence of toluene, since it has been shown that under the same 

experimental conditions this does not occur by simple, exchange. 

The following reactions have therefore-been postulated 

: Ccl 2+ CHC13 CHC12 ccl 3> cl 2c=ccl 2+ HU 

org in the presence of toluene 

: Ccl 2+ C6 H5 CH 3> HC1 +C 6H 5 CH=CHC1 
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The eventual formation of trichloromethyl radicals must be 

included to account for the formntion of hexachloroethane. 

: Ccl 2+ CHU 3 -ccl 3+ 'CHC12 

2: CC1 2> -ccl 3+ -ccl 

2 -CC1 3>c2 cl 6 

Purther criticism of the radical mechanism has been based on a 

comparison of the decomposition of chloroform, with that of methyl 

chloride and carbon tetrachloride. In the presence of t6luene both 

of the latter reactions involve cleavage of the carbon-chlorine bond 

to form radicals, as the rate determining step. 

ccl 4> -ccl 3+ . -Cl 

CH 3 cl >'-CH 3- + -Cl 

Since free radicals are stabilized by chlorine atomso the decomposition 

of carbon tetrachloride (6000C) is about 64,000 times faster than that 

of. 'methyl chloride. If it is assumed that each additional a -chlorine 

atom increases the reactivity by about twenty-five times, radical 

clea vage of the carbon-chlorine bond in chloroform should be approximately 

1/25 times as fast as that in carbon tetrachloride. It has been found, 

however, that chloroform breaks down twenty times as fast as carbon 

tetrachloridel more than five hundred times faster than predicted by a 

free radical mechanism. 
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Decomposition products have been studied14 as soon as ihey leave 

the reaction zone, in an attempt to detect any intermediates present. 

The gaseous product mixture was rapidly deep frozen (-1900C) to prevent 

dimerization of any trichloromethyl radicals to hexachloroethane, and 

then analysed by infrared spectroscopy. In the pyrolysis of chloroform 

(700-9000C), HC1, C2 Cl 4" Cy -CCl 3C2 Cl 6' C Cl and C Cl were detected, 22,34 

whilst C2 HCl 3 and Cl 2 were also reported as being present when a glow 

discharge tube was used. 

In an attempt to distinguish between postulated mechanisms, the 

pyrolysis was carried out in the presence of silver woo, 
14, 

so that 

any chlorine atoms formed would be removed as silver chloride. Since 

the production of hydrogen chloride was, not affected'by, the presence, of 

silver, it was thought unlikely that'chlorine atoms are involved in its 

formation, by a mechanism such as the following. 

CHM 3> OcHcl 2+ -Cl 

Cl + CHM >occl, - -ý "Hcl 33 
f 
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i. i. ii. PYROLYSIS OF CHLOROFORM IN THE PRESENCE OF A SUBSTRATE 

The pyrolysis of chloroform in the presence of other compounds 

has been studied by many people, in an attempt to gain more insight 

into the decomposition of chloroform on its own. In the simplest 

cases chloroform vapour was mixed_with_an organic carrier gasq such 

as p-xylene 
6 

and the reaction products studied at various distances 

beyond the point of mixing. 

The reaction products and their distribution have been explained 

by a radical mechanism. 

post 
pyrolysis 

> CH3ý H2' Pyrolysis 
22 CHa-OCH3 

zone z one 
> CH 

<: >CH 

CH2<: CH2 -2-CCLa > CCL3CH2 CH2CCL3 

Formation ofaA'-bistrichloromethyl-p-xylene (1) by the above mechanism 

reached a maximum when the two pyrolysis streams were allowed to blend 

just beyond the furnace. When mixing occurred within the pyrolysis 

zone, coupling of p-methylbenzyl radicals with the mixture of radicals 

which might have resulted from chloroform breakdown (-Clf -CHCl 2 and -CCl 3)9 

with subsequent loss of hydrogen chloride was thought to have taken place. 
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CH3-OCH2- + -CHCL2 > CHIOCH2CHCL2 

CH H=QHCL loc 

p-Methylbenzylchloride formation reached a maximum when the two 

streams were allowed to mix at a considerable, distance from the 

pyrolysis zone, and was thought to involve addition of hydrogen 

chloride to p-xylylene. This has been shown to occur readily when 

the gas stream is condensed at low temperatures15, 

HCI + CHC- CH2 > CH CH2CL 

Abstraction of a hydrogen atom from chloroform by p-methylbenz yl 

radicals was shown to be unimportant. Addition of chloroform to a 

str6am of pyrolysed p-xylene immediately beyond the pyrolysis zone 

gave poly(p-xylene) (60 %) together with expected low molecular weight 

products (40 

1 12,16917 - A radical mechanism has also been postulated to explain 

the sensitization of n-alkane decomposition by chloroform and carbon 

tetrachloride. Propane and n-heptane were found to decompose under 

conditions where they were normally stable in the presence of 
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chloroalkanes, the decomposition of which was also accelerated. 

Radicals formed from the chloroform are thought to initiate alkane 

radicals by abstraction of a proton, and these 9 once f ormed, can 

then accelerate the formation of radicals from chloroform. The 

products contained the expected mixture of alkeftes together with 

considerable amounts of dichloromethan in the case of chloroform, 

and chloroform, when carbon tetrachloride was used. 

Formation of P-chlorostyrene (2) from the pyrolysis of 

chloroform in the presence of excess toluenelS has been explained 

by attack of dichlorocarbene on tolueneg followed by dehydrochlorination 

of the inte=ediate. 

H: 3 H2CHCL2 H=CCL 

+ : CC12 400-500ýC 

30% 
(2) 

The pyrolysis of chloroform in the presence of alkenes has 

19-26 19 been studied extensively .. Kung and Bissinger , in 1964, proposed 

the formation of dichlorocarbene from chloroform, its addition to 

the double bond and insertion into a carbon-hydrogen bond, to give 

dichloronorcarane (3) and-3-dichloromethyle7clohexene-'(4)' 

respectively. 
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: CC12 

. C., 
L 

YH, 

C 
"Cl 

c CL 
"C L 

(4) HDC IH C 12 

CH3 

19,20 Formation of appreciable amounts of toluene as a reaction product, 

appeared to support the dichlorocarbene mechanism, since it had been 

shown 
21 that the adduct, dichloronorcaxane, formed toluene when pyrolysed. 

A radical mechanism has also been suggested. 

CHC13 -CHC12 + *Cl 

-CL+ + HCL,., 

CHC12 

-CHC12 ; ýo 
(0 
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Engelsma 22,23 has studied the gas phase decomposition of 

chloroform (400-5000C) with various alkenesq to give chlorodienes 

and hydrogen chloride. Formation of dichlorocarbene, and its addition 

to the double bondq giving a dichlorocyclopropane adduct (5) which 

then re=anged to the chlorodiene (6), has been suggested as the 

possible mechanism. Isolation of the dichlorocylopropane intermediate 24 

gave further support for the mechanism. 

CH3 
: CC[ 

CH3 
CHG-&=CH2 -2--> CH -UIH-14CH > CHf:; -ý=CH 61 CH3 

Cl CL +HCI 
-1 

(5) (6) 

Chloroprene (7) has similarly been obtained 
20t22 from chloroform and 

propylene. 

CH; 3CH=CH2 : CCL2 CH2-CH-ýýH2 CHýFCH =CH >1 : 3ý -, 
IL 2 

53M H ; 
'Ic 

(7) 
CL 'CL +HCt 

j 
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The formation of 2-chloronaphthalene from chloroform and, 

indene 25p26 has been explained on the same, basis. However, a small 

amount (5 %) of 1-dichloromethyleneindene (8) was also isolated, 

suggesting that direct insertion of dichlorocarbene into the cyclic 

olefin had also occurred. 

CL 

5500C 
- 

YCIL2 

(72"14)) (5,70) 

(8) 

Cyclopentadiene also gave both the ring expanded (9) and direct 

insertion (10) productst whereas with fluorenev ring expansion cannot 

take place and only the direct insertion product (11) was obtained. 

.: 
CCL2 
5500C 

a () 

+ 

(<1%) 

(10) 

6L 

(98%) 

(9) 

* 
C, - -) - 0ý 

C cl., 

CC12 
ýb ýý 

II 

14 5500C 
12 

(11) 
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Co-pyrolysis of chloroform with heterocyclic substrates has 

been studied with a view to finding new synthetic routes. An improved 

synthesis of 3-chloropy=idine (12) was achieved 
27t26 by pyrolysing 

0 chloroform with pyrrole at 500-600 C. As for the reactions with 

cyclic alkenes, ring expansionv by addition of dichlorocarbene to 

the double bond, seemed a feasible mechanism. 

1'c 'ý, 1>1 cl 
+ HCL 

, IT 
(12) (M) 

A small amount (5 %) of the 2-chloro- isomer (13) was also formed. 

Since this cannot be explained by the same mechanism, nor is it formed 

by thermal rearrangement of 3--chloropyridine, an alternative mechanism 

inv6lying dichlorocarbene insertion into the N-H bond to give, a 
29 tbxee-cent=ed transition state has been suggested 
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UM3 
+ -HCt 

N 
'R 

N 
H H'---"CC12 

3 

EL 

< 
N CL 

(13) 

The vapour phase decomposition of methyl substituted py=oles 

has been studied in great detail, both synthetically 
2900 

and from a 

kinetic p. oint of vie,, 
3Ov3l, 

with an aim to determining the reaction 

mechanism. 

1-Methylpyrrole appeared 
29 to undergo demethylation to give 

py=ole,, which then reacted to give 3- and 2-chloropyridines. 

I Methyl substituents in any other positions gave mixtures of 

chloropic - olines (14-17)t the formation of which could be explained by 

, 
insertion of dichlorocarbene both into the double bonds, and into the 

N-H bond. 
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CL 
C Lý 

L<N ý'CH3 L 

H 
I-HCL 

<- 
: CCL2 ýN ICH3 

H 

: CCL2 

CL 
CH3 

(14) (41 O/) 

-HCL IIII : ýP. H3 H3, C 
FN)4"' 

CHCL2 

CH3 
P> 

-C, 

C CH3 

(16) 
(30%) 

CH3 

.C CL 

An alternative, free radical mechanism has been suggested30. 

F CL 

.. 

3ýL 

N CH3 H 

-HCL 
qL 

C H; 3 

(27%) 

DICHa 
N 

CH3 

cc 

L3 

(17) 
(2%) 
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CH 
+ -CCL, 3 I+ CHCL3 ý-r3CH3 

HN 

IH H 

C c 
C 

gHl + -CCL3 CHCL3 
ccla N CCCL3 HCH: 3 H H3 

-HCL 

-HCL CL L loo, ý 
`CL >K -1 
H, 3 

ýVCH3 

(15) 

-HCL CH 
N da 

N3 
CL L 

-HCL 

., 
ýýH3 

111CL 

(17) 
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A studY30 of the kinetics of the reaction'of 2,5-dimethylpyj=ole, 

showed the reaction to be first order with respect to the substrate. 

The proposed radical scheme above appeared to explain this first order 

dependence more satisfactorily than the hitherto accepted dichlorocarbene 

mechanism. 

Imidazole and its derivatives were found to react in a similar 

manner32, to give the ring expanded products expected. Addition of 

dichlorocarbene to the C=C, or C=N double bonds can be imagined to give 

5-chloropyrimidine (18) and chloropyrazine (19) respectively. 

: CCL2 Lc ; 
ly 

-,;, 

ý 
LCL, 

H 

-HCL -HCL 

-, 
ýCL CL 

(19)(10%) (18) (90%) 

Results show that the C=C double bond 4S more susceptible to attack 

than the C=N double bond. 

In the case of benzimidazole33, as well as the ring expanded 
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product: 2-chloroquinoxaline (20), a rearrangement product: 

phthalon . itrile (21), was obtained as the major product (78 %). The 

formation of this compound by pyrolytic breakdown of benzimidazole 

alone was ruled out, and the following mechanism proposed. 

rC L CL "L 

(20) + HCL 
: CCL2 

CL HCL ZL 

,. 
CL N+ 

-HCL 

CýN 
N C: c C-: 

C: -N N 
[aN=C: 

(21) 

Numerous other heterocyclic compounds have been reacted with 

chloroform in the vapour phaset and these reactions are summa ized 

in Table 2. 
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TABLE 2 

The pyrolysis of chloroform with heterocyclic substrates 

Compound Yo Yield Products Relative 
percentage 

Ref. 

Pyrrole 86 3-Chloropyridine 76 33 

2-Chloropyridine 24 

Indole 42 3-Chloroquinoline 95 33 

2-Chloroquinoline 3 

quinoline 2 

Imidazole 43 5-Chloropyrimidine 90 33 

Chloropyrazine' 10 

Benzimidazole 89 Phthalonitrile 88 33 

2-Chloroquinoxaline 12 

1,7-Azaindole 10-11 3-Chloronaphthyridine 91 33 

Naphthyridine 9 

Py=azole 80, 2-Chloropyrimidine 100 34 

Indazole 71 2-Chloroquinazoline 100 34 

Furan None 34 

1,2,4-Triazole None 34 

Thiophene None 34 

Benzoxazole None 34 
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i. ii. PYROLYSIS OF OTHER CHLORINATED METHANES 

MEML CHLORIDE 

o 35 
-Decomposition of methyl chloride begins at about 700 C, giving 

mainly hydrogen chloride, methane and acetylene, in the mole ratio 

3 :1 : 0-5 36. Small amounts of hydrogen, benzene, toluene, xylene, 

mono- and dichlorobenzene, naphthalene, methyl-f chloro- and 

chloromethylnaphthalene, diphenyl, monochlorodiphenyl, anthracene 

and monochloroanthracene have been identified by gas liquid 

chromatography359 infrared spectroscopy35 and mass spectrometry3507. 

The mechanismv however, appeared to be fairly simple; the 

formation of radicals in the initial rate determining step gave rise 

to large numbers of possible abstractions and recombinations which 

explained the variety of products obtained. The following reaction 

scheme has been proposed36. 

CH 3 Cl > CH 30 + Cl- 

CH 3* + 'CH 3 cl ---> CH 4+ CH 2 Cl* 

Cl- CH 3 cl > Hcl + CH 2 cle 

CH Cl- + CH Cl --- > CH cl + CH 2322 

2 Cl- > CH MCH -Hcl-> CH CHM - -H2ý, CHSMCH CH 222 cl 2 

Cyclisation of acetylene to benzene explained the fo=ation of 

aromatic products35. 

.. 
Shilov and Sabirova36 showed that, the reaction was unimolecular, 
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and by analysis of their data3B concluded tha: t'the rate . 
6f fonýation of 

hydrogen chloride afforded a measure of the reaction rate. Unimolecular 

reaction rate theory was applied38,39 in a study of the first step in 

the decomposition. 

l. II*ii. DICHLOROMETHANE 

Dichloromethane pyrolysis has been studied by many people*13137940-45 

in an attempt to elucidate the somewhat complex kinetics. No=ish and 

coworkers40 showed in 1942, that the reaction took place by a degenerate 

chain process, rather than by simple molecular rupture. Subsequent 

work showed that the reaction was preceded by a considerable Induction 

or incubation period; that is, the time required for the reaction to 

attain its maxi=lm velocity. In all cases 100 % reaction was eventually 

obtained, corresponding to the overall reaction 

CH 2 cl 2>C+ 2HC1 

The reaction could be followed by estimation of the hydrogen chloride 

formed. Both trans-dichloroethylene and nitric oxide were found to 

redýice the incubation periodv and, in both the static and flow-through 

systems the reaction appeared to be catalysed by the clean quartz 

surface of the vessels, reverting to a slowerg more reproducible rate, 

as the surface became covered with carbon. 

Analysis by gas chromatography enabled the identification of minor 

Products, which were found to be; methylchloridet trichloroethylene, 

sym-tetrachloroethane, chloroform, carbon tetrachloride, 2is- and 
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trans-dichloroethylenel and tetrachloroethylene. More recentlyp 

chlorinated derivatives of benzenet naphthalene, decalin and- 

biphenyl have-also been identified37,41. 

The presence of EM-tetrachloroethane suggested the involvement 

of the radical CHU 201 rather than CH 2 Cl-, since products which might 

be formed by recombination of the latter, such as 1,, 2-dichloroethane 

or lpl92-trichloroethane, could not be detected in the products. 

Assuming this to be true, the following mechanism was proposed40. 

Primary chain 
CH 2 Cl 2+ Cl. > HU + CHU 2* 

CH Cl CHU > CHU =CHC1 +ý H01 + Cl - 22,2 

Secondary chain 

CHC1--ýMol + Cl ->C2 HM 2+ HC' 

C2HC1 2* > (C 
2 HC1) + Cl- 

C2+ HCl 

Chain branching 

CHC1=CHC1 >CH Cle + Cl. 22 

t 

c 2H2 Cl- + CH 2 cl 2> CH 3 Cl + C. 2HC1ý 

Termination 

2CHU 20 
walls 

-CHCl 2 CHU 2 
-HC1 > CHC1=CC1 2 

walls CHU 2* + Cl- -, cHcl 
walls 2C1 -> cl 2 
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The most important evidence for the proposed mechanism is the effect 

of added'dichloroethylene in removing the incubation period without 

changing the' Tnaxi=, Tn rate of reaction. 

Shilov4o has suggested that it-is unlikely that 192-dichloroethylene 

could act as a chain-branching agentp and that. it may have been 

chloroacetylene, formed from the breakdown of dichloroethylenev which 

was responsible. 

Sensitization of the reaction by nitric oxide was explained by 

a direct reaction with dichloromethane. 
I 

NO + CH 2 cl 2> NOM + CH2 Cle 

An investigation of the reaction by Vacherot, Niclause and 

42943 Dzierzynski confirmed the overall reaction to give carbon and 

hydrogen chloridev but disputed the mechanism proposed by Norrish and 

coworkers to explain it. In particulary, the involvement of 

1,2-dichloroethylene as the chain branching intermediate was questionedy 

since they found neither this compoundq nor the precursory sym- 

tetrachloroethane amongst the products. The solid deposit obtained was 

shown to be carbon containing neighbouring hydrogen and chlorine atomso 

which, tended to be lost as hydrogen chloridep as the reaction proceeded. 

The reaction products were described, in general, as polymers, 

which progressively. lost hydrogen chloride until only carbon was left, 
40 in the form Cn, rather than C., as previously suggested . 
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Initiation 

CH2 cl 2 

or; alternatively 

ýýo CH2C' -+ Cl* 

CH 2 cl 2 

: cHcl + CH 2 cl 2 

Propagation 

OCH 2 Cl + CH 2 cl 2 

> Ecl +: cclH 

CH 2 Cl + OC(EC1)cl 

> CH 3 Cl + C(Hcl)cl 

Chain reaction 

- Cl + CH 2 cl 2 
;; N- HU + -C(HC1)Cl 

OC(Hcl)cl + CH 2 cl 2> Hcl + OC 2("C')2C' 

overall 

Ci-l("Cl)i-lC' --ý CH2Cl2 
0 

Te=ination 

Ecl + ci(Hcl)icl 

-C p 
(HU) 

p 
Cl + 

.: 
Cq (HC1) 

qC! 
>cn (HC1) 

n 
Cl 2 

or C (Hcl)n-1 cl 2+ Hcl 

for p= lt q=0 or q= 19 this gave the reaction products observed. 

also 

OC n 
(Ilclýcl cn (Hcl) 

n+ -Cl 

although this is not strictly a termination stepq since -Cl may restart 

the chain. 
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Chloroform and hexachloroethane were found to inhibit the reaction, 

possibly due to blocking of. the reaction, sitesq or, reaction with 

radicals formed during the reactionp to give less reactive radicals. 

Early work bad showr, 
40P42P43 that the surface of the reaction 

vessel was catalytically involved in the reaction, notably in the 

initiation and termination steps, but its exact role has only recently 

been fully investigated44945. It has now been shown44 p that increasing 

the surface to volume ratio (a/v) resulted in a linear increase in the 

maximum'reaction rate, and thata high s1v resulted in the disappearance 

(or reduction to an undetectable level), of the induction period. 

The activation energy (31 Kcal. mol--ý was found to be practically 

independent of s/v at very high values of this parameter 

(s/v > 100-120 cm At S/v greater than'150 cm7l, 'the reaction was 

first order, whilst decreasing the ratib resulted in an increase in the 

order to a maximum value of2. (s/v = 0.6-0-7 cm Decomposition did 

not go to completion, and termination was found to occur earlier at high 

surface to volume ratios as would be expected if termination involves 

the walls of the reactor. 

Initiation by formation of a biradical, : CHC1, rather than a 

monoradical: -CH 2 Cl, was supported, since the energy of activation 

(62.5 Kcal. mol-. 
')was in closer agreement with that required for biradical 

formation (66.5 Kcal-mol7l)gthan with the energy required to cleave 

the C-Cl bond (78-5 Kcal. mol-. 
1). Catalysis by the wall of the vessel 

lowered the observed value from that which was predicted. 
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Hence: 

CH 2 cl 2> : CHC1 + HC1 

: CHC1 + CH 2 cl 2 -- > -CH 2 Cl + -CHC1 2 

Propagation continues in a similar manner to that previously 
40 

suggested , the -CH 2 Cl radical giving rise to analogous reactions. 

The growth of polymeric chains was also suggested. This could 

be interrupted by deactivating impact with the surface, by collision 

with another growing chaint or by chain transfer to give a nonradicalp 

which was strongly absorbed on the walls. Subsequent heterogeneous 

loss of hydrogen chloride has been shown 
46 to occur rapidly. 

Chain branching was thought44 to take place more readily after 

dehydrohalogenation, because of lower stability of hydrogen atoms 

to the unsaturated bond. Homolytic cleavage of the carbon-chlo=ine, bond 

resulted in the formation of two new radicals, and it was suggested 

that this process was mainly responsible for chain branching. 

cl. 
cl 

Termination occurred when a fairly stabley graphitic type structure 

was obtained on the surface. Such a structure could not supply new 

radicals for chain branching, strongly absorbed radicals already formed,, 

and also decreased the catalytic action of the surface, with regard 

to the formation of new radicals. To test the inhibiting effect of 

this type of structure, the reaction vessel was soaked in a solution of 
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2-butene-1,4-diol, dried at 5000C, and the pyrolysis of dichloromethane 

carried out in the usual manner. The decomposition was strongly inhibited. 

A continuation of this work459 showed that the reaction was enhanced 

by metal surfaces. However, rapid corrosion of the surface resulted from 

attack by hydrogen chloride, and this inhibited the reaction. 

1. II. iii. CARBON TLTRACHLO=E 

The thermal decomposition of carbon tetrachloride commences at about 

580 0 C, and is thought to involve a radical mechanisml3,14,16947-530 

Tetrachloroethylene, hexachloroethaneq chlorine and carbon were shown to 
I 

be the main products, although, hexachlorobenzene47-50, dichloroacetylene5l 

and hexachlorobutadiene47 have also been identified in small amounts. The 

relative amounts of products formedv has been shown to depend on the 

temperature of the reaction4MOP5465. At temperatures below 600 0c 

hexachloroethane was obtained as the major producty whilst at 700 0c 

tetrachloroethylene was obtained in hikhest yield, and above this 
49950,54. hexachlorObenzene From an industrial point of view the temperature 

is very important if maximinn yields of tetrachloroethylene are required47952 

and it has been shown53 that this varies from 43 Yo at 900-190000C, to 80 Yo 

at 1,300-lP400 0 C. 

.1 Againt dichlorocaxbene has been suggested as an intermediate54ý56670 

Schmeiser and Schr8ter56 claimed to have isolated this speciesp which they 

identified by analysis and molecular weight. In a subsequent paper57, 

howevert they reported that the existence of dichlorocarbene could not be 

shown. Blanchard and LeGoff58 also claimed to have identified the diradical 

by the large increase in the intensity of the CC1 2+ peak, observed when 

they studied the reaction by mass spectrometry. The concentration of 

trichloromethyl radicals on the other hand, was insignificantly small. 

The following mechanism has been suggested5lt in which 
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tetrachloroethylene is formed from the dechlorination of hexachloroethane, 

rather than'th6'dimerization of dichlorocarbene. 

ccl 4 -ccl 3+ -Cl 

2CC1 3' C2C'6 

C2Cl6 - 
_C12 

Cl 2C=CC'2 
_C12 

> cicacc 
Ii 

No direct evidence was found59 for the presence of hexachloroethane as 

a precursor to tetrachloroethylene, and it was suggested that the 

compound was held on the surface where dechlorination occurred. Further 

dechlorination afforded dichloroacetyleneg' which could theý trimerize to 

,,. hexachlorobenzene59. 
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PYROLYSIS OF CELORINATED ETHANES AND ETHYLENES 

Chlorinated ethanes and ethylenes are the major products in the 

pyrolytic decomposition of chloroform, andq since their rate of 

decomposition is fast relative to that of chloroform, the secondary 

pyrolysis of these compounds? which is suraTon ised below, must be 

considered. 

TABLE 

Pyrolysis'of various chlorinated ethanes/ethylenes at 5000C. 4 

, Compound Major products Relative rate 

Pentachloroethane HC19 C2 Cl 4 fast 

RM-Tetrachloroethane HClV C2 C1 3H very fast 

Hexachloroethane Cl 2' C2Cl4 fast 

Dichloromeihane HC19 C2 ME 3' C2 Cl 3H very slow 

Tetrachloroethylene None 

191p, 2-Trichloroethane HC11 cis & trans-C 2 Cl 2H 21 
CH 2 Ccl 2 very fast 

1,2-Dichloroethane Ecl, C2 ME 3- very fast 

Tr#hloroethylene HC1, hexachlorobenzene very fast 
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As a result of their very comprehensive study of the dehydrochlorination 

of chlorinated hydrocarbons, Barton and Onyon 
6o 

were able to postulate 

a general mechanism. They had established three general mechanisms; 

1) heterogeneous decomposition on glass surfaces, 2) homogeneous first 

order unimolecular decomposition, and 3) homogeneous first order 

decomposition by radical chains. They predicted that a chloro-compound 

would decompose by a radical chain mechanism only so long as neither 

the compound itself, nor the reaction products, are chain inhibitors. 

The radical chain mechanism was characterized by four steps. 

a) Initiating step(s) which are kinetically . first order 

leading to the production of chlorine atoms. 

b) First propagation step involving attack of a chlorine atom on 

the substrate with abstraction of a hydrogen atom and formation of a 

I'large" chlorine-containing radical. 

0) Decomposition of the "large" radical to give the olefin or 

chloro-olefin. and a further chlorine atom which can ýarticipate again 

in step b). 
0 

d) Terminating step comprising the attack of a chlorine atom on 

the "large" radical to give non radical products. The stoichiometry 

of the reaction was explained by steps b) and c), the observed first order 

kinetics by step d). Inhibitors were thought to suppress the reaction 

by interference in steps b) and c). 

Chlorinated ethanes have, in fact, been shown to decompose by 

the mechanisms predicted. All except chloroethane and 111-dichloroethane 

react by a radical chain mechanism, although in -the case of 
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1,1,1-trichloroethane two mechanisms axe thought to operate simultaneously. 

Chloroethane has been shown to decompose to ethylene and'hydrogen 

chloride, by a simple homogeneousj first order reaction 
61-63, 

the - 

predicted activation energy of whicht agreed well with the experimentally 

determined value. Packing the vessel had no effect on the reactiong 

nor did the addition of propylene or cyclohexene 
64, 

known for their ability 

to inhibit radical chain reactions. This, together with the absence of 

any induction period, made the possibility of a radical chain reaction 
61 

unlikely. The following mechanism was therefore proposed 

c2H5 cl >c2H 
50 + cl. 

Clo +C2H5 cl > Hcl +c 2114 cis 

C05* + C2H4 C19 > C2H5cl + C04 

Attack by a chlorine atom on chlorcethane gives the 1-chloroethyl 

radical as opposed to the 2-chloroethyl radicalv as demonstrated by the 

formation. of 191-dichloroethane by radical chlorination of chloroethane 

in the gas phase 
65. 

1 

cl. + CH CH cl -Hcl : ýAio CH CHClo - 
cl 2 CH CHM + cl. 32332 

Since formation of a stable olefin, by removal of a chlorine atom, may 

only occur if it is accompanied by migration of a hydrogen atom, it can 

readily be understood why chloroethane may act as an inhibitor for its 

own radical chain. Decomposition, thereforeg, occurs by a unimolecular 
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reactiong in accordance with Barton and Onyon's theory 
6o 

. 

A study 
66 

of the transition state in the initiation step, showed 

that moderate lengthening of the C-Cl bond had occurred, but that there 

was little motion of the chlorine atom. 

The dichloroethanes lost hydrogen chloride to give mainly vinyl 

chloride, together with traces of acetylene which was shown to have 
61 

been formed by dehydrochlorination of the vinyl chloride . In the 

case of 1,1-dichloroethane the first order reaction was nearly 

homogeneous 
61,67, 

packing the reaction vessel increased the rate only 

slightly. 

lt2-Dichloroethane differed from its isomer in that its decomposition 

exhibited an induction period, which was explained as the time required 
6s to build up a steady state concentration of the chain carrying species 

The reaction was powerfully inhibited by propylene; the inhibited 

reaction remaining first order and having the same activation energy 

(47 Kcal. mol-. 
"), 

as the uninhibited reaction. It. was therefore$ 

suggested that the reaction involved a radical chain mechanism, which 

could be readily induced by traces of oxygen or chlorine7O. 

Inhibition was shown to depend only on the concentration of 

propylene, not on the initial pressure of dichloroethanev suggesting that 

a chain carrying species, such as C2H4 Cl-, which was not involved in 

direct reaction with dichloroethanep was being destroyed. 

c2H 3C'i + CH 3 CH--CH 2'> cHcl=GH 2+ Ecl +0 CH 2 CH = CH 2 

On this basis the following mechanism was postulated 
69 
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02 MCH 2 cl > C2H4 + Ch 

cl 2+C 2H4C'2 Cl- + HU +C 2H3 cl 2 

> HC1 + C2H Cl 7> mcl" + Cl - Cl- +C2H4 Cl- 32 21 

Cle +C2H4 Cle > Rcl +C2H3 cl 

The effect of the vessel walls has been investigated 
69-74 

p since 

it was shown that packing the vessel inhibited the reactiont as did 

decreasing the diameter of the reaction vesse, 
70. Similarly-, the reaction 

rate was greater on a clean surfacep probably because chain initiation 

occurred more readily, and this variation was thought73 to account for 

discrepancies between the results from various studies'of this reaction75. 

A calorimetric investigation71-72 showed that the reaction occ urr ed 

mainly in the bulk of the gas, but that chain initiation and inhibition 

occu=ed on the vessel walls. This explained how it was possible for 

very low concentrations of propylene to have a strongly inhibiting effect, 

but that as the concentration was increased a limit was reached, beyond 

which the rate was barely effected. 

The fact that the two dichloroethane isomers react by different 

mechanisms, may be explained by considering the radicals involved. Chlorine 

atomlattack on 1,1- and 1,2-dichloroethane gives 1,1- and 1,2-dichloroethyl 

radicals respectively. The latter may lose a chlorine atom to form a 

stable olefin, whereas the former cannotv and hencep unlike 

112-dichloroethane, 1,1-dichloroethane does not decompose by a radical 

chain mechanism. 
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In all of the following reactionsl decomposition by a radical 

chain mechanism may be similarly explained. 

1,1,2-Trichl. oroethane decomposed by a first order radical chain 

mechanism76 which exhibited a temperature dependent induction period. 

CHU 2cIH2 cl 

CHU 2 CHC1- 

CH, ClCC1 2 

> CHC1-=CIIC1 + Cl *- 

cci 22--CH 2+ Cl* 

The breakdown of 1,1,1-trichloroethane on the other hand appeared 

to involve two simultaneous mechanism77, one of which was suppressible 

by the addition of propylene, and thought to be a radical chain mechanism 

analogous to'that given for ltlp2-dichloroethane. The reaction obeyed 

first order kinetics only during the initial stages, possibly due to 

paxtial ix; hibition by vinylidene dichloride formed in the reaction. 

Packing the reactor decreased the reaction ratev suggesting heterogeneity. 

The second mechanism operating was first order, had no induction period, 

and appeared to be substantially homogeneous. Elimination of a second 

molecule of hydrogen chloride from the products, to give chloroacetylene, 

was not observed78. 

The=al decomposition-of both 1,1,2,2- and 11101,2-tetrachloroethane 

took place by a homogeneous, first order reaction 
68 

, to give 

trichloroethylene and hydrogen chloride. A temperature dependent induction 

period was observed which was proportionately prolonged by the addition 

of propylene, but unaffected by packing the reactor. Thus, it would 

appear that a radical chain mechanism was operating in the bulk of the 

gas, rather than on the surface of the vessel. 
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The pyrolysis of pentachloroethane was found70,79 to involve a 

first order, radical chain mechanism, initiated by rupture of the carbon- 

chlorine bond. Tetrachloroethylene and hydrogen chloride were the major 

products, and, of the minor products, trichloroethylene inhibited the 

reaction, whilst chlorine acted as a catalyst. 

80 The pyrolysis of hexachloroethane was studied by Faraday in 

1821. ' It was shown that tetrachloroethylene could be produced by passing 

hexachloroethane through a heated tube containing porcelain chips. Other 

reaction products are carbon tetrachloride and chlorine. 

The reaction has since been shown 
81,82 to proceed. by a radical 

chain mechanism which was autocatalysed by chlorinep - the chlorine once 

formed acted as the main source of chain centres. Dainton 82 
was unable 

to distinguish between cleavage of the carbon-carbon bond or a carbon- 

chlorine bond during initial radical formation, although calculated bond 

2CC1 3* 

ccl 3 ccl 3 

c cl + cl. 25 

energies (63 and 68 Kcal. respectively)83 1 suggested that the former 

was more feasible. 

Co-pyrolysis of hexachloroethane and p-xylene83 gave mainly 

Pip -dichloro-p-methylstyrene (22)) the fo=ation of which was explained 

, 
by the addition of a CClj radical to the p-xylene radical, whereas 



39 

addition of chlorine atoms would have given rise to p-methylbenzyl chloride. 
_r_ 

CHaOCH2CL 

-CL 

CHJýaCH2, 
1 CCL3 "'ýl c 

(2)-HC 

CHý&H=CCL2 

(22) 

This corroborated cleavage of the hexachloroethane carbon-carbon bond 

in the initiation stage of the reaction. 

The pyrolysis of chlorinated ethylenes was somewhat more complex 

than that of the ethanes. Vinyl chloride decomposed between 551-6180C, 

to give hydrogen chloride, ethylene, acetylene and methane 
84 

. 
The order of the reaction was 1-5 at time zero, increasing to 2.0 as 

the reaction proceeded. 

A study of the thermal decomposition of 1,2-dichloroethylene85 v 

revealed a non-integral order of reaction, which changed from 1-5 in a 

packed vessel, to 1-0-1.5 in an empty vessel. Inhibition of the reaction 

by addition of propylenep n-hexane or n-pentane resulted in a first order 

reac on 
86 

. The following scheme appeared to explain the results obtained. 
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C2 ]12C'2 >X+C2H2 cl. + cl. 

cl. +C 2H2C'2 
> Hcl, + Ycl 2. 

c 2HC'2* +S> cl. + c2HC1 +s 

X+C 2H2Cl* + Cl' ý11 M+C2H2 cl 2 

where, X is any molecular species capable of transferring energyp and 

S is the surface area. The theoretical rate equation, derived under 

steady state conditionsv predicted an order of 1-5 when S was largey 

and first order when S was small. 

Trichloroethylene decomposed by a radical-chain mechanism to give 
87 hydrogen chloride and hexachlorobenzene. in-, -the=etiCaI yield The 

bimolecular reaction appeared to be inhibited by one of the productsq 

and, since the effect did not decrease with timet hexachlorobenzene 

was thought to be responsible. The induction period was pressure 

dependent which suggested bimolecular chain initiation. 

Dichloroacetylene and chlorine were the major products from the 

vapqur phase decomposition of tetrachloroethylenel4,59,84, although 

hexachloroethane14 and hexachlorobenzene84 have also been reported. 

Hexachloroethane14 was probably formed by chlorination of 

tetrachloroethylene, and hexachlorobenzene either from three 

tetrachloroethylene molecules with loss of chlorine, or by trimerization 

of dichloroacetylene. 

Dechlorination was thought to occur on the surface of the reactor, 

since free chlorine could not be detected as a product when the reaction 
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was studied by mass spectrometry". 

C2 Cl 4 
(g) +C surface 

>C2 Cl 2 
(g) + 2cl(C 

surface) 



42 

nyy . . -. n, r. a 

REACTIONS OF CHLOROFORM IN THE PRESENCE OF A BASE 

2.1. THE HYDROLYSIS OF CHLOROFOBM 

88 The hydrolysis of chloroform was first reported by Geuther in 

1862, who suggested that chloroform existed as CU 20 HClt and that hydrogen 

chloride could be removed by alkali, to give dichlorocarbenet which 

decomposed to give carbon monoxide. --Mossler 
89 

P (1903). also cited 

dichlorocarbene as an intermediate in the reaction of chloroform vapour 

and air with solid potassium hydroxide, to give phosgene. Early kinetio 

studies showed that the overall hydrolysis reaction could be represented 

by the equation 

. 
CHU 3+ 4KOH = 3KC1 + 2H 20+ EC02K 

and that the reaction was first order with respect to both chlorofo=90 

and hydroxide 91 in dilute solutions. This suggested that replacement of 

the chlorine atoms occurred in successive stages. 

The first detailed investigation of this reaction was carried out 

by Hine and coworkers 
92-99 

, between 1950 and 1958. They considered three 

possible mechanisms. 

Mechanism 

cHcl 3+ OH %KZ 
fast____23h 

CCJ 3+ H20 

slow 
cci 

3 : Ccl 2+ Cl 

oil fast, 
: C-"2 H0 ý- CO + HCO 2 

I 



43 

Mechanism II 

f ast 
CHM 3+ oli- -, - cci 3+H20 

slow + 
H0+ ccl H O-CCl + Cl 2322 

+- OH f ast 
H2 O-Ccl 2> CO + HCO 2 

Mechanism III 

slow 
CHM 3. + OH -> CHC12 OH + Cl 

OH fast 
cHcl 2 OH > CO + HCO 2 

Of these thxee mechanisms, it is mechanism I which has been widely 

favoured, largely as a result of the supportive evidence which Hine has 

put forwa: rd, which will be outlined below. 

The initial equilibrium has been investigated, and, shown, by isotopic 

analysis94,100-102 , to be reached very rapidly compared to the rate of 

hydrolysis; an essential factor in mechanisms I and II. 

I The addition of neutral salts has been studied by many 

authors 
92,93003-107. Equal concentrations of sodium nitrate, sodium 

fluoride and sodium perchlorate, at ionic strengths up to 0.20, had similar 

effects on the basic hydrolysis93. Other halide ions had a considerably 

greater effect, and the rate was decreased in the order I> Br > Cl 

This was explained by the fact that the first group of salts contain 

anions which axe less likely to recombine with an intermediatep so that 
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the observed rate was in fact the rate of formation of the intermediate, 

which must therefore be independent of the nature of anions present. 

Chloride, bromide and iodide ions would readily recombine with the 

intermediate, resulting in the observed decrease in rate, the relative 

effects being as predicted by the relative nucleophilicities of the 

anions. 

The salt effect was explained on the basis of mechanism Iv in 

which the recombination of halide ions with the intermediate 

dichlorocarbene led to a reversal of the rate determining step (RDS), 

and hence to a retardation of the reaction. 

ccl 2+X cxcl 2 

When bromide or iodide ions were added the resulting mixed halofo=s 

reacted more readily than the original chloroform, resulting in an 

increase in the rate constant as the reaction proceeded. Mixed haloforms 

have been isolated from such mixtures93,108,109, giving further evidence 

for dichlorocarbene as an intermediate. 

-Mechanism II does not offer a satisfactory explanation of the 

observed results, since nucleophilic attack would be expected to occur 

between halide ions and the trichloromethyl aniong rather than on the 

intermediate. If X7 was chloride the reactant would be regeneratedt 

and the rate unaffected. 

ccl +X cxcl -+ Cl 32 
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In an attempt to provide more conclusive evidence for the 

fo=-tion of dichlorocarbene, Hine studied the reaction of chloroform 

with sodium thioph'encLlate 
92 

, and showed that it was negligibly slow 

compared to that with hydroxide ions. Addition of sodium hydroxide 

increased the reaction, suggesting that hydroxide was necessary for 

the formation of an intermediate which then reacted with the thiophenolate. 

Since thiophenolate ions are more nucleophilic than hydroxide, it would 

seem unlikely that the reaction involved nucleophilic attack. However, 

since they are less basic than hydroxide, a slower reaction would be 

predicted from both mechanisms I and II. 

Mechanism II predicts a competitive reaction between thiophenolate 

ions and water for the trichloromethyl anion. 

kt-. '. ., 4 
ccl +CHs>cH sccl- + cl- 

365652 

kw+ 
ccl 3+H20H20- ccl 2+ Cl 

If-this were the case, addition of trichlorophenolate ions to a system 

containing chloroform and hydroxide might be expected to increase the 

rate of disappearance of chloroform, but experimentally this was not 

observed. Since the reaction between thiophenolate and trichloromethyl 

anions involves reaction between two negative ions, it would be expected 

to show a larger positive salt effect than that with a neutral water 

molecule. It might be expected therefore, that the ratio. kt/lý 
w would 

decrease with decreasing ionic strength, but again this was not the 

case. 
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It is interesting to compare the rate of hydrolysis of chloroform 

with those of other methyl halides. The relative reactivities of 

methyl chloride, dichloromethane and-chloroform have been found to be 

110 830 : 5-5 : 10,000 respectively . In general, the replacement of a 

hydrogen atom attached to the a -carbon, by a halide, decreases SN 2 
92 

and increases SN 1 reactivity . Whilst this could account for the 

decreased reactivity of dichloromethane relative to methyl. chloride, 

it does not explain the greater reactivity of chloroform. Similarly, 

the replacement of an CL-hydrogen by fluorine should decrease SN 2 

reactivity, but bromochlorofluoromethane was found to react 300,000 

times faster than bromochloromethane 95. The most important factor 

effecting the ease of carbanion, formation (CHI 
3 ch. L CHBr 3> CHU 3 

), has 

been shown to be d-orbital resonance Although inductive effects and 

polarizability may play a stabilizing role, these effects were thought to 

be minor. 

98 Hine has examined the effects of structure on the relative 

stabilities of dihalocarbenes, and compared these to the reaction rates 

of the parent haloforms. He found that there were three factors 

controlling the rate (k 
2) , at which trihalomethyl anions lost a halide 

I ion; a) the ease with which the departing halogen breaks away with its 

electron pair, b)-the ability of the remaining halogens to stabilise the 

carbene produced, and c) the fact that the carbanion character of the 

reactant decreases in the transition state, so that whatever factors 

tend to stabilise a carbanion will lower the rate. 

The formation of dihalocarbenes appeared to decrease in the order 

F>>Cl> Br> I, and, since the carbenes are thought to be fo=ed in a 

non-radical (singlet) state'rather than a'diradical (triplet) state, 
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this was attributed to the relative abilities of the halogens to supply 

electrons to the carbon atom. The relative ability of the halogens to 

separate as anions (I>Br>Cl) was less significant. 

103005 An alte=iative mechanism has been suggested to explain the 

formation of dichlorocarbene. The effect of pH on the rate of hydrolysis 

was investigated, and four different regions identified. 

FIGURE 

Effect of pH on the hydrolysis of chloroform'03 
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in absence of salts. 

in presence of 0.01N sodium sulphate 

BetweenpH 0.1-3-2 the hydrolysis rate was constant (5-0 x 10-7 mol. 1.1 

min7l); it then rose to a maximm at PH 4.0 (3.2 x 10 -6 mol. 17.1min7l), 
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and fell to a mini=u= (5-0 x 10 -8 =ol. 171 min7l) at PH 5.2. Thereafter 

it continued to rise with increasing pH. The mechanism suggested to 

account for these observations is a follows, the proposed intermediate 

being the same as that suggested by Geuther 88 in 1862. 

Ecci 3+B ccl +H+B 3 (i) 

, AH + ccl- A-+ HC1: CC1 2 (ii) 

B+ EC1: CC1 2 HA Bfý' + CC1 2+ HCl + A7 (iii) 

CO + 2HCl HCO 2H+ 2HC1 

At low pH's the second step of the'reaction is-rate-controlling and for 

the line ýf zero slope, AH of step (ii) is the hydroxonium ion. -As the 

pH increases, however, hydroxoni= ion is gTa&dally replaced by water as 

AH and the rate increases. BY PH 4-0 the third step of the reaction, 

in which HA was hydroxonium ion and B water, has become so slow that it 

now, becomes rate-controllingt and the rate decreases with increasing pH. 

At the point of minimum rate, at about PH 5-09 HA becomes water and B is 

hydroxide ion. 

Hine" also investigated the effect of pH on hydrolysis, but 

observed no Tnqyi=, Tn or minixmim as reported above103- His reactions were 

carried put in buffered solutionsand he reported that at pH's below 

those at which the base catalysed reactioh began, the hydrolysis 
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of chloroform was first order with respect to chloroform, 'pH independent, 

and largely SN 2 'in character. 

In their investigation of the effect of added saltst Horiuti and 

Tanabe103 found, that the addition of 0.01N sodium sulphate to theý 

reaction mixture decreased the reaction rate by a factor of six, but 

the profile observed in the absence of added salts was still apparent 

(see Fig. 1). When the concentration of salt was increased, to-0.2N, the 

variation of rate with pH was no longer observed. Since Hine's 

experiments were carried out at ionic strengths of 0.2, it has been- 

suggestedl03 that this was-why he found the reaction-to be independent of pH. 

In an attempt to distinguish between the two proposed mechanisms, 

the rate of chlorine exchange has been studied 
99,106. '10' co ' rding to 

Hine's mechanism, chlorine exchange would be expected to result from 

SN 2 attack by chloride ions on chloroform, in acid solution, and by, 

recombination with dichlorocarbene in alkaline solutioný' 

Cl + CHU 3> CHM 2 Cl 

* 
-- 

H20, 
ccl 2+ cl- > ccl 2 cl CHU 2 cl 

From Horiutils mechanism, 

ccl 

3+ Cl HA ccl 2C' + Cl + HA 

(acid soln. ) 

(alkaline 
soln. ) 

In acid solution HA was thought to be H0+, and the rate of 3 
exchange was found to be independent of pH. Above pH 6, HA became water, 
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and the rate of exchange increased-linearly. with increasing basicity. 

Hine" argued that the possibility of one mechanism being responsible 

for the reaction at all values of pH was unlikely. " 

The two mechanisms lead to different predictions on the effect of 

hydroxide ion concentration, 'and added salts on the'ratio of, the rates 

of chlorine exchanget to hydrolysis (U /7 ). Hine's theory predicts sd 
that U 

s1v d depends only on hydroxide-ion concentration, and that both 

Vd and Us will decrease by the same factor with increasing Cl and I 

concentrationst because of the decrease of the steady state concentration 

of dichlorocarbene. Hn-ri3itI'Is-- mechanism on the other hand p requires 

that U 
s/V d and, Vd/[Oli-]are independent of hydroxide, chlorideand iodide 

106 ion concentrations, and this agreed with experimental observations 

It has been reported 
90,112 

, that under conditions, of high hydroxide 

concentrationt the order of the reaction with respect to the base increases 

from one -to-two. Bose 112,113 has suggested that two simultaneous 

reactions occ urr ed, the first predominating at temperatures below 45 09 

whilst above this the second rea: ction-- became more important. 

CHU 3+ 4KOH = HCO 2ý, + 3KC1 + 2H20 

cHcl 3+ 3KOH = 3KC1 + 2H 20+ CO 

The termolecular reaction observed was explained by the substitution 

of one of the chlorine atoms, as well as the extraction of a proton, by 

the hydroxide ions when these are present in excess. 
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CHU + 20H - 
fast 

C(OH)Cl- +H0+ Cl 322 

C(OH)C1 2 
slow Do Cl +C (OH) Cl 

fast 
C(OH)cl + OR- - C(OH)2 + Cl 

isomerises 
C(OH)2 > HCOOH 

The I'volume of activation" ( AV4), that is, the difference in 

molar volume between the transition states and the reactants, has been 

114,115 
studied to gain further insight into the nature of the intermediate 

in this reaction. A value of AV* may be estimated. (t 0-5 ml-)- From an 

experimental knowledge of the effect of hydrostatic pressure on the rate 

constantg from the relationship 

V -RT 
/d lrik"\ 
ý: dp ) (4) 

This may then be used to distinguish between transition states which 

incýude covalently bound solvent (23) and those in which solvent molecules 

remain at Van der Waals distances (24)y such as those in mechanisms I 

and II suggested by Hine 
ý2-99 
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CiRR + OH cl--. R7 

(24) Cl + :R+H20 

fast 

iroducts 

H20 

H 
Cl +: :0 --ýH 

f ast 

Products 

(23) 

Mecbar3ism I would be expected to have a larger AV* than II, and 

bY comparison with known values for similar reactions, values of 

AV *= +15 t5 mi. mol7l, and -5 to -10 ml. mol. 71 
, were predicted f or 

mechanisms I and II respectively. The value determined for the hydrolysis 

of chloroform was +16 t1 ml. mol-1, which is in good agreement with 

that predicted*for a dihalocarbene intermediate. In the hydrolysis of 

difluorochloromethane a lower value was obtained (+8-4 ml- mol-1 ) than 

that measured for chloroform. This supports the idea that hydrolysis of 

this halomethane proceeds by a concerted a-dehydrohalogenationp since 

the activated complex would be more compact than in the chloroform 

reaction. 

7 6- p 6- 
H-0- + H-C-Gl > H-0 

\F 111 

1 cl\ö- 6- 
ii-o- + ii-Z-Cl H-O-H + C-Cil ýi 

c 1/ 
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Although much work has been devoted to elucidating the mechanism by 

which reaction intermediates are formed, little has been said about what 

happens to them thereafter. If, as it has been suggested 
92-999110v112,113 

carbon monoxide and formate were formed simultaneously, the ratio of the 

products should remain constant throughout the reaction. However, the 

ratio of formate to carbon monoxide was found to be very small at the 

beginning of the reactionv and to increase as the reaction proceeded 
116 

suggesting that carbon monoxide was the primary product, and this then 

reacted further to give formate. The rate of formate formation was found 

to be proportional to the product of the concentrations of hydroxide and 

carbon monoxide. 

On the basis of predicted salt effects 
116 the most likely reaction 

f 
of dichlorocarbene in aqueous solution was thought to be 

H\+- 
,/ 

cl 
-H 

+ cl 
-cl- -Hcl : ccl 2+ H2 0>H/0 : -. -c ,, ý cl 

: 4, HO-C 

cl 

: ý' HO : ýo co 

Carbon monoxide reacted in an aqueous alkaline solution by a 

116 
second order reaction which showed no large salt effect . It was proposed 

therefore, that the mechanism involved direct slow attack by a hydroxide 

ion on the carbon atom of the carbon monoxide, followed by a prototropic 

rearrangement. 
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2. Ij. REACTIONS OF CHLOROFORM WITH A BASE IN THE PRESENCE OF 

A SUBSTRATE 

The reactions of chloroform with a base, in the presence of various 

substrates has been studied extensively. Many of these reactions give 

products analogous to those obtained from the same reactants in the gas 

phase. 

Following the first report of the formation of a cyclopropane 

derivative, from olefins and chloroform in the presence of potassium 

t-butoxidell7l many authors have been engaged in this fieldo studying 

the mechanism Of the reaction and extending its synthetic applications. 

As in the gas phase, the reaction is thought to involve dichlorocarbene 

as an intermediate117 and is considered by some people, as the most 

conclusive evidence. for its'existence. " 

>=--< CC' 2> 

cl cl 
A mechamism117,1,18 involving the addition of a trichloromethyl 

anion to the double bond to form a carbanion, from which cyclopropanes 

are formed by eliminationwas rejected. Carbanions are usually 

unreactive towards double bonds, and it has never been possible to 

isolate the saturated trichloromethyl derivative (25), from these reactions, 

which should be formed from the carbanion on addition of a proton. 
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II 
"*-C=---< + cci; > -c-c- 31- 

ccl 3 3 

(25 

7cý\ 

cl cl 
However, in the reaction between ketonesp chloroform,, and a-basep 

119-121 trichloromethylcarbihols (26) have been shown to be formed 
I. 

le H0R 21 
cl 3c+ C--O > cl 3 C-ý_O- >-Cl 3 C-U-Ud 

(26) 

Similarly, 1,1,1-trichloro. -2-p3; opyl. acetate-KZ7) was obtained from 

vinylacetate when sodium trichloroacetate was used as a source of 

trichloromethyl anions 
122-. This is thought to be formed-by addition 

of Ccl 3 to the double bond, giving a primary carbanion, which then takes 

up a proton, the origin of which is not clear. 
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0r 

CH 3-ý-O-CH=CH2 

CC 3 

: CC12 

ýj 

00 

c CHTC-O-CH-CH 23 CH3 
Ici 

3 

(27) 

A second criticism of the trichloromethyl anion mechanism is that 

it does not explain the stereospecific characteristics of the reaction. 

The reaction of bromoform with cis- or trans-2-butene has been 

shown to produce cis- (28) and trans-1,1-dibromo-293-dimethyleyelopropane 

(29) respectively, in 99 % purity123024. 

Br 
H /H \C. c Br -CBr2 CH 

YaE 

CH3 CH3 
CH3' 

(28) 

CH3 
/H 

clýa Br 

+ : cBr? [Br 
H CH3 

CH3 

(29) 
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This supports the idea that a three-centre transition state is formed 

in the reaction. A stepwise process leading to a charge separated 

intermediate wculd require that the intermediate rearranged to the 

cyclopropane faster than rotation could occur about the carbon-carbon 

single bond. 

The extent of reaction depends on the nucleophilicity of the 

olefin 
125. The increase in reactivity of olefins with increasing alkyl 

substitution can thus be explained by the ability of the substituents 

to donate elect=ons towards the double bond. 

Potassium t: -butoxide has been most frequently used as the 

base1179125-129 , since the highly hindered t-butanol formed in its 

130 reaction with chloroform would be fairly unreactive. Sodium methoxide 

butyllithiuml3lt cyclopentadienylsodium132 and potassium diphenyl- 

methide133 have also been employed. 

Until recently, the use of aqueous media had-been"avoided because 

of the competing hydrolysis reaction. Since the introduction 'of phase 

transfer catalysts however, increases in yields from 5 to 60 % have 

been reported in aqueous solutions134. Trialkylamines135, quaternary 

ammonium compounds1349136-139 and crown ethersl3a have been used in this 

context. Catalysis by quaternary ammonium compounds was thought to be 

due to the formation of ion pairs which enable the ,, N', ' Cý 

trichloromethyl anion to be transported into the organic phase. Solid 
140 Polystyrene resins have been used as "triphase catalysts'19 in which 

both the catalyst and each one of the pair of reactants were located in 

separate phases. 
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[GR 

Polystyrene resin 

a 
R CH2N(CH3)2(n-C4H9) 

CLE) 

Most, benzene derivatives are inert towards chloroform in the 

presence of a base, although anthracene afforded a product which may 

be derived from the hypothetical dichlorocarbene adduct (30) by 

displacement of a chloride ion by t-butoxidel4l. 

CHCL3 
---t-Buo- 

(30) t-BuOe(wA 

CL 

H+ 
+t-BuO 

H OBu 
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Addition to caxbon-nitrogen double bonds has also been shown to 

N-benzylideneaniline with chloroform and take place. The reaction ol 

sodium methoxide, gave 1,3-diphenyl-2,2-dichloroazirldinel42 (31)- 

CHC1 3 
Ph-CH=N-Ph Ph-CH-N-Ph 

MeO V 

cl cl 

(31) 

Ring expansion reactions analogous to those observed in the gas 

phase have been observed with pyrrole 
143-145 

and its derivativesl44-148 

indole149 and its derivatives150051P indene152P153 and cyclopentadiene 
129. 

Cyclopentadiene gave not only the expected ring-expanded product, 

chlorobenzene, but also 6-chlorofulvene 129. (32)- 

u CL 

CL 

I 

M-2 

.,. 
C L UýCL 

L 

-HCL 

UýCHCL2ý 

(32) 

The most commonly employed base was the sodium compo=d of the reactant. 
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The action of alkali on a mixture of chloroform, and a primary 

amine was first studied by Hoffmanl54,155 in 1867, and has been widely 

used in synthesis and analysis, to distinguish between primary and 

secondary arnines. 

H 

R-NH2 + : Ccl 2 R-vl-acl 2> R-NH-CHC1 2- 
H 

4>11/ 

R-ýNH-CHO R-NmC 

I 

Secondary amines gave dialkylfo=nmides (33) as the major products 

when reacted with chloroform and a base156-158. The formamides were thought to 

arise by hydrolysis of intermediate amidodichlorides (34), although these 

have not been isolated. 

R2-NH R-N"-CC1 >R (34) + : CC12 
12 

. 
2N-C"C'2 

H 110, 

(33) IýN-CHO RýN-CH=S 

A. variety of products were obtained from tertiary amines depending 

on the structure of the amine used157. When triethylamine was treated 

with chloroform and potassium t-bu: toxide, diethy1formamide and 

N, N-diethyl-a -chloropropionamide were obtainecI157. 

Piperidine reacted with chloroform to give piperidine hydrochloride 

and dichloromethylpiperidine, which was readily hydrolysed to 



61 

N-fOrmylpiperidine, but the reaction was slow in the absence of a strong 

base159. - 

The Reimer-Tiemann synthesis of phenolic-aldehydes 
160-162 is also 

thought to involve attack of dichlorocarbene on the 2- and p- position 

of phenoxide ions 163,164, 
since chloroform and sodium phenoxide are 

almost inert in the absence of sodium hydroxide. 

0- 

CL2 
: CCL2 +H 

HO HCL2 

OH, H20 

In aqueous solution, water and phenoxide ions compete-for the carbene, 

and a study of the competition-c. onstants kp/kw has shown that the reaction 

involves the above mechanism rather than reaction between phenoxide and 
116 carbon monoxide formed from the hydrolysis of chloroform 

I 
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2.111. Reactions of some chlorofo= derivatives in the -oresence of 

a base 

Xany compounds which may be regarded as derivatives of chloroform, 

that is compounds in which either, the hydrogen atom or a chlorine atom 

has been replaced by another group, undergo reactions similar to those 

of chloroform, when treated with a base. Again, dichloroca=bene has 

been postulated as the reaction intermediate. 

Trichloroacetic acid gave chloroform and carbon dioxide when heated 
165,166 166 

with various bases . Kinetic studies of the decarboxylation 

showed that the reaction was first order and gave a trichloromethyl anion, 

which could either abstract a proton to give chlorof orm, or lose a chloride 

ion to, give dichlorocarbene. In aqueous solutions, the rate of hydrolysis 

was -slow compared to the rate of protonation and chloroform was the, main 

product. 

cl 3c -co 2 >1 co 2+ ccl 

ccl 

CHM 3+ B7 

3 
ccl 2+ Cl 

The decarboxylation of salts of trichloroacetic acid in an aprotic 

solvent has also been used as a source of trichloromethyl anions and 
167-171 dichlorocarbene under neutral conditions . The rates of 

decarboxylation were in the order K> Na>Li. In the presence of olefins 

dichlorocyclopropane derivatives were-obtained in good yields. " " 
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Esters. of trichloroacetic acid reacted with alkoxides to 

give trichloromethyl anions which subsequently decomposed to 

dichlorocarbenel72'173. The latter was trapped by stereospecific 

addition to olefins giving dichlorocyclopropane adducts in good yields 

regardless of the base used, (potassium t-butoxidej sodium ethoxide, 

sodium methoxide). 

0 0- 0 

Cl C-C-OR + R'O > Cl C-C-OR > cci- + RO-C-011 333 

ccl 3>: CC12 + Cl 

As in alkyl trichloroacetates, the caxbonyl group of hexachloroacetone 

is highly reactive towards nucleophiles, and readily yielded dichlorocarbene 

in an aprotic medium on treatment with a base, such as sodium methoxide174075 

The methyl trichloroacetate formed-in'the first step reacted further to 

give a second trichloromethyl aniong as shown above. 

0 

cl C-Lccl ,+ CH 0- > Cl C-C-OCH' 
-+C. Cl 33 

In the presence of olefins the expected, addition products were 

obtained, together with some hexaclAoroisopropanol 174 
. The latter was 

thought to arise by'reduction--of the ketone, the olefin being the source 

of protons. 

The reactions of methyl trichloromethylsulphinate (35) and of 

trichloromethylsulphonyl chloride (36) with alkoxide are thought to 



64 

proceed by the same mechanism, although yields of addition products 

-176 were poor 

cl C-so CH + Ro- > RO-SO CH + ccl- 
3- 23233 

(35) 

cl 3 C-so 2 Cl + 2RO-- > RO-SO 2 OR + ccl- + Cl 3 

-- -06) -- 

Cycloaddition products have also been formed from olefins in the 

presence of trichloromethyllithium. This was prepared in situ by the 

action of alkyllithiums on tetrahalomethanesl77 
. 

CMýX + RU > ccl 3 Li + RX 

ccl 3 Li > : Ccl 2+ LiX 

In the reaction between alkyllithiums and chloroform, the 

dichlorocarbene produced was trapped by triphenylphosphine, to give 
178. triphenylphosphinedichloromethylene (37) 

(C6H5)3p + : CC12 (C 6H5) ? "": CC'2 

(37) 
This has been used as an intermediate in the synthesis of substituted 

vinyl chlorides. 
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CHAPTM 

TEE YAGIL APPROACH 

It has been shown by Bascombe and Be111790809 that the high 

acidities encountered in concentrated acid solutions are primarily due 

to the strong hydration of the proton in these solutions. Existence 

of the proton in a tetrahydrated form has been suggested and the following 

equilibrium put forward for an acid-base indicator. 

+0 B+ H(H 2 0) 4 Be + 4H2 

The water on the right hand side of the equation is "free water", and 

its concentration will affect the equilibrium to the fourth power. 

Increasing the acid concentration results in a rapidly decreasing 

concentration of free water, thereby increasing the BeIB ratio, which 

determines the acidity function. 

Yagil and coworkers 
181 

, have applied the theory of Bascombe and 

Bell to alkaline solutions, since these exhibit similar behaviour. By 

analogy with acid solutions 
I 

BH + OH(H 2 0) 
n 

B- + (n+l)H 
20 

The hydration numberg nq has been found to have a value of three 181 
1 

and two possible structures have been proposed for the hydrated hydroxide 

ion (38 and 39). 
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HH 

O-H y H-/ 

EC/ 

\H 

(38) 

H-H 

-Hoooo*0 H-0 

E 

(39) 

The strong basicity of OH - means that it is more likely to form a 

hydrogen bond by accepting a proton (38) than by donating it (39)- 

In-the study of reaction rates in alkaline solutions it, is not 

unreasonable to expect that"the hydroxide ion must lose its associated 

water before it can react with'any'other,, molecule. This idea has been 

applied to two reactions in which nucleophilic attack by OH takes 

182 
place . Plots of the observed rate constant (loglok) against 

(H- + log 10 Cw )l where Cw is the free water concentration, for the 

alkaline hydrolyses of chloramine and of ethyl iodidep gave straight 

lines with positive slopes of one. In te=s of eq. (6), (n; =3), this 

means that 

log 10 k logio (COIr Cw-3) + constant 

or k= k** C -3 
OH- Cw 

The hydrolysis of serine'phosphate. ' an elimination reactiont gave 
182 

similar results 

(7) 

(8) 

In the base catalyzed substitution of chloramine by arnmonia, the 

conjugated base NHC1_v ("B-11) is formed in a pre-equilibrium step. 
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NH 2 Cl + OH(H 2 0) 3 NHCl + 4H20 

NHC1 -+ NH 3 
S103ýý N 2H4 + Cl- 

The governing rate constant is therefore 

loglo k= loglo Cor -4 10910 Cw + constant 

When log 
10 k/C 

OH- was plotted against Vw for this reaction, a straight 

line of slope -4 was obtained. Vw is the volume fraction of unbound 

water, and was used in preference to C in some cases, since it takes 
w 

into account the differences in size between various species. Numerically 

the two values are very similar in hydroxide solutions. 

A general form of eq. (8) may be written 

kC OH- c -n (10) 

loglo k/C Oir =I loglo Cw+ constant (11) 

where nis the number of water molecules which are lost or gained 

during the formation of the transition state. 

In the base catalysed cleavage ofýcaprolactamq valerolactan 
182 and enantholactam a value of n= -2 was obtained . Addition of a 

hydroxide ion to the carbonyl group prior to bond cleavage requires the 

loss of three water molecules, and a value of -3 might have been 

expected. It has been suggested, however, that bond cleavage is assisted 
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by a water molecule acting as a general acid, donating the required 

hydrogen to the incipient amine (40), thus accounting for the observed 

value of -2. 

(CH2) (CH2)n 
n\, OH(H 3H20 CH 20)3 C 

121HC- 2 CH +2 H2 

HN HN-C-0- 
6H 

+H20 

product < 

CH2)n 

CH2 CH2 

H 

(40) 

This approach has been successfully applied to a wide range of 
182 

reactions in acid solutions . From the general equation 

k' Cil+ cwnq 

where fFH+ 

Iffwn 

(12) 

(13) 

straight line, plots of loglo k/C11+ against loglo Cw Or 10910 Vw 

may be expectedv as long as 0, is unity or, at leastt constant. 
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The enolisation of ketones gave straight line plots over a 
182 

considerable concentration range, with slopes close to -1 

Abstraction of a proton from the oxygen-protonated ketone is known to 

be the rate determining step in this reaction. Since protonation of 

the ketone involves an increase of four water molecules to the mediUM9 

three water molecules must be assumed to participate in the formation 

of the transition state (41) to account for the overall order. 

CH 3 
H3 O(H20) 3 

H2 

3H20 

CH 3R 

-ý 
o+ 

H 
12 

(41) 

4H20 

.> product 

In the suggested transition state (41)one water molecule is 

thought to act as a base, ready to accept the C-H hydrogeng whilst a 

second solvates the acid proton to the carbonyl group. The exact role 

of the third water molecule is less certain. 
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Similarly, the value of -1 obtained for the hydrolysis of esters 

has been explained thus 182 
: 

'R-C * O-R +H O(H + 
11 3 20)3 

0 

R-C-0 
1\R 

o+ 
1 
H 

17 

0 

2H 0 2 

H .......... 0 -H 
0H 

R-C---O 
11 \R 

0+ 

6 
H/ 11 

3H2 0 

:> Products 

The hydrolysis of aziridinium ions has been studied under 

conditions where the ion was already protonated over the acid 

concentration range of interest'83. The reaction showed a first order 

dependence on water concentration184. Since the substrate was already 

protonated the loss of four water molecules during the protonation 

equilibrium did not contribute to n, and the relationship between the 

reaction rate and Cw is simplified. 

kC 
0w 

"Iqz- - %-- c-0 -R 11 
0+ 

z jo 

(14) 

or 
log, 

0k 
log 10 ko+n log Cw 
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, 
CHAPTM 

THE DETERMINATION OF THE HYDRATION NUMBER OF 1ý4-DIOXANE 

The number, of water molecules associated with an organic solvent 

molecule has been determined for pyridine and dimethylsulphoxide (DXSO) 

as one and two respectively'85. -The method used compared the basicity 

( as expressed by the indicator scale H-), of an aqueous hydroxide 

solution in'the presence of the solvent, with its basicity in pure 

water; A considerable increase in H_ was observed in all cases as the 

solvent content was raisedg and the rates of increase have been shown 

to be in the order pyridine < sulpholane < DMSO. The addition of DMSO 

to an aqueous hydroxide solution (0.011 M tetramethylanTnonium hydroxide), 

resulted in an increase in H- from 12 in pure water to 26 in 99-5 56' 
186 DMSO 

When the solvent composition was kept constant and the concentration 

of added base varied, the basicity of the solution was found 187 to increase 

according to the simple relationship 

log 10 

[OH-] 
a 

IOH -lb 

where [01C] 
a and 101ý-]b are the concentrations of added base. This 

was shown to hold for aqueous pyridinev aqueous sulpholane and aqueous 

DMS09 provided the water concentration was not very low, in which case 

the basicity increased much more rapidly. 

The observed change in H- has been explained in te=s of the 

eciuilibrium between the hydroxide ion and the indicator acidv EB, 
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OH(ý20) 3+ EB B+ 4H20 

in which the hydroxide I ion is closely associated with three water 
179-181 

molecules The'effect of adding a non electrolyte-is two-fold: 

it displaces some water-mol'ecules, and binds additional''Ifree water" 

molecules. ' Both of these effects will'tend to shift the equilibrium 

further over to the right, and-so the hydroxide ions appear to be more 

basic than they would be in pure water. 
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EXPERIMENTAL DETERMINATION OF BASICITY 

In order to compare the basicity of two solutions it is necessary 
0 

to consider what is meant by basicity and to understand how it may be 

measured experimentally. The indicator acidity function H- is a measure 

of the ability of a solution to remove a proton from a weak acid. It 

has been derived for aqueous alkali metal hydroxide solutions by Yagil 

and Anbar 181 
, in a similar manner to Bascombe and Bell's treatmentl799180 

of the H0 function for concentrated acid solutions. The acid-base 

equilibrium involving the hydroxide ion may be generally expressed by 

BE + OH(H 0)- B- + (n+l 
2n 

)H20 

where n is the hydration number of OH The equilibrium constant for 

the equation will be 

'V-'ýH o n+l 

a. a 0: ý- 

Where aB-' a. M , a,, 
20 

n+l, a0k- are the activities of the ionised form 

of the acid, the unionised acid, the free water and the hydroxide ion 

respectively. By analogy with the treatment of Bascombe and Bell, the 

ratio of the activity coefficients has been assumed t9 be equal to unity and 

a molar equilibrium applied. 

c B- Cý 
2 On+1 

c BE c OH- 

where C is the molar concentration. 
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The H_ indicator acidity function is define 188 

log, 0B+ pK a 
(20) 

c BH 

where pK a 
is the dissociation constant of the acid BH 

BEI --m- 137 +eý (21) 

B- ae 
(22) 

a BH 

PKa = -10910 
B- 

_a 
H+, (23) 

a BH , 

The acidity function of the solution may therefore be expressed by 

a. --L f 
H log Tr -B (24) 

10 fBH 

where f denotes the activity coefficients of the indicator. In dilute 

aqueous solutions where the activity of the hydrogen ion becomes equal 

to its concentration, and'the activity coefficients of the. indicator 

approach unity the function H- becomes identical with pH. 

Medsurement of H_ is usually carried out using absorption 

spectrophotometric estimation of the-acid and/or its conjugate anion. 

A suitable group of weak acids is required,, which should have pK values 

in the range 12-19. The acid should lose a pro-kon in dissociation and 

ionisation must be rapidly established. The compound should be 

sufficiently soluble in hydroxide solutions, stable against hydrolysis 

by alkalip and either the acid and/or base form should absorb light 
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appreciably above 230 m, where Or begins to absorb. 

A wide range of compounds have been employed as acid indicators with 

varying degrees of success. Schwartzenbach and Sulzberger 189ý 
were the 

first to attempt the construction of an H- acidity scale using aqueous 

potassium and sodium hydroxide solutions, and indigo derivatives as their 

acid indicators. 

One group of commonly used compounds are the nitro derivatives of 

aniline, which have been employed in several solvent systems including 

hydrazine 190-192 
, ethylene diamine 192 

, methanol'93-196 , ethanol'979 DMS0198-200 

sulpholane 
200 

, pyridine 
201 

and others. It has been suggested however, that 

the ionisation of these compounds may proceed-by losing a proton from the 

ring in some cases, whilst in others, an OH- or RO- ion is added to the ring. 

It has been reported'85 - that the red colours of trinitrobenzene and 

294-dinitroaniline were not formed in aqueous solutions, unless traces of 

alcohol were present suggesting involvement of RO in base formation. The 

use of the. se compounds has also been criticized because the reaction has not 

always been found to be reversiblev nor was the base form always stable. 

Another group of compounds with suitable pK values for use as 

indicators is the alcohols. Aliphatic alcohols, however, do not absorb above 

230 nm-and phenols reach pK 13-14 only if they are internally hydrogen 

bonded, or substituted with a bulky group in the ortho positi=202ý203. 

The use of caxboxylic acids is also l#ited because of difficulties in 

determining pK accurately. The ions formed from suitable acids showed a 

tendency to undergo unusual spectral shifts as the degree of ionisation 

changed which may have been due to the formation of radical anions 
204. 

Poor solubility in water further complicated the derivation of valid H_ 
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scales anchored in water. 

Derivatives of indole have also been used as acid indicators'859205. 

In alkaline solutions a. new absorption'generally occurred between 310 

and 320 nm. Single ring heterocyclic compounds such as imidazole and 

pyrrole were rejected because they did not. absorb at a high enough, 

wavelength. Ionisation was believed to proceed thus: 

ý; 11 ýN L:. 

ýN 
1 \'ý 

0H 
oc 

+HP 

Abstraction of a proton from the ring has been ruled out, by determining 

the pK of derivatives in which almost every hydrogen has been substituted. 

No abnormalities were observed in the values of, pKt, orp in the spectrum 

of the ionised acid, Addition of OR to the ring is also unlikely, 

because resonance stabilisation is greater in the indolate anion (eight 

possible structures), compared to the eight possible OH- adducts (two 

or three possible resonance structures). 

In order that the H_ scale be an extension of the conventional pH 

scalep the pK of the most acid indicator must be determined by measuring 

the ionisation ratio within the pH region. Indicators most frequently 

used for this purpose include 3-formylindole and benzimidazolel852 and 

2t4,6-trinitroanilinel98. The ionisation ratio (r) of the indicator is 

measured in aqueous buffers and sodium hydroxide, and a plot of 10910 r 
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against log 10 C OH- constructed. This should give a straight line of 

unit slopeg indicating that the activity coefficient ratio f B-fw/fBH fOH- 

is very close. to unity, so that correction of this term, (by determining 

the pK at several constant ionic strengths, and extrapolating to zero 

ionic strength),, is unnecessary. Considerable variation in this term 

would not be expected, since both the numerator and the denomenator 

contain a single negative charge, so that the electrostatic contribution 

is largely cancelled. The pK of the indicator can be determined from 

the value of C at whi6h log r is zero, that is Cc OR- 10 B BH 

r-- 1 
PK = 14-00 - 10910 COH- (25) 

Construction of the H- scale begins by deriving the pK of'an 

"overlapping" indicator, from the relationship 

pK 2= IPK 1+ 
(log 

10 r 2- loglo ri) (26) 

This expression holds at each value of COR- , provided that 

(f 
B-lf f ')2 , that is, provided that plots of loglo r BH)1 

(fB-11"'BH 

against loglo Co: ý- for the series of indicators, run parallelf which 

is a basic assumption of the indicator acidity*concept. The difference 
I in log r between two overlapping indicators at several hydroxide 10 

concentrations may be averaged, and-this value of 8pK used to determine 

pK of the second indicatort and hencep H_. The process can then be 

repeated to determine the pK values of increasingly less acidic indicators, 

until values have been assigned to the whole series. 

From the calculated pK values and ionisation ratios, Eý_ may be 

calculated from the relationship which defines the scale, 
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H- = PK + log 10 r 

Several values of H- are obtained at each value of COH- p since 

(27) 

there are several indicators for which 0.1 <r< 10 at each hydroxide 

concentration. 

Determination of H_ in a mixed solvent in which C OH- is kept 

constant as the concentration of organic solvent is increased is 

198 
caxried out in a similar manner Once again the pK of'the most 

acid indicator is determined in aqueous buffers in order to anchor the 

scale to the pH region. The ionisation ratio of this indicator is then 

measured in solutions containing known amounts of organic solvents. The 

H- values of these solutions axe thus considered known. By compaxing 

the ionisation ratios with those of an overlapping indicator in solutions 

of the same composition, the pK of the second indicator is determined. 

This may be used to measure H for new solvent mixtures and to determine 

the pK of the next overlapping indicator. 

Once the difference in basicity of the aqueous solvent mixture is 

known relative to pure water at the same hydroxide ion concentrationg 

the hydration number of the solvent molecule can be calculated 
2o6 

0 by 
I di viding the molarity of bound water, (total water: n1 ý- bulk water; n 

W) 
by the molarity of the solvent present (n 

2)* 

n1nw 
hydration number: h= (28) 

n2 

The number of moles of bulk water present in one litre is given by 

nw = 55-40 Vw (29) 
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assuming that the partial molar volume of bulk water remains 18-05 ml- 

at all compositions. The volume fraction scale is used because of the 

considerable difference in size between water and the solvent molecule, 

particularly when the latter. is hydrated. Vw, the volume fraction of 

bulk water is calculated from the equation 

'8 11 =- log, 0 Vw (30) 

It has been showng using this method, that in aqueous solutions of 

DMSO below concentrations of 52 % the number of water molecules bound to 

DMSO is almost constant 
206 

* The value obtained was very close to two, 

in good agreement with values previously suggested. At higher 0 

concentrations of DMSO the hydration number decreased, presumably due 

to a deficiency of water molecules. Pyridine has similarly been shown 

to have a hydration number of one. 
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CHAPTER 

PLUG FLOW REACTORS IN CHEMICAL K=ICS 207 

Plug flow reactors are characterized by the fact that the orderly 

flow of fluid through the reactor allows no element of fluid to overtake 

any other element. Consequentlyp there should be no diffusion or mixing 

of fluid along the flow pathp (although there may be lateral diffusion), 

and all elements of fluid should have the same velocity. A necessary 

condition for plug floV is that the residence time in the reactor is 

the same for all elements of fluid. 

The relationship between the feed rate F AO 

F moles of reactant A entering 
AO 

time 

and reactor volume Vp is conveniently expressed in a flow system by 

the te=s space time and space velocityl which axe defined 

Space time time'required to process one reactor 
volume of feed measured at specific 
conditions 

time (32) 

Space velocity. S (Vol. of entering feed at 
specified conditions/time) 

void volume of reactor 

= time-1 (33) 
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Thus a space time of five seconds means that every five seconds one 

reactor volume of feed at specified conditions, is being treated in 

the reactor. The corresponding space velocity would be 0.20 see-'. 

that isp 0.20 reactor vol=es of feed at the same conditions are being 

fed into the reactor every second. 

The conditions of temperaturep pressure and state (gas, liquid or 

solid), at which the values-for space time or space velocity are measured 

are arbitrary. If, asis most usualpthey are those of the stream 

entering the reactor, the relation between Tor S and 
V/'? 

AO is 

c AO v 

F AO 

v 
vo 

iz\ v (2oles of A enterir =) 
( 

olume of reactor) 
\. volume of feed 

r2oles of A enteri 
\1 time 

reactor volum 

vol=etric feed rate 

The material balance for a reaction component must be made for a 

differential volume dVq since the composition of fluid varies from 

position to position along the flow path. Thus for a component A we 

obtain, 

(34) - 

(35) 

input =- output + disappearance by reaction (36) 
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FIGURE 2 

Variables for a plug flow reactor 

dV 

CA06 F; o 'L ) FA (, 
- 

IM FA+dFA, 
XAO ý7 XA 7 MXA+ d Xý- 

V " V O I f 

XA 

From Pig. 2. we see that for volume dV 

Input of, A (mol-time-1) PA (37) 

Output of A (mol. time-1) FA + dPA (38) 

Disappearance of A by reaction (MOl-time-1) (-rA )dV 

moles of A reacting x olume of fluid in] 
r (time) (volume of reacting fluid) section of reactor (39) 

considered 

distance through reactor 
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Introducing these three terms into equation (36) we obtain 

FA (F 
A+ 

dFA) + (-rA)dV (40) 

Since 

dFA d [FAO(l - XA)] -FAOdXA 

where XA is the fraction of A which has reacted. 

By substitution into (40) 

FAOdXA = (-rA)dV (42) 

Equation (42) accounts for A in the differential volume V. For the 

reactor as a whole the expression must be integrated. The feed rate P AO 
is constant, but rA, the rate of reactiondepends on the concentration 

of materials, or conversion., Grouping the terms accordingly we get 

nv ýx Af - 

dV dXA 

Flo -rA 

JoJo 

Hence 

or 

4ýAf 

v dXA 

AO -r A 

Jo 

(43) 

(44) 

ZA 

w 

dX Vc ZU (45) 
V0 AO 

%. 0 
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C AO being the initial concentration of A, given by 

total moles of A in feed 
`AO 

(volume of feed)(time of py=olysis) 

(46) 

The plug flow reactor can be used for kinetic studies. 

Graphical analysis of data differs from that of static systems since 

the appropriate rate expression im, t account for the changing fluid 

density. The fractional change in volume of the system between zero 

conversion and complete conversion is expressed by EA' 

EA = 
v -V XA=l XA--O 

v 
XA=O 

For example, in the isothermal gas phase reaction 

A 4R 

By starting with pure reactant A, 

CA 

(47) 

but with 50 Yo inert gas present, two volumes of reactant mixture yield 

on complete conversion five volumes of product mixturesp thus 

EA -2 
2 

Hence, EA accounts for both the reaction stoichiometry and the presence 

of inert gases. 
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For irreversible reactions of order n 

NX A 

C AO 
dX A (48) 

kC An 

V0 

allowing for expan ion proportional to conversion 

NA 
-ýAO 

(1 -x A) 
c 

AO 
(1 -x A) c (49) 

v VO (1+6AXA) 1+E: AXA) 

Therefore A 
(1te X )n dXA 

n-1 
AAn (50) 

kC AO J 
(ýl-x 

A) 

For zero order reactions this becomes 

.I- kt =C AOXA" "- 

For irreversible first order reactions 

+E ) ln 1 
A (i -XA) - EAXA (52) 

For irreversible second order reactions with one reactant Ap or two 

reactants of equal concentrations 

C kr 2E (1+C ) in (1-X +2+ (EJý1)2 XA (53) 
AO AAA ZA 

T' XA 
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For higher or fractional orders graphical integration is reco=ended. 

This is dcne by plotting -1 /rA against XA and evaluating the area 

under the curve between the appropriate limits, as shown in Fig. 3- 

FIGURE 

1 

To study the kinetics of a reaction using plug flow conditions 

a number of runs must be carried out at different space times. Each 

run, with a specific , t' value may be compared with one particular instant 

of time in the static system. Consequently kinetic studies carried out 

in such systems axe found to be much more time consuming, than studies 

carried out in static systems. 

Ai XA 
Af 



'PART 
TWO 

. -EXPERIMENTAL AND RESULTS 
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cHAP= 

THE PYROLYSIS OF CHLOROFORM 

GMq= 'PROCEDURE FOR PYROLYSIS EXPER=TS 

APPARATUS 

i) FURNACE: A Carbolite furnace was used at an angle of 100, to 

ensure that the chloroform ran into the preheater. 

ii) PREHUTER: The preheater consisted of a pyrex tube (71 cm. long, 

1W9 cm* i. d. ), closely wound with electrothermal heating tape. A 

rheostat was used to control the temperature at approximately 1600C, 

thus vapourising the chloroform before it entered the reaction tube. 

iii) RELICTION TUBE: PYrOlYsis was ca=ied out in a silica tube 

(44.0 cm. long, 1.9 cm. i. d. ). 

iv) . -NITROGEN 
GAS FLOWMETER: A 'Quickfitl gas-flowmeter was used to 

control the flow rate. of the nitrogen carrier gasl (British Oxygen 

Company Ltd., white-spot, oxygen free nitrogen). The manometer, which 

contained dibutyl phthalate as the manometric fluidv was adjusted to 

give a flow rate of 19-30 1-h-1- (220C). 

V) PURIFICATION AND DRYING OF NITROGEN: The nitrogen was purified 

and dried by passing it through a series of Dreschel bottles containing 

the following reagents. 

a) Fieser's solution: Traces of oxygen present in the gas were removed 
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by Fieser's solution 
208 

. 

b) Safety trap: The nitrogen passed through an empty bottle before it 

was bubbled through concentrated sulphuric acidy to prevent the acid 

coming into contact with the alkaline Fieser's solution in the event of 

sucking back. 

c) Concentrated sulphuric acid: Passing the nitrogen through conc. 

sulphuric acid removed any basic impurities and traces of water. 

d) Drying tower: Soda-lime was used to ensure that the nitrogen was 

dry when it entered the furnace. 

e) Mercury safety tube: A safety tube containing mercury was present 

to release any pressure which might build up as the result of a blockage 

in the apparatus. 

vi) COOLING TRAPS: The reaction products emerging from the reactor 

were collected, and separated from the carrier gasp by condensing them in a 

series of cooling traps. 

a) Trap one: Most of the products were retained in the first trap which 
0 consisted of a 2-litre round-bottomed flask kept at O, C by immersion in 

an ice/water mixture. 

b) Traps two and three: Tubular traps cooled to -780C by a mixture 

of cardice and acetone. 

c) Trap four: A spiral trap cooled to -1900C by liquid nitrogen. 

viii) BUBBIER: The effluerit gases (nitrogen and hydrogen chloride) were 

passed through dibutyl phthalate and then vented to the atmosphere. The 

bubbler was used to indicate any leaks or blockages that occurred in the 
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apparatus. 

ANALYSIS 

Products were analysed both qualitatively and quantitatively by 

gas liquid chromatography (g. l. c. ). A Pye 104 or a Pye Unicam G. C. D. 

chromatograph fitted with flame ionisation. detectors wezQ used, with 

nitrogen carrier gas (45 mls- min7.1 unless otherwise stated). The G. C. D. 

instrument was attached to a Pye-Unicam DP 88 computing integrator. 

Where preparative g. l. c. was required, a Pye 105 instrument was used 

with manual operation. The analytical columns used in this work are 

given below. All columns were made of glass, 4 mm. i. d., 1.5 m. in length. 

Column 1: Apiezon ILI, (5 Y6) on Diatomite IN' (60-80 mesh), acid washed 

and treated with dimethyldichlorosilane. 

Col umn 2:. Tricresyl phosphate (5 %) on Diatomite ICI (60-80 mesh), acid 

washed and treated with dimethyldichlorosilane 

I Column 3: Caxbowax 20M (15 %) on Diatomite ICI (60-80 mesh) , aicid washed 

and treated with dimethyldichlorosilane. 

Mass spectral analysis was carried out using a combined gas chromatograph/ 

mass spectrometer. A Perkin-Elmer model 881 gas chromatograph was linked 

to a Hitachi-Perkin-Elmer RMS 4 mass spectrometer. 

EXPERIMMAL PROCEDURE 

The silica reaction tube was cleaned prior to each run to remove 

anY carbonaceous deposit from the previous experiment. This was done 

by passing a stream of oxygen through the tube, whilst heating it to a 
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high temperature, thus oxidising the carbon. It was hoped that by 

treating the tube in this way, the reaction tube surfa, ýe would be 

reproduced as closely as possible for each experimert. 

The apparatus was set up as shown in Fig-4- taking care that 

no stresses built up. Nitrogen was passed through the systemp the 

furnace and preheater were switchecl on and left for two hours to 

allow equilibration at the operating temperature (5100C, 783 K)- 

The chloroform (British Drug Houses, analar grade) was introduced 

dropwise into the preheater from a pressure-equalising dropping f unn el, 

and the time taken to introduce the chloroform recorded. It was very 

important that the d--op-rate was constant in order to maintain plug, 

flow conditions, particularly in kinetic studies. The chloroform 

was vapourised in the preheater and swept into the reaction tube, by 

the nitrogeng where pyrolysis occurred. The products and unr eacted 

chloroform condensed in the cooling traps. When the addition was 

completep the furnace and preheater were switched off, the nitrogen 

flow rate reduced, and the cooling baths removed. Once the traps had 

warmed to room temperature the products were transferred into a 

volumetric flask, to which the chloroform washings from the traps and 

reaction tube were added. The solution was made up to the required volume 

with chloroform and analysed by g. l. c. 
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CALCULATION OF SPACE T IM 

The space time (t) is given by the formula 

TpxV 

N 

where: Tp Time of pyrolysis (sec. ) 

V The internal volume of the reaction tube in the 

furnace (ml. ) 

N= Total number of moles of reactant (chloroform) and 

nitrogen passed through the reaction tube, as a 

volume at the operating temperature and pressure (ml. ). 

A worked example of the calculation of space time is given below, for 

a typical r=. 

Temperature of pyrolysis = 783 K. 

Pressure of reactor = 770 mmHg. 

Diameter of reaction tube = 1.9 cm. 

Length of reaction'tube, inside the furnace = 44.0 cm. 
2 

. -Volume of reaction tube = "Wr 1= 3-142 x 0-95 X. 44-0 ml, 

= 124-8 ml. 

Moles of. chloroform = 0-25 mol- 

Volume of chloroform (783 K9 770 mmlIg) 15-86 1- 

Time of pyrolysis = 971 sec. 

Nitrogen flow rate = 19-30 1Xý (295 K9 760 mmHg). 

Volume of nitrogenpassed in 971 see. = 19-30 
x 

971 
x 

783 
x 

760 

(783 Kp 770 0MHg) 3600 295 770 

13.64 1. 
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Total. volume of feed 

Space time, 't' = 

It, =- 

(15.86 + 13.64) 1. = 29500 ml. 

124.8 x 971 
sec. 

; ý-ýP: )Uu 

4.11 see. 

6.1.1. PYROLYSIS ORCHLOROFORM AT 5100C 

Chloroform (29-85 99 0.25 mol. ) was pyrolysed at 5100C, and the 

products of the reaction analysed by g. l. c. and g. l. c. /mass-spectrometry. 

Products were identified by comparing their g. l. c. retention times and 

mass spectral breakdown patterns with those of authentic samples. The 

compounds present were commercially available, apart from 

pentachlorobutadiene which was prepared according to the method given 

209 in the literature 

The-following compounds were identified in the product mixture. - 

TABLE 

0 
. 
Products from chloroform pyrolysis'at 510 C 

Compound Approx. molax yo 
of, products 

Retention 
time'(sec. ) 
Column 1 
ý'Oiooc) 

Retention 
time (see. ) 
Column 2 

(700C) 

Dichloromethane. 14.2 46 34 

Carbon tetrachloride 10.2 62 48 

Trichloroethylene 8.5 70 77 

Tetrachloroethylene 18-4 120 137- 

2M-Tetrachloroethane <1 196 

Pentachloroethane 24-3---- 308 1060 

Hexachloroethane 20.3 576 1323 

Pentachlorobutadiene 2 1080 - 
Hexachlorobutadiene <2 1342 
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TABLE 

Mass spectra of products from chloroform pyrolysis 

Compound Molecular 
ion 

m/e 

Mass-spectral breakdown pattern 

m/e (relative abundance) 

Dichloromethane, 84 49000), 43(85-9), 84(49-4), 58(25-9)9 

47(20-O)t 40(18.8), 44(14.1)1 29(14.1). 

Carbon 152 117000), 119(97-3), 47(50-1), 35(48-7), 
tetrachloride 

121(32-4), 82(29-0), 84(18.7), 37(15.1). 

Trichloroethylene 130 95(100)9 130(91-9), 60(50), 83(35-7)- 

Tetrachloroethylene 164 166(100), 129(SO)q 164(77-3), 131(75-1), 

94(50.8), 168(47.6), 47(36.2)p 0,6(31-9)- 

Pentachloroethane 200 117000), 119(99.9), 165(99-9), 163(87.2),!: 

167(67.2), 83(61-3), 60(52.6), 130(50-5)- 

Ilexachloroethane 234 117(100)p 119(99.9), 201(99.9)t 203(74-4), 

199(71-8), 166(64.1)v 164(61.8), 94(58-5). 

Pentachlorobutadiene 224 191000), 189(77.. 7), 226(54.2), 193(4*8.6), 

84(33-3), 228(31-9)v 224(31-9), 154(30.6) 

Hexachlorobutadiene 258 225000), 227(70-5), 223(69.2), 190(50-0), 

118(44-8), 188(39-7)9 260(34.6), 141(33-3)- 
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Since the amount of chloroform which had reacted could not be measured 

directly, it was determined from the amount of products formed. The 

stoichiometry of the reaction was based on the number of carbon atoms 

present in the product molecule. Thus, for every mole of carbon 

tetrachloride or dichloromethane, one mole of chloroform was assumed to 

have reacted, and two moles of chloroform for every mole of 

tetrachloroethylene, pentachloroethane, etc.. The concentration of each 

product was calculated from a calibration curve of peak area against 

concentration, which was determined for each compound present in the 

mixture. A typical result from a pyrolysis run is shown below. 

TABU 

Quantitative analysis of products from 

the pyrolysis of chloroform at 510 oc 

Compound Peak area Concentration 
(mol. 1-1 x 102) 

Moles'formed 
3 

x 10 

Moles chloroform 
3 

reacted x 10 

CH 2 Cl 2 5275 0.65 0.33 0-33 

CC1 4 4014 0.10 0.05 0.05 

CýHý13 23938 0.80 0.40 0.80 

C2C14 73763 4.60 2.30 4.60 

C2ýC15 78539 7-36 3.68 7-36 
C2 Cl 6 113338 4.6o 2.30 4.60 

VC15 2758 0-075 0.038 0-15 

C4 Cl 6 4955 0.120 0.060 0.24 
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Total amount of chloroform which had reacted 0.01813 mol- 

Total amount of chlorofo= used 0.25 mol. 

Fraction of chloroform reacted (XA) 0-0725 

6.1. ii. ANALYSIS OF =LUENT GAS FOR TEE PPXSENCE OF HYDROGEN AND CHLORINE 

The effluent gas was analysed chemically for the presence of chlorine, 

and by g. l. c. for the presence of chlorine and hydrogen. 

Chemical analysis for chlorine 

Chlorine gas can be detected and determined quantitatively by 

bubbling the gas through potassium iodide solution. The reaction of 

chlorine with potassi= iodide results in the liberation of iodine which 

may be determined either by titration with standard sodium thiosulphate 

solution, or colourimetrically, by measuring the absorbaxice of the solution 

at 350 nm, 

cl 2+ 2Y. I > 2KC1 +12 

2S 0 
2- 

>s0 2- 
+ 21 23+ 12 

V46 

Chlorine gas (British Oxygen Co. Ltd. ), 'was bubbled'through a 

solution of potassium iodide (4 %P weight/volume)p which was shaken 

vigOrOusly. Two aliquots (25 ml-) were'removed and titrated against 

sodium thiosulphate solution (1-04 x 10-3 M) which had previously been 

standardised against a potassium iodate solution. On obtaining a pale 

0 



97 

straw colour, fresh starch indicator was added and the titration 

continued until the blue solution became colourless. 

The absorbance of a third aliquot was measured (360 nm) relative 

--to distilled wateri using a Pye-Unicam S. P. 600 spectrophotometer. 

Measurements were made at 360 m. as opposed to the wavelength of 

maximirn absorbance, 350 nm, since the latter'was the limit of the 

instr=entlsrangev and measurements at this wavelength might have given 

ý rise to inaccuracies. 

The experiment was repeated, bubbling chlorine through the 

potassium iodide solution for different lengths of time. From the 

concentration of iodine liberated, the concentration of chlorine in the 

solution could be determined. A calibration cu: rve of absorbance against 

,. -concentration of chlorine could then be plotted. 

ExamDle of calculation: Solution 1. 

Volume of sodium thiosulphate soln. used 68.93 ml-, 

Concentration of sodium thiosulphate'soln. 1.04 x 10-3 mol. -1. 

1 mole of 12 reacts with 2 moles of Na2 S203 

concentration of iodine soln. 68-93 x 1.04 x 10-3 
mol. I. ' 

25 x2 

-3 1.432 x 10 mol. 1.1 

lmole of iodine is displaced by 1 mole of chlorine 

.. conCentration of cl 2 1.432 x 10-3 mol. 1.1 

0-10153 g. 171 

101 - Ppm. 
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TABLE 

Calibration curve for chlorine concentration 

ý against absorbance at 360 nm. ý 

Solution No. Sodium 
thiosulphate 
used (ml. ) 

Concentration chlorine 
(ppm) 

Absorbance (360 nm. 
1 mm. path length) 

1 68.93 101-5 1.661 

2 24-50 36.1 0.667 

3 109-15 160.8 2.0 

4 43.20 63.7' 1.108 

5 5-03- 7-4 0-253 

6 65-95 97.2 1.603 

7 14-50 21-4 0.312 

To determine whether the absorbance due to iodine was affected by 

nitrogen bubbling through the solutionp an aliquot of solution 4 was 

taken and nitrogen passed through it for 15 minutes. The absorbance was 
I 
remeasured and found to be unchanged. 

Analysis of effluent gas 

Chloroform (29-85 9) was pyrolysed in the usual manner and the 

effluent gas was passed through two Dreschel bottles containing 

potassium iodide solution (150 ml, 4% w/v and 150 ml, 2% w/v 

respectively)v instead of the normal dibuty-1- phthalate bubbler. At 
the end of the run the cold traps were allowed to warm up - to room 
temperature so that any gases which had condensed in the traps would 
vapourise and be swept through the potassium iodide solutions. The 
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space time of the reaction was 5.87 sec.. 

The absorbance of the solutions was measured at 360 nm. relative 

to distilled water. No absorbance was observed for either solution, 

even when the path length of the cells was increased to 1 cm. 

Aliquots were taken from each solution and starch indicator added, but 

no blue colouration due to the presence of iodine developed. 

Chromatographic analysis for chlorine and hydrogen 

paratus 

A Perkin-Elmer P17 gas chromatographq with a katharometer detector 

(100 0 C) and nitrogen carrier gas (11 ml. min7.1) was used. The columns 

were glass, 2 m. long, 3 mm- i. d. 

Column 4: Molecular sieve 5A 

Colu= 5: Poropak Q 

TABLE 8 

Identification of hydrogen and chlorine 
by gas chromatography 

Gas Retention time (sec) Retention time (sec) 
Column 4 (500C) Column 5 (500C) 

Hydrogen 69 54 

Chlorine - 378 

The lower limit of detection for the two gases was found to, beý500 ppm. 
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Analysis of effluent gas 

A glass T-piece was connected between the last cold trap of the 

,,.. pyrolysis apparatus and the'dibutyl phthalate bubbler. The third arm 

of the T-piece was sealed with a rubber septum, through which it was 

possible to withdraw samples from the main gas stream using a syringe. 

FIGURE 

Glass T-piece used in sampling 

effluent gas 

to 
................. 

........................... from cold bubbler 
traps 

syringe needle 

rubber septu 

gtass T-riece 

'<-screw ccLp 

Chloroform (29-85 g) was pyrolysed in the usual maxmer with a 

space time of 7.23 see.. Samples (1 ml. ) of the effluent gas were 

withdrawn every 15 minutes and analysed on the gas chrcmatograph. On 

completion of the run the traps were allowed to waxm to room temperature 

and samples of the effluent gas were taken at frequent intervals. 
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No chlorine or hydrogen was detected in any of the gas samples 

analysed. 

6. I. iii TO D=RMM TEE =CT OF A RADICAL INITIATOR ON THE 

PYROLYSIS OF CHLOROFORM 

Azobisisobutyronitrile (30 rg) was added to chlorofo= (29.85 9, 

0.25 mol. ) and the mixture shaken until the initiator had dissolved. The 

chloroform solution was then pyrolysed in the usual manner. Products 

were an lysed by g. l. c. using Column 1 (1100C) and Column 2 (700C). 

TABLE 

Effect of adding a radical initiator on 
the pyrolysis'of chlorofo= 

. Average Noles of producta formed. (x 103) CHU 3 (sec) CH 2 Cl 2 Ccl 4 C2 HCl 3 C2 Cl 4 C2 HM 5 C2 Cl 6 reacted 

Chloroform 4-45 0.62 1.46 0-44 0-93 2.40 0.42 4.18 
alone 

Chloroform 4.29 0.63 1.40 0.51 1-05 2.64 0-40 4-49 
initiator 

Effect of +1.6% -4.1% +15.5% +12.9% +10-00/0 +7-49/6 initiator 

All values are the average from three runs 
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TO ])=R= THE EMCT OF A MICAL INHIBITOR ON THE 

PYROLYSIS OF CHLOROFORD4 

Phenol (O. Wg) was dissolved in chloroform (29-85 9,0.25 mol. ) 

0 
and the solution pyrolysed at 510 C. Analysis of the products by g. l. c. 

, ___(Colu= 
19 110 0 C; Column 2,70 0 C),, showed additional peaks to, those 

obtained from the usual pyrolysis products. These compounds were 

identified by combined-g. l. c. ---mass srectrometry-(ColiTnn 1,1100C). - 

The experiment was repeated using increasing amounts of phenol. 

TABLE 10 

Effect of adding a radical inhibitor on 

the pyrolysis of chloroform 

Run % phenol Moles of products formed (x 103) % CHU 3 
No. W/W CH2Cl2 CC14 C2HCl3 C2 Ci 4 ý2 HU 5 C2 Cl 6 reacted 

(see) 

9 4.45 0 0.62 1.46 0.44 0093 2-40 0.42 4.18 

13A 4.16 2 0.41 4.75 0-38 0.63 2.48 0-34 5-13 

13B 4.33 3 0-52 6.52 0-36 0.65 2-56 0.68 6.22 

13C 3.97 4 0.62 7.14 0.18 0.40 1.66 0.19 5.05 

13D '3-90 5 1.24 7.86 0.72 1.45 3.67 0.73 8.90 

ý13E 4.28 6 0.31 5.47 0.21 0.26 2 . 57 0.18 4.89 

13F 4.23 
17 1 

0.52 
110.16 

0.47 0.63 2.56 m6 7.25 

Of the other products from these experiments two were identified as 

chlorobenzene and trichlorcmet -hyl phenyl ether. The third was thought to 

be either diphenyl ether or dibenzofuran, but could not be identified more 

specifically due to the poor quality of the spectrum obtained. 
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TABLE 11 

Mass-spectral breakdown patterns of products 

from the pyrolysis of chloroform with phenol 

Molecular 
ion (m/e) Mass spectral breakdown pattern 

m/e (relative abundance) 

Chlorobenzene . 
112 112000), 77(6g. o), 114(33.6), 51(29.9)9 

50(26-5)9 38(12-3), 74(11-7)9 75(10-4) 

Trichloromethyl 270 77(100)9 65(46.1),, 175(42.2)9 119(32-4)9 
phenyl ether 156(31-4), 117(30-4)9 177(28-4), 63(28-4) 

6.1-v. TO DETERMINE THE EFFECT OF SURFACE AREA ON THE PYROLYSIS 

OF CHLOROFORK 

To increase the surface area of the reaction tube small silica rings 

were placed inside it. The dimensions of a number of rings were measured 

. and average values determined. The average weight of one ring was 

determined by weighing several batches of ten rings. Thus, an approximate 

relationship between weight and surface area of the rings made it possible to 

increase the surface area of the reaction vessel by a known amount, by 

adding the required weight of rings. The rings were placed on the bottom 

of the tube prior to the experiment, which was carried out ýn the usual way. 

By placing the rings on the bottom of the-tube, and not packing the tube to 

any great extent it was hoped to avoid turbulance and maintain plug flow 

conditions as far as possible. 
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Average dimensions of rings: 1-5 mm. in depth 

5-0 mm- intenial diameter 

7.0 =. external diameter 

... Average surface area of one ring = 96.26 mm 
2 

Average weight-of one ring 0-0783 g. 
2 Internal surface area of reaction tube = 38,202 mm 

To increase surface area bY 50 Ya requires 38,202 rings 
2x 96.26 

38,202 x 0.0783 
g. of rings 

2x 96.26 

15-54 9. of rings 

TABLE 12 

The effect of surface area on the 

pyrolysis of chloroform 

Run 
No. (sec) 

% increase Moles Of products formed (x 103 % CHU 3 in surface 
area C11 2 Cl 2 Ccl 4 C 2HCl 3 C2 Cl 4 C 2HCl 5 C2 Cl 6 decomposed 

16 3.89 0 0-41 0.81 2.64 1-71 4-34 0.87 8-14 
18 4.57 50 0-40 2.39 5-75 3.39 5-52 0.96 13.61 
20 4.34 75 0.52 3.55 7-50 4.80 6-57 1.20 17.68 
21 4.67 85 0.59 3. 8.26 5-39 7-o6 1.25 19.26 
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20 

10.0 

1, ,, a. * , -. - 

FiGuRE 

The effect of surface area on the extent of 

reaction in the pyrolysis of chloroform 

0 50 100 
% increase in surface ared' 

TO"I)ETER='TEE'EFFECT OF PRETREATING TEE TUBE ON TEE 

PYROLYSIS OF CHLOROFORM 

The. reaction tube was pretreated in various ways to see whether the 

catalytic activity of the silica could be changed. 

Run 207: Steam was passed down the reaction tube for 2 hours. The tube 
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was then dried by heating it in the reaction furnace (510 0 C) in a stream 

of nitrogen. 

Run 208: The reaction tube was soaked in distilled water for 70 hours 

and then dried as above. 

Run 210: The reaction tube was soaked in ethylenediaminetetra-t-acetic acid 

('EDTA) solution (0.01M) for 20 hours- it was then rinsed and allowed 

to stand in distilled water for 30 minutes, before drying as above. 

TABLE 13 

The effects of pretreating the reaction tube 

on the pyrolysis of chloroform 

Run N 0. (sec. ) Pretreatment of tube 
yo CHC1 3 

. reacted 
201 3.69 None 7.25 

207 3.82 Steaming for 2 h. 9.72 

208 3-81 Soaking in water 70 h. 8.80 

209 3.68 None, new tube 6.47 

210 4.11 New tube, soaked in EDTA soln. 20 h- 10-38 

6-I-vii. TO DETERMINE THE EFFECTS OF IMPURITIES AND AGEING ON TBE 

CATALYTIC ACTIVITY OF SILICA 

To determine the effect of impurities present in the silica of the 

reaction tubel on its catalytic propertiesq the pyrolysis of chloroform 
was carried out in reaction tubes made of different types of silica. 
One was made of very high Purity grade silica, the other was of the same 
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silica which had been used inýprevious experiments. The impurities 

present in the two materials are given in Table 14. 

TABLE 14 

Comparison of the impurities present in 

'Heraluxt and 'Suprasill silicas 

Impurities present (ppm) 
EERAEUS, 'Heralux', fused 

silica from quartz crystal 

EERAEUS9 Isuprasill 

synthetic fused silica 

Aluminium. 10-50 0.1 

Boron < 0.1 < 0.01 

Gold 0-0003 not detected 

Iron 0.8 0.2 

Potassium 0.8 < 0.001 

Calcium 0-8-3 0.1 

Copper 0-07 0-004 

Lithium 0-2 < 0-05 

Sodium 0-2 0-04 

Phosphorus 0.1 0.01-0.1 

Titanium 0.8 <0.1 

I OH 130-180 1200 

I 
H20 

1 
65-90 

1 
6oo 

The effect of ageing on the reaction tube, could be determined by 

comparing the extent of reaction in the new impure silica tube, with that 
in the old tube. 
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TABLE 1 

The effect of different types of silica on the 

pyrolysis of chloroform 

Run No. 'r(sec) Reaction tube % CHM 3 reacted 

201 3.69 Old tube, 'Hereluxt (impure) silica 7.25 

209 3.68 New tube, 'Herelux' (impure) silica 8.47 

206 3-75 New tube, 'Suprasill (pure) silica 9.63 

THE PYROLYSIS OF CHLOROFORM AND TRICHLOROETHYLENE 

Temperature of furnace: 

Time of pyrolysis:, 

Nitrogen flow rate: 

Wt. of chloroform: 

Wt. of trichloroethylene: 

Space time: 

5100C 

848 see. 

16-59 l. h-. l (220C, 760 mmHg) 

29-85 9- (0.25 mol. ) 

3.29 g. (0.025 mol. ) 

3.82 sec. 

Products were analysed using Column 1 (110 0C 
and 160 0 C) and Column 

(75069 N2 flow"rate 20 mlý. min-1 y. 

THE PYROLYSIS OF TRICHLOROEMYLENE 

Temperature of furnace: 5100C 

Time of pyrolysisý 834 sees 

Nitrogen flow rate: 43-18 l. ' h. -1 (220C, 760 =Hg) 
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Wt. of trichloroethylene: 3.29 g. (0.025 mol-) 

Space time: 3-75 see. 

Products were analysed using Column 1 (1100C) and Column 3 (750C9 

N2 flow rate 20 ml. min7l) 

No products were detected in the reaction mixture, only unr eacted 

trichloroethylene. It was noted that negligible caxbonisation had 

occurred on the reaction tube. 

TEE PYROLYSIS OF CHLOROFORM AND TETRACHLOROETHYLENE 

Temperature of, furnace 5100C 

Time of pyrolysis: 770 see. 

Nitrogen flow rate: 16-59 1. h-. 1 (220CP 760 mmHg) 

Wt. of chloroform: 29-85 (0-25 mol-) 

Wt. of tetrachloroethylene: 4.15 9. (0.025 mol-) 

Space time: 3.59 see. 

products were analysed using Column 1 (1100C and 1600C) and Column 3 

(750C, N2 flow rate 20 ml. min7l). 

I 6. i'. xi. THE PyRoLysis or TETRAcHLoRoET=NE 

Temperature of furnace: 

Time of pyrolysis: 

Nitrogen flow rate: 

Wt. of tetrachloroethylene: 

Space time: 

51 00C 

805 sec. 

43-18 1- h-1 (220C, 76o mmHg) 

4.15 9. (0.025 mol. ) 

3.74 sec. 

Products were analysed using Column 1 (1100C) and C011=33 3 (75 0 C, 

N2flow rate 20 ml. min7l). 
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No products were detected in the reaction mixture and again the amount of 

carbonisation. was negligible. 

TABLE 16 

The effect of added trichloroethylene and 
tetrachloroethylene on the pyrolysis of chloroform 

'Compound 
Moleslof product formed x 103) % CHU 3 

(sec) added 
I 

CH 2 Cl 2 
1 

CC14 C2 HU 3 C2 Cl 4 C2 HU 5 C2 Cl 6 VC15 C4 Cl 6 reacted 

3.69 none 0.33 0.05 0-40 2.30 3.68 2-30 0-04 o. o6 7.25 

3-82 100/0 - 0.10 - 1.73 1.00 5.10 1-84 0.41 9.90 
C2 HC1 3 

3-59 109 50 0-05 1-10 2-34 4.55 0.06 0.70 7.62 
C2 Cl 4 
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KINETIC MERIMENTS 

A kinetic investigation of the pyrolysis of chlorof orm was carried 

out with the aim of determining the order of the reaction. This 

involved carrying out a number of run s at different space times. All 

reactions were carried out under the following conditions. 

Temperature of furnace: 510 0C 

Temperature of preheater: 160 0c 

Nitrogen flow rate: 19-30 1- h-1 (220CP 760 mmHg) 

Column 1 (1100C) and Column 2 (700C) were used for g. l. c. analysis of 

the products. 

Estimation of EA 

To account for the fractional change in volume it was necessary 

to estimate the factor 'EA' Since the exact stoichiometry of the reaction 

was unknown this could not be done with any great accuracy. However 

from . the relative amounts of products formed it was calculated that 

286 volumes of products were obtained from 252 volumes of chloroform. 

x 286 Ii vo + Vol - 02 N+ Vol-of N 02 C"C'3 -5F) 2] - 
[Vol 

- 02 CHC13 2] 

[Vol'. 
of CHCl 3+ Vol-of N 2] 

For example: Run 26 

Wt. of chlorofo= = . 
29-85 

= 0.25 mol. = 15.86 1. (783 K, 770 mmHg) 
Time of py: colysis = 579 see. 
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Volume of nitrogen 19-30 x 579 x 783 x 760 
3600 295 770 

8-13 1- (783 K, 76o mmHg)' 

[(5 86 286ý + B. 1 3] [15.86 + 8.13] 752) 
EA 

F5.86 
+ 8.1 

26.13 - 23-99- 
23-99 

EA 0.0892 

Since the value of is small and it always occurs with X, the A 

fraction of chloroform which has'reacted, which is also small, < 0.20 

it was thought that any error in its estimation would have a negligible 

effect on the calculation of the order and rate of the reaction. 

Zerov firstp second and third order rate plots were constructed. 

Of thesel, the experimental data appeared to fit a first order plot 

considerably better than the other three, 'the second and third order plots 

giving definite curves. The reaction was therefore assumed to be first 

order with respect to chloroform. 

It. can be seen in the first order rate plotp that the majority 

of the points approximate to a straight line, from which the rate constant 

and the induction period were calculated. 

Gradient of line 31-87 ± 0.40 'secý' 

. 
*. k1=1- 3*14 10.04 x 10-2 sec-. ' 

31-87 

Intercept, T=2.63 t 0.04 see. 
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TABLE 17 

Results of kinetic experiments 

Run 
N o. (sec. ) 

Time of 
pyrolysis 

(sec. ) 

Volume of 
feed (1. ) 

EA Wt. of CHM 3 
used (g. ) 

Fraction of 
CHU 3 
reacted: XA 

1 3-01 579 23-99 0.0892 29-85 0.0180 

2 3.19 632 24 74 0.0865 29.85 0.0196 

3 5.49 1825 41-49 0-0516 29-85 0-0876 
4 4-52 1171 32-31 0.0662 29-85 0-0403 

5 4.86 1363 35-00 0.0611 29-85 0.0581 
6 4.06 949 29.19 0.0733 29-85 0.0481 

7 4.29 1054 30.66 o. o698 29.85 0.0485 
8 3.82 851 27-81 0-0769 29-85 0.0436 
9 4.60 1215 32-93 0.0650 29-85 0-0594 

10 5-58- 1907 42.64 0-0502 29-85 0.0549 
11 7.17 2280 39.69 0.026o 14-44 0.1292 

12 3-57 6oo 20.95 0-0805 23-59 0-0334 
13 7.21 2700 46-71 0.0254 16-55 0.1458 
14 . 67 7 2400 39-04 0-0183 10-05 0-1453 
15 . B-05 3974 61-59 0.0126 10.88 0-1526 
16. 6.69 3435 64-10 0-0334 29-85 0.0963 
17, 6.1s 2582 52.12 0.0411 29.85 0.0760 

18 6-35 2833 55.65 0-0385 29-85 0.0436 
19 6-70 3455 64-39 0-0332 29.85 0.0888 
20 7-33, 5312 90-44 0.0235 29.85 0-1071 
21 7.66 7041 114-72 0-0185 29-85 0.1143 
22 7-93., 9342 147.02 0-0145 29-85 0.1107 

C. T. 8,,, 3.96 907 28.60 0-0748 29-85 0-0391 
C. T. 12 4-92 1399, 35-51 0.0602 29.85 0-0783 
C. T. 16, 4-77- 1309 34.24 0.0625 29-85 0.0705 

C. T. 23ý 4.97 1430 35-94 0-0595 29-85 0.0633 
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TABLE 18 

First order rate plot for the pyrolysis of 

chloroform at 510 0c 

Run No. XA 1 
(1 -XA) 

CA l 
-6 

('+EA)ln 
(1 -XA) 

]JA - 
T(sec. ) 

1 0.0180 1.018 0.0892 0.0176 3-01 
2 m196 1.020 0.0865 0.0198 3-19 

3 0.0876 i. o96 0-0516 0.0921 5.49 
4 0.0403 1.042 0.0662 0.0412 4.52 

5 0.0581 1.062 0.0611 0.0603 4-86 

6 0.0481 1.051 0.0733 0-0499 4.06 
7 0.0485 1-051 0.0698 0.0499 4.29 
8 0-0436 1-046 '0-0769 0-0450 3.82 
9 0.0594 i. o63 o. o650 0.0613 4.60 

11 0.1292 1.148 0.0260 0-1382 7-17 
12 0-0334 1-035 0.0805 0-0345 3-57 
13 0.1458 1-171 0.0254 0.1546 7.21 
14 0.1453 1-170 0.0183 0-1572 7.67 
15 0-1526 1.180 0.0126 0.1657 8-05 
16 . 0.0963 1-131 0-0334 0.1240 6.69 

C. T. 8 0-0391 1-041 0.0748 0-0400 3.96 
C. T. 12 0-0783 1-085 m6u 0-0617 4-92 
C. T. 16 0-0705 1-076 0.0625 0-0733 4-77 
C. T. 23 0.0633 1.068 0-0595 0.0655 4-97 

10 0-0594 1-058 0-0502 0-0565 5-58 
17 0-0760 1.082 0-0411 0.0790 6.18 
18* 0-0436 1-046 0-0385 0-0450 6-35 
19 * 0.0888 1-097 0-0332 0-0930 6-70 
20* 0-1071 1.120 0.0235 0-1133 7-33 
21* 0-1143 1.129 0.0185 0.1215 7.66 
22* 0-1107 1.125 0-0145 0-1174 7-93 

* Runs car=ied out at a later date. 
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, 
TABLE 19 

Zero and second order rate plots for the 

pyrolysis of chloroform at 510 0C 

Run No (sec ) 104) (x C x 

(C 1) % 2C (1+E: )ln(l-X + E2-X + AAAAA ('-XA) 
. . AO A - 

CAO 

1 3-01 1.88 1.8 
2 3-19 1.98 2.0 
3 5-49 5.28 16. o 
4 4.52 3-12 5-4 
5 4.86 4.15 8-7 
6 4-06 4-12 6. o 
7 4.29 3-95 6-3 

8 3.82 3.92 5-1 
9 4.60 4-51 8-4 

10 5-58 3-48 10.8 
11 7.17 3.93 49-0 

12 3-57 3-15 3-7 
13 7.21 4-32 58-0 
14 7.67 3-12 79-3 
15 8.05 2.26 121.9 
16 6.69 3-76 27-4 
17 6.18 3.65 17.2 
is- 6-35 1.96 10.2 
ig 6-70 3-45 25.2 
20 7-33 2.96 43.6 
21 7.66 2-49 76-7 
22 7-93 1.88 73-3 

C. T. 8 3.96 3-59 4.5 
C. T. 12 4.92 5. a6 11-4 
C. T. 16 4-77 5-45 9.9 
C. T. 23 4-97 4.67 10-3 
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The remaining points (10,17-22), most of which (17-22) were 

determined at a later date to the others, appeared to fit a second straight 

t O. jqxjO-2 line, which gave a similar value of rate constant k 2.87 sec. 
'), 

but a larger intercept (3-52 t 0.11 sec. ). 

The third order rate plot is constructed by plotting 

xAP. 
X. 2A3 1 /C 

, dX against AO 

01 
-XA) 

A 

may either be determined graphically, 

I,, P. 
(1 +JEýx )3 

The integral, 
('-XA) 

Al dXA 

0 

by plot ting 
('+E: 

AXA) 
3 f( 1, 

against and p -x )j 
XA 

calculating the area under the curve between the limits XA and zero for 

each value of XA, or it may be determined numerically- The graphical 

method was found to be the easiest to calculate and this is shown in 

Fig. 11. The numerical calculation of the third order rate plot is given 

in Appendix 1. 
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6-111. THE PYROLYSIS OF CHLOROFORM USING A CARBONISED TUBE 

A series of runs were carried out using a carbonised tube, that is, 

one in which the carbonaceous deposit was not removed from the surface 

of the tube between runs. The aim of the investigation was to determine 

whether the carbon layer affected the amount of reaction taking place, 

and to see whether the reproducibility from one run to another was 

improved, and continued to improve as the carbon layer built up. The 

runs were carried out under the conditions used for the kinetic runs in 

the previous section. 

TABLE 21 

Determination of reproducibility using 

a carbonised tube 

Day Order of runs % Chloroform 
reacted 

1 1 2-95 10-34 

1 2 2.99 9-85 

2 3 2.94 15-10 

2 4 2-94 9-83 
2 5 2.90 8.98 

21 6 2-. 90 
1 

10-30 

The results in Table 21 show that for a 3-1 % vaxiation in space 

timej there was a corresponding variation of 13.8 % in the amount of 

', 'chlorofo= which had reacted (excluding run 3). There was a surprising 

increase (53 %) in the extent of reaction in the case of run 3. This 

run was the first, on the second day of the seriess and the carbon layer 
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which had built up from the two previous runs, had become cracked and 

broken as the tube cooled down overnight. The observed increase in 

reaction was therefore attributed_to the presence of a highly irregular 

carbon surface, which was more active than either the clean silica 

su: cfaceg or the smooth carbonised surface. 

Kinetic Runs. 

Kinetic runs were carried out under the conditions used for kinetic 

runs in the clean silica tube, except that the tube was cleaned only at 

the end of each day. The first run of each day was not included in the 

results, having been carried out in a clean tube. 

Zeroý firstq second and third order rate plots were constructed 

as before. Unlike the previous set of results howeverp the difference 

between the plots was less marked owing to the amount of scatter in the 

results* It was decided that the data approximated most closely to a 

straight 'line in the first order rate plot, the second order plot 

showing some curvaturep although this was less obvious than in the third 

order plot. 

From the first order rate plot: 

Gradient = 20.10 t 1.02 sec. 

k 4.98 t 0.25 x 10 sec. 

Intercept =T=4.05 t 0-09 sec. 
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TABLE 22 

Results from kinetic experiments using 

a carbonised tube 

Run No. 

(sec. ) 

Time of 
pyrolysis 

(sec. ) 

Volume of 
feed (1. ) 

CA Wt. of CHM 
used (g. ) 3 Fraction of 

CHM reacted; 3 
XA 

C. T. 9 5.41 1760 40-58 0-0527 29.85 0-0504 

C. T. 10 4.69 1264 33.61 0.0636 29-85 0-0554 

C. T. 11 5.41 1757 40-54 0-0528 29-85 0.0453 

C. T. 13 5-70 2017 44-19 0-0484 29.85 0.0885 

C. T. 14 6.14 2521 51.27 0-0417 29-85 0.1099 

C. T. 15 5-89 2220 47-04 0-0455 29-85 0.0805 

C. T. 17 5.24 1620 38.61 0-0554 29-85 0.0807 

C. T. 19 6-33 2797 55-14 0-0388 29.85 o. o966 

C. T. 20 7-03 4276 75-92 0.0282 29-85 0.1286 

C. T. 21 6-77 3618 66.67 0-0321 29.85 0-1302 

C. T. 24 5-70 2023 44.27 0-0483 29-85 0.0821 

C. T. 25 6.18 2573 52.00 0-0411 29-85 0-0977 

C. T. 27 5.29 1662 39.20 0-0546 29-85 o. o664 

C. T. 28 6-43 2952 57-32 0-0373 29-85 0.0920 

C. T. 31 4.82 1341 34.69 m617 29.85 0-0571 

C. T. 32 5.48 1813 41-32 0-0518 29-85 0.0620 

C. T-33 6. og 2461 50-42 0.0424 29-85 0-0797 
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TABLE 23 

First order rate plot for the pyrolysis of 

chloroform in a carbonised tube at 51000 

R= No. x 
,A 

1 
(1 -XA) 

lE A 
(1+E )ln 1 

A (1 -XA) 
EAXA 'r (sec. ) 

C. T. 9 0-0504 0.9496 0.0527 0-05178 5.41 

C. T. 10 0.0554 0.9446 o. o636 0.05710 4.69 

C. T. 11 0.0453 0.9547 0.0528 0-04641 5.41 

C. T. 13 0.0885 0.9115 0.0484 0.09287 5.70' 

C. T. 14 0.1099 0.8901 0.0417 o. 11669 6.14 

C. T. 15 0-0805 0.9195 0.0455 0-08408 5.89 

C. T. 17 0.0807 0.9193 0.0554 0.08880 5.24 

C. T. 19 o. o966 0.9034 0.0388 0-10178 6-33 

C. T. 20 0.1286 0.8714 0.0i82 0.13791 7-03 

C. T. 21 0-1302 0.8698 0-0321 0-13979 6-77 

C. T. 24 0.0821 0.9179 0-0483 0.08584 5.70 

C. T. 25 0-0977 0.9023 0.0411 0.10302 6.18 

C. T. 27 0.0664 0.9336 0.0546 o. o6883 5.29 

C. T. 28 0.0920 0.9080 0.0373 0.09668 6.43 

C. T. 31 0.0571 0.9429 m617 0-05890 4.82 

C. T. 32 0.0620 0-9380 0.0518 0.06411 5.48 

C. T. 33 0.0797 0.9203 0.0424 0-08320 6. og 
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TABLE 24 

Zero and second order rate plots for the pyrolysis 

of chlorofo= (510 0 C) in a carbonised tube 

R= No. T(sec. ) CAOXA(xl 04) 2,1 ln(l -X I)+E: 
2X 

+ 
('+EA) 2XA 

A(l+ A) AAA ('-XA7 

c 
AO 

C. T. 9 5-41 3-10 a. 6 

C. T. 10 4.69 4-12 7-9 

C. T. 11 5-41 2.80 7-7 

C. T. 13 5-70 5-01 17.2 

C. T. 14 6.14 5-36 25-4 

C. T. 15 5-89 4.27 16-5 

C. T. 17 5.24 5.23 5-1 

C. T. 19 6-33 4-38 22-7 

C. T. 20 7-03 4.23 45-0 

C. T. 21 6-77 4-88 40-1 

C. T. 24 5-70 4.64 15-9 

C. T. 25 6.18 4-70 22.6 

C. T. 27 5.29 4.24 11.2 

C. T. 28 6-43 4-01 23-3 

C. T-31 4-82 4-12 8-4 

C. T-32 5-48 3-75 11.0 

C. T-33 6. og 3-95 17-5 
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CHAPTM 

THE ALULINE HYDROLYSIS OF CHLOROFOIM 

7-1. GENERAL PROCEDURE FOR MROLYSIS EXPERIMENTS 

A solution of aqueous sodium-hydroxide in 1,4-dioxane was prepared, 

by measuring the required volumes of distilled waterp standaxdised sodium 

hydroxide solution, (British Drug Houses Co. Ltd. avs. p carbonate free 

solution) and lt4-dioxane, (Aldrich Chemical Co. Ltd. 9 analax or 

spectroscopic grade solvent), into a conical flask. A-small amount of 

impurity (<O. l Yo) was always present in the dioxane, even when 

spectroscopic grade solvent was used. This had to be removed before use 

since it gave a small peak on the chromatogram which interfered with the 

chloroform peak. The dioxane was therefore fractionated through a column 

(2-5 cm. i.. d., 25 cm. in length) packed with glass ringsand each fraction 

analysed by g. l. c. to ensure its purity, prior to use. Where it was 

necessary to know the composition of the solution very accurately, it was 

made up by weight rather than by volume. 

An aliquot of the solution (usually 100 ml. ) was, transferred to a 

conical flask (250 ml-), fitted with a drying, tube containing soda-lime, 

to prevent absorption of carbon dioxide by the hydroxide solution. The 

conical flask was then clamped in a thermostatically controlled water bath 

(t 0.10C), so that the level of the solution was one inch below the surface 

of the water. The solution was allowed to equilibrate to the temperature 

of the water bath for at least 30 min. 

At time zero, a known amount of chloroform was introduced into the 
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solution and the reaction mixture swirled vigorously in the water bath 

to ensure complete dissolution. Samples of the solution (1.0 mi. ) were 

removed-at known time intervals using a Gilson PipetTn;; n P1000 automatic 

pipette,. and the reaction stopped, by neutralising with the minimurn 

amount of-hydrochloric acid (-j 3 M), in a glass sample tube. The acid 

was cooled in ice before, and duringg addition of the alkaline solution, 

to prevent chloroform evaporation due to the heat of neutralisation. 

Swirling of the sample tube facilitated mixing, but at no time was the 

solution allowed to come into contact with sample tube caps, since it 

was shown that if these were made of polythene, they rapidly absorbed 

chloroform from the solution. Analysis of the neutralised sample was 

carried out by g. l. c. to determine 'he concentration of chloroform. 

To follow the reaction with respect to the concentration of sodium 

hydroxidev samples (1.0 mi. ) of the reaction mixture were removed at 

known timeintervals,, and diluted with ice-cooledp distilled water 

(approx. 10 mlo')o' The solution was then titrated against standardised 

hydrochloric acid, using phen'61phthalein indicator. It had previously 

been shown that the acid-base titration was not affected by the presence 

of sodium formate if phenolphthalein indicator was'usedv but, with methyl 

orange, a clear end point could not be obtainedO' Although the reaction 

was not absolutely stopped before titration of the sodium hydroxide, it 

was found that by diluting and cooling the solution, the reaction was 

sufficiently slowed down, for the amount of reaction which occurred during 

the time taken to, titrate the solutiont (less than 1 mino), to be negligibleo 
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Chromatographic analysis 

The concentration of chloroform in each sample was determined by 

g. l. c. using a Pye Unicam G. C. D. chromatograph (flýme ionisation detector), 

in conjunction with a Pye Unicam ARz'55'linear recorder and a. DP 1 88 

computing integrator. Thusp a printout was obtained giving the retention 

time and integrated peak area of each component in the solution. ' The 

peak area could then be converted to concentration, using a calibration 

curve. 

The column used for this work was Carbowax 20M (15 %) on Diatomite C 

(60-80 mesh), acid wash6dt and treated with dimethyldichlorosiline.. 

Nitrogen carrier gas was used, at a flow rate of 30 ml. min. 

Retention time of chloroform (700C) 324 sec. 

To dete=ine the volume, of-solution after neutralisation 

Samples withdrawn from the reaction'mixture were neutralised in 

order to stop the reaction. This resulted in a change in chloroform 

concentration as a, result of the increased volume due to the added acid. 

In order to%make a correction for this change in chloroform concentrationj 

the volume of the neutralised sample had to be determined,, and a worked 

example of the way in which this was calculated is given below. 

In run 71,1.0 ml. aliquots of the alkaline reaction mixture were 

neutralised with 0.25 ml- of dilute hydrochloric acid. The average weight 

of a number of neutralised samples was determined by weighing the sample 

tubes before and after the solutions had been added. 

The density of the neutralised reaction mixture was determined for 
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one sample by taking known volumes of the solution and weighing them 

accurately., A plot of weight against volume could-then be constructedo 

the slope of which gave the density of the mixture. This value could be 

applied to all samples from the same run, since the density change 

throughout the run would be negligible. The volume of the neutralised 

samples could now be determined since both its weight and density were 

knowny and a correction for the change in chloroform concentration could 

be applied 

Volume of neutralised mixture (ml. ) 

Wt.. of-tube + mixture 

Wt. of tube (g. ) 

Wt* of mixture (g. ) 

0.60 1.0 1.20 1.40 1.60 

2.8452 3.2229 3.3139 3.5300 3.7204 

2.0106 2.1743 2.0588 2.0836 2-046 

0.8346 1.0486 1.2551 1.4464 1.6718 

Wt. of tube + neutralised sample 3-39853-4302 3-4463 3-3924 
(g. ) 

Wt. of tube (g. ) 2-0766 2.1087 2.1256 2.0727 
'Wt. of sample (g. ) 1-3219 1-3215 1-3207 1-3197 

Average wt. , of neutralised sample 1-3210 g. - 

. 
*. 'Average vol. of neutralised sample 1.2628 ml. 
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Graph to determine density ofneutralised sample 
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votume of sotution (mi. ) 
The volume of the neuiralised's'ample may be determined directly from the 

graph, the slope of which gives the solution density. 

l'olume'of neutralised sample = 1.26 ml. 

If concentration of chloroform in neutralised sample x mol. 1.1 

concentration in reaction mixture . 
1.26x m0l. 171 

Determination of order and rate of reaction 

Once the concentration of chloroform in each sample taken has been 

determined the order of. the reaction may be determined. 
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For a first. order reaction 

kt= ln a 
1 (a-x) 

where a is the initial concentration of the reactant, and (a-x) is 

the concentration at time It'. 

On rearrangement this becomes 

or 

ln (a-x) = -k 1t+ ln a 

-k 
loglo(a-x) = 

(F-' 
-3ý, Ol 3) t+ loglo a. 

Since, for any one experiment a is constant, a plot of logjO(a-x) against 

t should yield a straight line in which the y intercept will be logloa 

and the slope (-kl/2-303)- 

For a second order reaction the rate equation is given by the 

relationship 

k2=1 -ln 
b(a-x) 

t(a-b) a(b-x) 

When the two reactants are the same, this is simplified to give 
I 

k2=1. x 

at (a-x) 

According to this equation a plot of a. I should be linear with 
a (a-x) 

slope k2 for a second order reaction. 'When one of the reactants is present 

in large excess, so that the change in its concentration during the reaction 

is negligible, the reaction becomes pseudo-unimolecular. -Under 
these 
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conditions (b-x) = b, and the rate equation becomes 

dx 
=k (a-x) b Ft, 2 

on integration this leads to 

k1 =d bk 2 
2.303 

* log 10 (a 
a 

t _X) 

which is the equation for a first order reaction. The new constant 

k11, is not independent of the concentration of b, as is the case with 

true first order constantsv but may vary with b if the latter is changed 

appreciably. When this is the caseq the true constant k2 can be obtained 

from k1 by dividing the latter by b. 

A worked example of the dete=ination of order and rate constant 

is given bjelow. 

Hydrolysis of chlorofo= - Run 74 

Temperature of reaction: 36 t 0.10C (309 K) 

Concentration of dioxane: 3.784 mol-1-1p (32 % v/v) 
I 

Ini, tial concentration of sodium hydroxide: 0.2017 mol-17-1 

Initial concentration of chloroform: 0-0103 mol-17-1 

Volume of samples after neutraliýation: 1.065 ml- 
, 

Since the reaction was carried out in the presence of excess sodium 

hydroxide, it appeared pseudo-unimolecular with respect to chloroform. 
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From the first and second order rate plots it can be seen that the reaction 

is undoubtedly first order with respect to chloroform. The first order 

rate constant for the reaction is obtained-from the slope of the graph. 

Slope 
k13.576 

x 10-5 see -1 
2-303 

k1=2.303 x 3.576 x 10-5 see-'. 

= 8.24 x 10 -5 see-1. 

Hydrolysis of chloroform - Run 29 

Temperature of reaction: 36 t 0.10C (309 K) 

Concentration of dioxane: 32 % v/v 

Initial concentration of sodium hydroxide: 0.3403 mol-1-1 

-1 Initial concentration of chloroform: 0.1730 mOl-l- 

Concentration of hydrochloric acid used - solution A: 0.0205 mol-l- 

solution B: 0.01025 mol-17-1 

. 
Two hydrochloric acid solutions were employed for titration of the 

sodium hydroxide solutiont because of the difference in concentration between 

the beginning and the end of the run. Towards the end of the reaction the 

volume of acid required to titrate the sodium hydroxide became small 

resulting in a larger relative error. It was more satisfactory therefore 

to use a larger volume of a weaker acid. 

The initial concentrations of chlorofo= and sodium hydroxide were 

comparablet so that the reaction could be followed with respect to both 

reactants. 
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TABLE 27 

First and second order rate plots for the hydrolysis 

of chloroform with respect to sodium hydroxide, (run 29). 

Time 
(see) 

Vol. HCl 
required for 
titration 

(Mi. ) 

n Cone . OH (a-x) 
(mol. l. 1) 

log (a-x) n Cone . OH 
reacted (x) 

(mol. l. 1) 

x1 
Ta--x) 

Solution A 
0 16.60 0-3436 0.4639 0.0000 0.00 

210 15-57 0-3223 0.4917 0.0213 0.19 
630 15.20 0.3146 0-5023 0.0287 0.27 

1290 13-37 0.2741 0-5620 0.0662 0.71 
1630 13-15 0.2722 0.5651 0.0714 0.76 
2400 12-58 0.2579 0.5886 0.0824 0-94 
3150 11.90 0.2463 0.6068 0-0973 1.15 
3720 11.25 0.2306 0.6372 0.1097 1.40 
4560 10.60 0.3194 0.6588 0.1242 1.65 
5280 10-05 0.2060 0.6861 0.1343 1.92 
6060 9.45 0-1937 0.7128 0.1466 2.22 
69oo 8.90 0.1842 0-7347 0-1594 2-52 
7740 B-35 0-1712 0.7665 0.1691 2.90 

10080 7.10 0.1470 0-8327 o. 1966 3-89 
11160 6.60 0-1366 0.8646 0.2070 4.41 
12120 6.23 0.1277 0-8938 0.2126 4-89 
13680 5.83 0.1195 0.9226 0.2208 5-43 
14880 5.20 0.1076 0.9681 0.2337 6.44 
16290 4.88 0.1000 1.0000 0.2403 7. o6 

Solution B 
17280 9-35 0.0958 1.0186 0.2445 7.50 
18480 8.63 0.0885 1-0531 0.2518 8-36 
19380 8.26 0.0846 1-0726 0.2557 8.88 
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To determine the overall order of the reaction the concentration of 

both reactants at the same time intervals must be known. An overall 

second order rate plot can then be constructed. 

k, t11 ln 
bo at 

2a0 
-b 0aobt 

where a0= initial concentration of NaOH = 0-3436 mol. l. 

b0= initial concentration of CHU 3=0.1730 mol-17-1 

at= concentration of NaOH at time t. 

bt= concentration of CHU 3 at time t. 

From-the plot for the overall second order reactiont the second order 

rateýconstant, k was calculated to be 2-176 x 10-4 - 
2 mol. 

1 
see-'. 

The stoichiometry of the reaction was found to be 2-97 moles of OH 

to 1.00 moles of CHU 3 when the amount of chlorofort which had reacted at 

a given time was plotted against the amount of hydroxide that had reacted. 
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TABLE 28 

Overall second order rate plot for the 

hydrolysis of chloroform, (runs 12 and 29). 

Time (see. ) Concentration CHU 3 
bt (mol. 1.1) 

Concentration NaOH 

at (mol. 171) 

1 

a -b 
. ln 

ab 00ot 

60 0-170 0-336 0.2867 

330 0-170 0.10; ýl 0.2963 
6oo 0.168 0-308 0-4691 

780 o. 165 0-302 0-4788 
1140 0.162 0.291 0-5888 
1620 0-154 0.277 0.5809 

2520 0-148 0.255 0-8331 

2850 0.148 0.248 0.9962 

3300 0-142 0.239 0-9703 
4170 0.137 0.223 1.1664 

4920 0.134 0.211 1-3608 

5760 0.129 0.198 1-5107 

6420 0.125 0.189 1-5987 

7200 0.120 0-178 1.7109 

7920 0.121 0.169 2.0636 

10080 0.111 0.146 2.4156 

10800 0.109 0-139 2-5970 
11400 0.106 0-133 2.6920 
12060 0-107 0.128 2-9717 
12630 0-104 0.123 3-0386 
13260 0.104 0.119 3.2324' 
14040 0.101 0-113 3-3640 
15900 m96 0.102 3.6789 
17160 0.094 0.098 3-7528 
17910 0-093 0.092 4.0602 
18840 0.092 0.087 4-3433 
19470 0.092 0.084 4-5490 
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7-I. i. DETERMINATION OF THE ORDER OF REACTION USING THE "METHOD 

OF FRACTIONAL LIFE", 

One means of testing the order of a reaction is known as the 

"fractional lifemethod". In this method the time taken to decompose a 

definite fraction'of the-reactant, usually one-half, is determined for 

a number of different valuesýof a. When one-half of the reactant has 

undergone decomposition, a-x = a/2, and the time, tjj nececessary for 

this to occur follows from equation (55) as 

1 ir, -a- (54) 

ln 2 (55) 
k1 

According-to this relationship tj; the half-life period of the reaction 

is independent of the initial concentration of the'reactant for a first 

order reaction. 

In the case of a second order reaction the period of half-life 

is 5iven by 

7 (56) 

(57) 

Therefore, for a second order reaction the period of half-life is 

inversely proportional to the first power of the initial concentration 
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of the reactant. 

The order of the hydrolysis of chloroform with respect to 

chloroform was investigated using the method of fractional life. The 

reaction was carried out under the same conditions but with differing 

initial chloroform concentrations, and the time taken for one-half 

of the chloroform to react was determined. 

Runs 97-100 

Temperature of reaction: 36 t 0.10C (309 K) 

Concentration of dioxane: 32D/o v/v 

Initial concentration of sodium hydroxide: 0-40 mol. 17-1 

TABLE 29 

Determination of order by the "method 

of-fractional life", 

Run 
. 
No. Initial concn A C11c, 3 

1 -1 (MOLL 
tj (see) 

99 5-54 x 10-3 4580 

100 9.00 x 10-3 4580 

97 13-30 x 10-3 4530 

98 18.12 x 10-3 4560 

The period of half-life was shown to be independent of the 

initial concentration of chloroform, and an average value of 49563 see. 

was obtained. This confi='ed'that the reaction was'first order with 
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respect to chloroform. 

Substituting this value into equation (55) 

49563 ln 2 
k 

-4 -1 kl' 1.52 x 10 see. 

7-I-ii. TO DETERKM THE EFFECT OF ADDED SALTS ON THE RATE OF 

HYDROLYSIS OF CHLOROFORM 

Experiments were carried out to determine the effect of added 

inorganic salts on the reaction rate. Runs were carried out at 

41 ± 0-10C (314 K) with an initial concentration of 0-0375 mol-17-1 

sodium hydroxide. 

TABLE 30 

The-effects of added salts on the hydrolysis of chloroform 

Run 
No. 

n Cone . dioxane 
(% V/V) 

Salt 
added 

n Cone salt 
(mol. 1.1) 

.4 -1 k1 (see Change in k 

due to salt 

101 32.0 - 7.16 x 10-5 - 

102 32.0 KNO 3 0.01 5-59 x 10-5 -21.9 % 

103 10.0 - 14.60 x 10-5 - 

104 10.0 NaCl. 0.01 7-07 x 10-5 -51.6 % 
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7-I-iii. TO SHOW THE EFFECT OP DIOXANE CONCMVMTION ON THE RATE OP 

IMACTION 

To dete=ine the effect of changing the concentration of dioxane 

on the rate of reaction, a number of reactions were carried out in i4hich the 

concentration of dioxane was slightly higher than that usually employed. 

TABLE 31 

To show the effect of dioxane concentration on 

reaction rate 

Run No. Conc n, dioxane 
(mol. 1.1) 

Conc n, NaOH 
(mol. 1.1) 

kl** (sec-1) x 105 

82 4.1067 0.9687 27-58 

85 4.1220 1-1555 29.01 

81 4.1160 1.2733 30-44 

ý84 
4-1168 1-3540 31-71 

83 4.1380 1.4332 32.24 

86 3.7945 0-8949 28-71 

-72 3.7910 0.9998 30-36 
69 3.7877 1.2956 36.25 

'68 3-7799 1.4950 38-12 

REACTION OF -DEUTEROCHLOROFORM WITH SODIUM DEUTEROXIDE 

The hydrolysis of deuterochloroform by sodi= deuteroxide was 

_Carried out in the same way as that of chloroform, except that deuterium 

oxide was used to make up the solutions instead of water. Deuterochloroform 
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was used instead of chloroform in order to prevent exchange betweea 

the deuteriumýof the OD- ion and protons released by dissociation of 

chlorofo=. 

ihm 96 

Temperature of reaction: 36 ± 0.10C (309 K) 

Concentration of dioxane: 32 Yo"VIV 

Initial concentration of sodium deuteroxide: 0.80 mol. l. 1 

Initial concentration of deuterochloroform: 0.00822 mol. l. 

The first order rate constant was found to be 3'*19 x jo-4 see. 
' 

' -4 - compared to 2-57 x 10 see. 
' for the hydrolysis of chloroform in 

sodium hydroxide under the same conditions. 

DETEMNATION OF ARRHENIUS ACTIVATION ENERGY AND ENTROPY 

OF ACTTVATION 

Increasing the temperature of a reaction leads to an increase in 

reaction velocity and hence an increase in the rate constant. This 

variation may be represented by the Armhenius equation 

d ln kEa 
dT RT 2 

where k= The reaction rate constant 

T= Absolute temperature 

R= Gas constant 

Ea= The energy of activation 

If Ea is ass=ed to be constant, integration gives 
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log 10 ka. 
1+C 

2-303 RT 

where C is a constant of integration. However if the equation is 

integrated between the limits k=k 1 at T--Tj, k=k, být T--T 2' then 

loglo 2=a( 2- 1 
k12.303 R 

ýT 

1 T2 

ý 

Hence if the energy of activation and a value, of k at a particular 

temperature are known, k may be calculated at any other temperature. 

From equation (58) it can be seen that a plot of loglok against 

.1 should be a straight line with slope equal to -E a 
/2-303R, and Y T 

intercept equal to C. 

(58) 

(59) 

Transition state theory has shown that the rate constant of any 

reaction may be given by the expression 

k= RT Kt 
Nh 

1 
--1 where R= Gas constant: 1-9872 cal. mol-1 g de 

N= Avogadro's number: 6.0225 x 10 23 
mol-1 

h= Planck's constant: 1-5836 x 10-34 cal. sec. 
T= Absolute temperature 

K q, = Equilibrium constant for the formation of the 

(60) 

activated complex from the reactants 



162 

K* may be written 

ln K =_LG* 
RT 

e- TA St) (62) 

RT 

where AGf9 611 + and 6 St axe the free energyt enthalpy and entropy 

of activation respectively. Introducing this into equation (60), we 

obtain for k 

, as+ Aill' 
(63) keRe RT 

or ln k ln (RT 6s+ AW (64) 
ýw + -R RT 

in k in + in T+ Ids+ 5 11 (65) 
R RT 

A S+ (66) 
L 

in in R) 
T 33 R RT 

From the above relationship it may be seen that by plotting ln k/T 

against 1/T a straight line is obtained with slope 
4-H# 

and intercept 
R 

(1/T = 0), ln (R/Nh) +, a S#/R. Since R, N and h axe known constants 

48S 
4, may thus be determined. Ilowever, it is more usual to determine 

this value numerically. 

Tri order to determine the Arrhenius activation energy and the entropy 

of activation the hydrolysis of chloroform was carried o-ut at' 



163 

1 
a) U) 

1) 
E 
I- 

ej 
ci 
E 
a, 
- ci CL 

C 
0 

d 
> 

U 

C 

E 

w 
0 

73 
v 
(n 

0 
CL 

(L) 
ci 

L- 
0) 

Ll- 

0 

(1) 
10 
.Z 

M 
0 
%. T 
C5 

(X-I))Ukbol 



164 

0 

tA U) . 6.0 0 

CL 

ei 
0 

. 6a 

1 
th ß- gi 
ei E 
Ei ci 

ci 

ci 
ei 

E) 0 
. ei ß_ 
tu 1C3 

r- 
:3 
: Ei - 
u9 

C) 

a 

LL 

iz 

(X-D)M501 



165 

several temperatures and the first order rate constants for each 

reaction determined; 

Runs 709 76,90-95 

TABLE 32 

Determination of Arrhenius activation energy 

0-40 M NaOH 0.79 M NaOll 

T(K) i (k-, ) 
T 

k"' (sec-. ') 
1 log, 0k` 1 k" (sec-. ') 

1 logio ki-' 

314 3-185x10-3 2.71x10-4 
�-3-5670 5-17X1 0-4 -3.2865 

309 3.236x10-3 ''1.60x10-4, 
-3-7959 2-57X1 0-4 -3-5901 

303 3-300x10-3' 0.614x10-4 -4.2118 1.16x10-4 -3-9355 
298 1 3-355x10-3 0.355x10-4 -4-4498 0-587x10-4 -4.2336 

The slope of the line was obtained from the plot using the 'method of 

least squarest. 

0-: 40 M NaOH 

Slope -5-366 x 103 
-Ea 

2-303 R 

3- Ea5.366 x lo x 2.303 x 1.987 cal. mol. 
1 

24.6 Kcal. mol. 
1, (102.8 KJ. mol-1) Ea 
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0.79 M NaOH 

Slope -5-561 x 103 
-E a 

2.303 R 

3 Ea 5.561 x 10 x 2.303 x 1.987 cal. mol. 
1 

Ea= 25-5 Kcal. mol -1 (l06.5KJ. mol--') 

TABLE-33' 

Graphical determination of enthalpy and entropy of activation 

0.40 M NaOH 0.79 M NaOH 

T(K) kl(sec. ln (see. ln 
T T 

314 3.185xlO -3 2-71xlO -4 -13.9628 5-17xl 0-4 -13-3169 

309 3.236xio-3 1.6oxio-4 -14-4737 2-57xl 0-4 -13-9998 

303 3-300xl 0-3 0.614x, 0-4 -15-4118 1.16xio-4 -14-7757 

298 3-355xl 0-3 0.355xlO -4 1 -15-9431 0-587xl 0-4 -15'. 4402 

0.40 M NaOH 

Slope -12.051 x 10 3E 

R 

3 
.. 

AH 12.051 x 10 x 1-987 cal. mol. 
' 

All* = 24.0-Kcal-mol--1 (100.2 KJ. mol. 
1) 

(1 0) = 24-4471 = ln R+A S* Intercept ý= Nh a 

.1 

23-7599 + S# 
1.987 



168 

-13 

-11 

C 

.ý -1 

15 

Fig. 32 Determination of entropy of activation 
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S 

SIP 

0.79 M NaOH 

Slope 

(24-4471 - 23-7566)1.987 cal. mol-. 
l deg7.1 

-1 '71 deg. 1.4 cal. mol. 
1 deg. ' (5-9 J-mol- 

-12-475 x 10 3 
R 

H* 24.8 Kcal. mol-. 
l (103.7 KJ. mol. 

1) 

Intercept (I = 0) 26-38596 = 
lnR 

+-s T Nh R 

AS* 5.2 cal. mol. 
1 deg. (21.8 i. mol. 

1 deg7.1) 

The entropy of activation may also be determined numerically 

from eq. (64). 

ln h= ln RT +Ae-a H* 
T RE R RT 

0.40 M, 298K 

-10.2460 = 29-4571 - 40.5447 + 'A S* 
R 

+ -1 1 

, 8s 1.7 cal. mol. dej-. (7.1 i. mol. 
1 deS7.1) 

This may be, repeated for each, temperature, and the average value 

taken. 

(64) 
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TABLE 34 

Numerical determination of entropy of activation 

0.40 M NaOH 0.79 N NaOH 

T (K) AS (cal. mol. 
ldej. 1) de(j. mol'. 

1 deg. 1 6S*(cal. mol. 
ldeg7.1) Lje(j. mol-. 

ldeg,. -l) 

298 1-7 7.1 5-7 23-8 

303 1-4 5.9 5.6 23-4 

399 1.7 7.1 5.6 23.4 

314 1-4 5.9 5.6 23-4 

Aver- 
age 1.5 6.3 5.6 23.4 

TABLE 35 

Summary of activation parameters 

0-40 M NaOH 0-79 X NaLH 

(Kcal. mol -1) B 24.6 25-5 
a 

(KJ. mol 102.8 106-5 

, dH*(Kcal. mol. 
1) 24-0 24-8 

. 
KJ. mol7l) 100.2 103.7 

jjS*graphical 
(cal. mol. 

ldeg'-. ') 1.4 5.2 
(i. mol7ldeg7. *') 5-9 21.8 

AS"numerical 

(cal. mol7ldeg7l) 1-5 5.6 
(i. mol-. 

ldei-. ') 6-3 23.4 
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7-11- CONSTRUCTION OF YAGIL PLOT 

To determine the number of water molecules involved in the transition 

state of the reaction a Yagil Plot was constructed. This required accurate 

determinations of rate constants at different initial concentrations of 

sodium hydroxide solution. Calculation of the unbound water concentration 

required accurate values of sodium hydroxide and dioxane concentrations, 

and the densities of the solutions at the temperature of the reactions. 

By measuring the weight of each constituent in the reaction mixture precise 

values of concentration could be obtained as shown below. 

To ensure that the sodium hydroxide solution remained carbonate-free 

double distilled water was used and this was reboiled. and then allowed to 

cool with a stream of nitrogen bubbling through it. Co=ercially obtained 

carbonate-free volumetric sodium hydroxide solution was used. This, was 

standardised by titration, at frequent intervalsv and stored under nitrogen. 

Dioxane was also stored under nitrogen. 

When the reaction mixture had been made up a portion of it (-- 50 ml-) 

was stored under nitrogen in a stoppered flaskv for density determination 

the following day. 

Run 70 ý' 

Weight of flask 107-59 g. 
Weight of flask + water 271-18 9- 
Weight of flask + water + NaOH solution = 152.14 9- 
Weight of flask + water + NaOH solution + dioxane = 205-84 g. 
Density of reaction mixture at 36 ± 0.010C 1.0486 g. mi-. ' 

Weight of NaOH solution in mixture 44-55 g. 
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By titration it was shown that 11-15 9- of original NaOH solution 

contained 3-195 x 10-2ýmol. WE 

--, -. 
*., 

-44'-55. g. contains 
3-195 x 10-2 x 44-55 

mol. NaOH 
11-15 

0-1277 mol- 

168-59 9. or 168.59 mi. -reaction soln. contains 0.1277 mol- 
1.006 

1 1. contains 0.1277 x 1.0486 x 103 mol. 
168-59 

Concentration NaOH (C 
0, C) = 0-7942 M 

Weight of dioxane_in mixture = 53-70 9- 

No. of moles dioxane in mixture' = 
53-70 moi. 
88.11 

No. of moles of dioxane in 1,1- 53-70 x 1.0486 x 103'mol. 
88.11 168-59 

Concentration dioxane (C )= 3-7907 M Dioxane 

First order rate constants determined at a n=ber of different hydroxide 

concentrations are slimma ized below. 
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TABLE 36 

First order rate constants for the hydrolysis of 

chloroform at different concentrations of sodium hydroxide 

Run No. c Dioxane 
(mol. 1.1) 

COH- (Mol. 171) loglo C Ojj- k1 (sec-. '). 105 loglo k1 

79 3-7810 0-051-1. -1.2920 3.32 -4-4789 

78 3.7730 0.1020 -0-9914 4-72 -4-3261 

77 3-7700 0.1527 -0.8162 7.46 -4-1273 

74 3.7841 0.2017' -0.6953 8.21. -4-0857 

75 3-7719 0.3047 -0-5161 11.92 -3.9237 

76 3.7801 0.4026 -0-3951 16. oo -3-7959 

67 3.7895 0.5057 -0.2961 18-72 -3-7277 

88 3.7867 0.5975 -0.2237 20.86 -3.6807 

73 3.7870 0.6952 -0-1579 23-97 -3.6203 

70 3-7907 0.7942 -0.1001 25-71 -3-5899 

86 3-7945 
. 

'0.8949 -0-0482 28-71 -3-5420 

72 3-7910 0.9998 -0-0001 30-36 -3-5177 

89 3.7811 1.0894 
-G-0372 31-58 -3-5006 

87' 3-7902 1.1996' 0.0790 33.66 -3-4729 
69 3.7877 1-2956 0.1125 36.25 -3-4407 
68 3.7810 1.4950 0-1746 38-12 -3-4188 
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DETERMINATION OF SOLUTION DENSITIES 
0 

Solution densities were determined by pyknometry. This involves 

the calculation of the volume of a suitable vessely called a pyknometer, 

by weighing it first empty and then filled with water. The pyknometer 

is then weighed when filled with the solution of interest. 

FIGURE 35-- pyknometer 

A B 

A the=ostat was set up at 36 ± 0.010C. Since the density of solutions 

vaxies considerably with a small change in temperature, the latter must 

be controlled to ± 0.010C. For this reason a Beckmann thermometer was 

used to record the temperature of the water bath. The thermometer was 
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set to 360C using the'the=ometer which had been used to set the 

temperature for the kinetic runs. 

The pyknometer was washed successively with chromic acid, 

distilled water, ethanol and a little ether. It was then dried by 

drawing a current of air, first filtered through a cotton-wool plug, 

through'the vessel. A thin piece of nickel wire was attached to the 

vessel so that it could be hung on the balance. 

To ensure that the outer glass surface was always in the same 

state of dryne sst the pyknometer was dipped (not the capillary ends) 

into the thermostat water and dried carefully with a dry cloth. The 

vessel was allowed to hang in the balance case for 15 min. and weighed. ' 

This operation was repeated until the weight was constant to 6'-25 mg- 

The pyknometer was filled with air-free distilled water by dipping 

the end B into the water and sucking through a plastic tube attached to 

A. The pyknometer was suspended in the water bath for 15-20 min, and 

the volume of water adjusted. It was found that better reproducibility 

was obtained if the pyknometer was filled to the. ends of both arms, 

rather than trying to align the meniscus with the mark on the arm B. 

The, pyknometer was checked to see that there were no air bubbles in the 

solution. When the adjustment was completel the pyknometer was removed 

from the thermostatq wiped, and weighed, after allowing it to hang in 

the balance case for 15 min. This was repeated until the vaxiations in 

weight were within 0-25 mg. 

The pyknometer was emptiedq dried and filled with the solution 

under investigation. This was done by attaching B to a Preschel bottle 

containing the solution and-drawing the solution into the pyknometer 

under suction. When the PYknometer was full the tubing between the 
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_pyknometer 
and the Dreschel bottle was clamped before disconnecting 

it. The other arm of the Dreschel bottle was attached to a soda-lime 

tube. It was hoped that by doing this the amount of carbon dioxide 

reacting with the sodium hydroxide in the solution could be minimized. 

The solution was allowed to equilibrate to the temperature of 

the thermostat (15-20 min. )v adjustedq dried, and weighed as before. 

The process was repeated until a concordant result was obtained. 

Correction-of weights to vacuo 

Correction must be made for the weight of air displaced by the 

pyknometer and the contents during weighing. On weighing the ýyknoieter 

emptyý the volume of air displaced is equal to the volume of the glass. 

Weight of pyknometer 28.1218 g. 

Density of glass 2.23 9- ml-1 

Volum*e*of glass 28.1218 12.61 mi. 
2.23 

Density of air under the conditions of weighing = 0.0012 g. ml. 

'.. Weight of air displaced by glass 12.61 x 0.0012 g. = 0.0151 g. 

Approximate volume of pyknometer = 
(wt. of pyknometer + water)- wt. of pyknometE' 

0 densityt6f water at 36 C 

43.6890 - 28-7524 
ml. = 15-0311 ml. 0-99371 

:. Weight of air displaced by solution 15-0311 x 0.0012 g. = 0.0180 g. 

Total weight of air displaced 0.0331 9. (corrected to vacuo). 

Results 

Temperature of determination : 36 ± 0.010C, 



179 

Run 61 

Wt. of pyknometer (g) 
- 

Wt. of pyknometer + 
distilled water (g) 

Wt. of pyknometer + 
solution (g) 

28-7524 43.6895 44.6406 

28-7524 43.6890 44.6405 

43.6890 44.6407 

average: 28-7524 average: 43.6890 
1-, average: 44.6406 

II 

Weight of pyknometer + distilled water 

Weight of pylmometer empty 

Weight of distilled water 

Density of distilled water at 360C 

Volume of pyknometer 

= 43.6890 + 0.0331 9- 

= 43-7221 9. 

= 28-7524 + 0.0151 9. 

= 28-7675 9- 

= 14-9546 g. 

= 0.99371 g. ml -1 

=ý 15-0493, ml. 

Weight of pyknometer + solution 44.6406 + 0-0331'g- 

44.6737 9. 

... Weight of solution 15.9062 g. 

. 
*. Density of solution 1.0569 g. m171 

All weights quoted here have been corrected to vacuo. 

When a number of solution densities had been determined a 

calibration curve of density against concentration of sodium hydroxide 

was constructed. Since the solution density must be Imown in order to 

calculate the concentration in moles per litreq the units moles per gram 
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were employed. 

Run 61 

Weight of NaOH solution in mixture 113oGO go, 

11--15 go NaOII solution contains 3-195 x 10-2 mol. 

113-80 go contains 3-195 x 10 2' 
x' 113-80 mol. 

11-15 

0.3261 mol. 

Weight of reaction mixture '340-47 

Concentration NaOH 0.9577 x 10-3 mol. g. -l 

Once the solution densities were known the concentration of sodium 

hydroxide and dioxane in mnles per litre could be calculated. 

340-47 9. of reaction mixture contains 0.3261 mol. 

Density of solution 1-0569 g. ml--1 

340-47'ml. 
reaction mixture contains 0.3261 mol. 

1-0569ý 

-1 1. reaction mixture contains 0.3261 x 
1.0569. 

x 103 mol. 
340-47 

1.0122 mol. 1. 
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TABLE 37 

Determination of solution densities 

Run No. Wt. of pyknometer 
+ solution (g) 

Average 
value (g. ) 

Density 
(g. ,, 171) 

Conc n 
-NaOH (mol. g71) 

x 103 

6o 44-7843 44-7854 i. o666 1-1975 

44-7851 

44-7868 

61 44.6406 44.6406 1.0569 0-9577 

44.6405 

44.6407 

62 47-5711 47-5678 1-0457 o. 6832 

47-5677 

47-5678 

63 47-3833 47-3829 1-0335 0-3893 

47-3828 

47-3829 

6 7, 47-4460 47-4460 1-0377 0.4874 

47.4460 

47-5138 47-5136 1-0421 o. 6252 

47-5136 

47-5135 

Dioxane/H20 47-1348 47-1311 1.0167 0.0000 

mixture 47-1311 

47-1310 
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Weight of dioxane in mixture 

. 
*. No. of moles in 340-47 9. mixture 

. 
'. No. of moles dioxane in 1 1. 

Dioxane 

107.62 g. 

107.62 mol. 
88.11 

107.62 x 1.0569 x 103 mol. 
88.11 340-47 

3.7916 M01.17.1 

Determination of "free water" concentration 

The concentration of "free water" Cw, is given by the formula 

10()0[MD(d-w D)-MH 2 ONW DI- MD'OÜ- IMNaOH +%2 0] 

w 
1000 [(d -w 

0 
-Nw 

0 
DMH 01 0D 

MD- 
2 

where: 
d= density of the solution (g. ml-. .1 

d0= density of solution when the concentration of NaOH 

is zero = 1.0167 9- ml--1 

14H 
20 

molecular weight of water (18.0) 

MD molecular weight of dioxane (88.11) 

MNaOH molecular weight of sodi= hydroxide (40-0) 

COH- concentration of NaOH (mol. 171) 

wD weight of dioxane in 1 ml. of solution (g. ml-. 
1) 

o weight of dioxane in 1 ml. of solution when wD 

concentration of NaOH is zero (g. ml-. 
1) 

= 0.33342 g. ml. 
1 

N number of water molecules associated with one dioxane 

molecule. The value taken is 2.25, and the determination 

of this value will be given in the following section. 
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Run 

d 1.0373 9- 

d i. o167 9. M1.1 0 
coa- -1 0.5057 mol-1-1 

WD 0.33385 9- ml-1 

w OD 
0.33342 9. M171 

c 
1000 [86-11(1-0373-0-3338ý418 x 2.25 x 0.33385)1-(88. llxO-5057)(40 +541 

w 
looo[(l. ol67-0-33342)88.11-(2.25 x 18 x 0.33342)] 

4846o. 05-4188-38 
46700.29 

Cw = 0.9480 

Construction of Yagil Plot 

The Yagil plot was constructed by plotting lo against gio Cw 

loglo kj/C 
OH- , giving a straight line with a, positive slope of 3-14- 

(method of least squares). 
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TABLE 38 

Dete=ination of Cw 

Run No. c OH- 
(mol' 1-1) Density (g. ml. 

1) 
wD (9- m'71) cw 

79 0.0511 1.0195 0.33311 0.9971 

78 0.1020 1.0215 0-33248 0-9936 

'77 0.1527 1.0235 0.33218" O. "98ý2 

74 0.2017 1.0254 0.33342 0.9806 

75 0.3047 1.0295 0.33213 0.9737, 

76 0.4026 1.0334 0.33306 o. 9611 

67 0.5057 1.0373 0.33385 0.9480 

88 0.5975 1.0409 0.33365 0-9391 

73 0.6952 1.0446 0.33472 0.9257 

70 0-7942 1.0486 0.33400 0.9177 

86 0-8949 1.0523 0.33434 0-9059 

72 0.9998 1.0567 0.33403 0.8953 

89 1-0894 1.0592 0.33380 0-8790 

67 1.1996 i. o636 0.33396 0.8742 

69 1.2956 1.0673 0.33374 o. 8648 
68ý 1.4950 1-0744 0.33305 0-8448 
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TABLE 39 

Data required for Yagil Plot 

ihm 
No. 

cw loglo cw c OH- 
-1 (m01.1. ) 

k1x 105 

(sec-. ') 
k1 /COü- 

x 104 log, 0k11 
c OH 

79 0-9971 -0.0013 0.0511 3-32 6.503 -3.1862 
78 0-9936 -0.0028 0.1020 4.72 4.627 -3-3347 
77 0.9892 -0.0047 0.1527 7.46 4.883 -3-3112 
74 0.9806 -0.0085 0.2017 8.21 4.070 -3.3904 
75 0-9737 -o. o116 0.3047 11.92 3.912 -3-4076 

76 o. 9611 -0.0172 0.4026 16. oo 3.974 -3.4008 
67 0-9480 -0.0232 0.5057 18.72 3-701 -3.4317 
88 0-9391 -0.0273 0-5975 20.86 3.491 -3-4571 
73 0.9257 -0-0335 0.6952 23.97 -3.448 -3-4624 
70 0-9177 -0.0373 0.7942 25-71 3.237 -3-4899 

86 0-9059 -0.0429 0.8949 28.71 3.208 -3.4938 
72 0.8953 -0.0480 0.9998 30-36 3-037 -3.5176 
89 0-8790 -0.056o 1-0894 31-58 2.899 -3.5377 
87 0-8742 -0.0584 1.1996 33.66 2.806 -3-5519 
69 0.8648 -0 o631 1.2956 36.25 2.798 -3.5531 
68 

1 
0-8448 

1 -0.0732 1 
1.4950 

1 
38.12 

1- 2-550 1- -3.5935 1 
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7-111. DETER M ATION OF THE HYDRATION NUMBER OF DIOXANE 

To determine the number of water molecules associated with a 

dioxane molecule in an aqueous solutiono the ionisation ratio of a weak acid 

in the dioxane-water mixture must be compared with that in pure water. This 

may be determined spectrophotometrically provided there is a pronounced 

difference between the absorption of the molecular and ionic forms of the 

substance. 

if AHAj AA7 and A are the measured absorbances (at the same wave- 

length) of the neutral solution, the solution in which complete dissociation 

has occurred, and a solution of intermediate basicity respectivelyq and if 

a is the degree of dissociationg then: 

CA7 a 

c HA 1 -a 
(67) 

and A= (i -a )AHA +a AA7 (68) 

or a =Am 
-A 

(69) 
AIIA -A A7 

Combining equations (67) and (69) 

Jk 

CA7 
= 

An- A (70) 
CIIA A- Aý- 

since 
aHA aoll- 

aA7 a. H 20 
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if activity coefficients are ignored, this may be combined with 

equation (70) to give 

AA 
KaA. c OH- 

(72) 
A- AUA 

or, on rearrangingg 

(73) 
c OH- Ka Ka 

Since A- cannot be measured experimentally, it must be determined from 
A 

the intercept (A-ARA/Coll- = 0) of a plot of A against (A-A,, )/C 
or 

The value obtained can then be substituted into equation (70) to give 

the ionisation ratio. 

The acid indicator used for this work was 6-bromo-2,4-dinitroaniline 

which, ionises in the basicity range of interest. The compound was 

obtained commercially (Aldrich Chemical Co. Ltd. 9) and recrystallised 

from ethanol, m. pt 153-5 0 C. Two clear absorption bands were obtained 

due to the neutral molecule (A 276 nmt, E 9,210; A' 350 =9 
II max. max. Mn , 

emax. 12,600), whilst the anion formed on addition of sodium hydroxide 

solution, gave rise to two bands Amax-6 395 nm and 'Xmax 510 nm, Emax 12,500). 

All spectroscopic measurements were carried out using a Perkin Elmer 

model 402, ultraviolet and visible spectrophotometer, equipped with a 

heated cell block which was thermostatically maintained at 36 :L0.1'c. 
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To determine the stability of the 6-bromo-2,4-dinitroaniline anion 

in a basib solution. 

6-Bromo-2t4-dinitroaniline (0-0131 g. ) was dissolved in acetone 

and the solution transfe=ed to a volumetric flask (250 ml. ). The acetone 

was removed by evaporation under reduced pressure (, %o So mmllg, 20 min. ), 

leaving a film of the compound on the bottom of the flask. After addition 

of distilled water, the solution was warmed and stirred continuously to 

aid dissolution. All water used was double distilledv then reboiled prior 

to use, and allowed to cool under a stream of nitrogen. On coolingg the 

indicator solution was diluted to the required volume givin'g a 

concentration of 2.00 x 10-4 mol. 1-1 

The 6-bromo-2,4-dinitroaniline solution was added to a solution 

-1 of sodium hydroxide (2.0 mol. l. ,5 ml. ) in a 10 ml. volumetric flask. 

The resulting solution was 1.0 mol. 1.1 in sodium hydroxide and 

1.00 x 10-4 mol. 1.1 with respect to the indicator. The u. v. and visible 

spectrum was recorded at known time intervals. 

, 
TABLE 40 

Change in absorbance of 6-bromo-294-dinitroaniline 

anion with time 

Time (min. ) Absorbance (510 nýn-) 

2.0 5-5 

3-5 5.6 
4-5 5-7 
6.5 5-7 

15.0 5-7 
25-0 5-7 
30-0 5.65 
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The tabulated results show that the concentration of the anion formed 

by abstraction of a proton from the acid by the hydroxide, reached a 

Faxlynilm concentration (as measured by its absorbance at 510 rm), after 

4-5 min.. There was a decrease (0.09 %) in absorbance after 30 min., but up 

until this time the anion appeared to be quite stable under the given 

conditions. 

Dete=ination of the ionisation ratios of 6-bromo-2,4-dinitroaniline 

in water, and a dioxane-water mixture 

-4 -1 A solution of 6-bromo-2,4-dinitroaniline in water (2.00 x 10 mol. l. 

5 ml-) was placed in a 10 ml. volumetric flask which was sealed_with a 

rubber''cap. The' solution was purged with nitrogen, which was -passed 

through inlet and outlet syringe needles. Sodium hydroxide solution 

(4-0 mol-17-1,0.25 ml. ) was added to the indicator solution by means of 

a volumetric syringe, and the solution diluted to 10 ml. with distilled 

water. The flask was then placed in the water bath which supplied the 

water to heat the cell block, and allowed to equilibrate at 36 ± 0.1 0 C. 

The u. v. and visible spqct-ta of the solution were recorded against 

distilled water, in siliqa cells (1 cm. path length) fitted with grouxid 

glass stoppers. 

The procedure, was repeated, different amounts of sodium hydroxide 

solution being added according to the final concentration required. 

Ionisation ratios were determined from the absorbance at 510 nm, 

since, at this wavelength the undissociated species does not absorb, 

thus, AHA = 0. 
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The procedure was repeated for a mixture of'dioiane (32 % v/v) 

and water. 6-Bromo-214-dini-broaniAine in cLioxame -(2.00 x 10 -4 mol. 1.1 

3.20 ml. ) was placed in a 10 ml. volumetric flask and nitrogen bubbled 

through it as before. The experiment was continued as for the aqueous 

solutions, except that spectrophotometric measurements were made against 

a blank containing 32 % v/v dioxane in water,, as. oppo4ed to pure water. 

TABLE 41 

Determination of ionisation ratios in pure water 

coll- (Mol-17-1) A(510 -nm) A-AIIA 

c oil- 

A A7 -A, A- AIIA 

AA-- -A 

0.10 0.090 0.900 0-940 0.0957 
0.20 0.165 0.825 o. 865 0.1908 

0.30 0.230 0.766 0.800 0.2875 

0.40 0.280 0.700 0.750 0.3733 

o. 6o 0-390-- o. 650 0.640 '0.6094 
0.70 0.420 Moo o. 61o 0.6885 
0.80 0.445 0.556" 0.556 0.8004 

0.90 0.470 0.522 0.560, 0.8393 
1.00 0-490 0.490 0.540 0-9074 
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TABLE 42 - 

Determination of ionisation ratios 
in dioxane and water 

c -1 
OH- 

(mol-l' A(510 '1=) A-Aä 

c OH- 

AA- -A 'A' ý_, AM 

AA- -A 

0.10 0.425 4.250 0.375 1.133 

0.20 0.550 2.750 0.250 2.200 

0.30 0.618 2.060 0.182 3.396 

0.40 0.655 1.638 0.145 4.517 

0.50 o. 69o 1.380 0.110 6.273 

o. 6o 0.700 1.167 0.100 7.000 

0-70 0.708 1.011 0.092 7.696 

0.80 0.723 0-904 0.077 9.390 

0.90 0.730 0.811 0.070 10.430 

1.00 0.735 0.735 0.065 11.310 

From the piots of A against (A-. AHA)/C OH- 
. llýr was found to be 1-03 

and'O. 80-for waterp"and dioxane-and waterg respectively. - 
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FIG= 40 

Comparison of ionisation ratios in water 

and dioxane water mixture 
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The number of water molecules bound by dioxane (h), is given by the 

equation 
206 

(n, -nw) 
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wherep n1= total number of moles of water present in 1 1- = 37-98 mOl-1-1 

n2= number of moles of dioxane present in 1 1. = 3-79 mol-1-1 

nw= number of moles of bulk water present in 1 1., assuming 

that the partial molal volume of bulk water remains 

18-05 ml. at all compositionst and is calculated from 

nw= 55-40 Vw 

V the volume fraction of bulk water is obtained from 

AH- the difference in the basicity between the dioxane-water mixture 

and pure water. 

A H- 
Vý = antilog- 

IL = PK a+ 
log, 0r 

However, since pK a 
is the same for both water and aqueous dioxane. 

any difference in H_ is really a difference in the ionisation ratiot r. 

'd IT [rK 
a(water) + logior(water)] 7 

[pK 
a(dioxane/water); + 

log 10r(dioxane/4ater)] 

pK (water) = PK (dioxane/water) 
aa 

= log, Or(water) - loglo (dioxane/water) 1810glo r 

VW = antilog - 
'8 log, or 

4 
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TABLE 43 

Determination of the hydration number of dioxane 

c 
OH- 

(mol. l. 1 

log, 0 r* 

water 

log 10 r 
dioxane- 
water 

A log 10 r vw nw hI 

0.10 -1-0721 0.0542 1.12 0-525 29.09 2-36 

0.20 -0-7300 0-3424 1-07 0-540 29.92 2.12 

0-30 -0-5599 0-5310 1.09 0-534 29-58 2.23 

0-40 -0-4279 0.6549 1.08 0-537 29-75 2.18 

0.50 -0-3170 0-7975 1.12 0-525 29.09 2-4P 

Mo -0.2415 0-8451 1.09 0-534 29-58 2.20 

0-70 -0.1695 0.8862 1.06 0-543 30-08 2-07 

0.80 -0-1387 0-9727 1.11 0-528 29.25 2.29 

0.90 -0.1018 1.0182 1.12 0-525 29.09 2-32 

1.00 -0-0396 1-0535 1.12 0-525 29.09 2-32 

Average value from three determinations. 

The average number of water molecules associated with a dioxane 

molecule was found to be 2.25. 



PART THREE 

DISCUSSION AND CONCLUSIONS 
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CHAPTER 8 

DISCUSSION OF THE PYROLYSIS OF CHLOROFORM 

The mechanism by which the thermal decomposition of chloroform 

takes place is still open to debatey and the main reason for undertaking 

this study was to try to distinguish between the existing mechanisms. 

Semeluk and Bernstein495 have studied the reaction in a flow system, 

and interpreted their results on the basis of a radical mechanism. On 

the other hand, Shilov and Sabirova7-9v investigated the reaction under 

similar conditions, and postulated the formation of dichlorocarbene as 

an inte=ediate. Howeverv they also had to invoke the formation of 

trichloromethyl radicals in order to explain the formation of 

hexachloroethane. In both cases hydrogen chloride and tetrachloroethylene 

were reported as the main reaction products. 

Under the experimental conditions used in the present work (783K), 

pentachloroethane was found to be the major product (%, -24 mol. %), 

excluding hydrogen chloride, followed by hexachloroethane (-, -20 mol. %) 

and tetrachloroethylene (,.. -18 mol. %). This is somewhat different to 

the results of Semeluk and coworkers, who reported that tetrachloroethylene 

constituted about 55 916' of all the products (excluding HC1)9 together 

with smaller amounts of hexachloroethane (--27 %) and pentachloroethane 

(--7-5 %)4. Howevert since these results were obtained at considerably 

longer space times (0-4 min. ), than we have usedv and tetrachloroethylene 

is thought to be formed by loss of hydrogen chloride from pentachloroethaneq 

one would expect the yields of tetrachloroethylene to increase and 

pentachloroethane to decreaset with increasing space time. 
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Small amounts of dichloromethane,, carbon tetrachloride, and 

trichloroethylene were formed, together with symmetrical-tetrachloroethaney 

which was detectedv but not determined quantitatively. At longer space 

times, pentachlorobutadiene and hexachlorobutadiene were formed in 

similar small-amounts. All the products obtained were identified from 

their mass spectra, which were in close agreement with those given in 

210 the literature Mass spectra are particularly useful in the 

identification of chlorinated hydrocarbons because of the characteristic 

isotopic chlorine clusters obtained. 

The fraction of chloroform which had reacted, was estimated from 

the amount of products, formed since it was not possible to measure this 

directly with a reasonable degree of accuracy. This was thought to be 

justified, since the extent of carbonisation was very low even at relatively 

long space times. The amount of chloroform lost via processes other than 

product formation wdýild-therefore be very small. 

8*Ioi. ANALYSIS OF THE XFFLTJENT GAS FOR THE PRESENCE OF HYDROGEN AND CHLORM 

The effluent gas'was analysed for chlorine by a chemical methodl 

an4 for both hydrogen and chlorine by g. l. c., but neither of the gases 

were detected. This is in agreement with results reported elsewhere4. 

The chemical method had the advantage of being more sensitive,, and also 

any chlorine present. in the gas would have-become concentrated ( as 

potassium chloride), in the potassium iodide solution. 

It was important to know whether chlorine and'hydrogen were formed , 

in the reaction, because of the information this provides about the 

mechanism of the reaction. Although it is not possible to say that they 
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axe definitely not formedj if they are presentv their concentrations 

must be extremely low. On this basis, the following reactions may be 

rejected as majo-- reaction pathways. 

2CHC1 3 
-H2 

> ccl 3 ccl 3 
-cl 2> cl 2 C=Ccl 2 

-cl 2 -H2 
2CHC1 > CHU CHU > cl 2 C--Ccl 

3' 222 

CHU 3+ ccl 4 
-cl 2> 

CHC12 ccl 3 
-cl 2> 

cHcl=CC12 

-H 2 
CHU 3+ CH 2 cl 2> CHU 2 ccl 3 

THE EFFECT OF A RADICAL INITIATOR ON THE PYROLYSIS OF CHLOROFORM 

To determine whether or not radicals were involved in the thermal 

decomposition of chloroform, the reaction was carried out in the presence 

of a radical initiator. Radical initiators are compounds which readily 

break down by a radical mechanism. The radicals thus formed, can then 

initiate radical formation in the main reactiono resulting in an increase 

in the reaction rate, compared to the case where no initiator is added. 

The initiator chosen was azobisisobutyronitrile (AIBN), which 

decomposes readily at relatively low temperatures (60-90 0 C). The high 

heat of form tion of nitrogen provides the driving force for the reaction. 
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heat 
(CH 

3) ý-C-N=--N-ý-(CH 3)2 N2+ 2(CH 3) f-C I 
uIll CN 

The addition of catalytic amounts of AIBN increased the amount of 

chloroform which reacted by 7-4 % (see Table 9), considerably less than 

would be expected if the main reaction mechanism involved radicals. It 

is of particular interest to note that the yield of hexachloroethane was 

actually reduced (-4-8 YOP when the', initiator was addedq whereas it is 

this compound which is most likely to be formed by a radical mechanism. 

(CH )F-Co + CHM (CH )----C--; -H + OCC1 3133213 
U. N CN 

2-CC1 3c2 cl 6 

The small increase in the amount of reaction when AIBN was present may 

have been due to the initiation of an alternative reaction. The main 

increases observed were in the formation of trichloroethylene, 

tetrachloroethylene and pentachloroethane, suggesting that AIBN may have 

initiated the formation of -CHC1 2 radicals rather than -CCl 3* 

(CH + CHU 3> (CH 3 )y-C-Cl + *CHC1 2 3)rl* 
CN CN 
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-CHC1 2 +, CHU 3 CH 2 cl 2+ -ccl 3 

-Hcl 2- CHU 2 CHU 2 CHM 2> Hclc=ccl 2 

IcEci 2+ *Ccl 3 CHU ccl -Eci > cl C=Ccl 2322 

Another effect resulting from the addition of the initiator, 

was an increase in the amount of carbonisation as has been reported 
21.1 

elsewhere .. This could be seen by the change in the appearance of the 

reaction products, which were orange in colour, compared to the pale 

yellow solution obtained in its absence. 

When the same initiator was added to the reaotion of chloroform 

with 295-dimethylpyrrole in the gas phasep the overall recovery of 

material. was reduced, probably due to an increase in the amount of 
30 carbonisationg polymerisationt fragmentation etc. Again, a small 

increase in the amount of products was observed, but this could not be 

held as conclusive evidence for a radical mechanism. 

Similarlyq Shilov and Sabirova9 have found the decomposition of 

chloroform wds not initiated by chlorine atomsp unlike other radical 

reactions70. 

8-I-iii. THE EFFECT OF A RADICAL INHIBITOR ON THE PYROLYSIS OF CHLOROFOMM 

The rate of a radical reaction depends upon the lifetime of the 

radicals involvedq and hence the addition of a foreign substance which 
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reacts with the radicals is likely to cause a reduction in the rate. 

If the added molecules are intrinsically much more reactive towards 

the radicals than the reactant molecules the effect may be very large, 

since virtually every radical produced will be captured by an inhibitor 

before it-can initiate the propagating cycle. 

Phenol breaks down readily to give phenoxide radicals which will 

recombine with any other radicals present. However, the addition of 

phenol did not inhibit the pyrolytic breakdown of chloroform, but caused 

a slight increase in the amount. of, products formed. Againg this 

suggested thatthe main reaction does not involve radicalsq but that a 

secondary, reaction was initiated by the phenol radicals. The amount 

of carbon tetrachloride formed was consistently higher, but the yields 

of other products fluctuated, depending on the amount of phenol added. 

Three new products were obtained, as a result of interaction 

between-phenol and chloroform, and/or the products of chloroform breakdown. 

One-of these products was identified as trichloromethylphenyl ether, 

which could have been formed by the recombination of trichloromethyl 

radicals and phenol radicals. I 

CcLa 

-CCL3", > 

The formation of -CC1 3 radicals may have been initiated by phenolradicals, 
thus accounting for the small increase in the reaction rate. 
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OH 

CHCL. 3 + -CCL3 

This could also account for the increase in the amount of carbon 

tetrachloride formedp although an increase in the formation of 

hexachloroethane would also be expected, and this was not observed. 

However, if the radicals were only formed in low concentrations, 

reaction by extraction of a chlorine atom, to give carbon tetrachloride, 

may have occ urr ed before two of them could come together to form 

hexachloroethane. It would, therefore, appear that instead of inhibiting 

the reaction, the addition of phenol has in fact had an initiating 

effect. The magnitude of this effect suggests that it is a secondary 

mechanism which has been effectedq rather than the main mechanism. 

This. ýwould support the idea that the-pyrolytic breakdown of chloroform 

does not involve free radicals. 

Inhibitors have been used to show the radical nature of the thermal 
68977,86 breakdown of certain chlorinated ethanes . In these cases 

propylene was added to the reactiong the rate of which was suppressed by 

the presence of catalytic amounts of the inhibitoi. Toluene hzýq been 
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added to chloroform, but this did not inhibit the rate of pyrolytic 

brea. kdown9. 

8. I. iv. TEE EFFECT OF THE SURFACE ON THE PYROLYSIS OF CHLOROFOTM 

One of the most conclusive results obtained during our study of 

the thermal breakdown of chloroformt was obtained when the surface area 

of the reaction tube was increased, by the addition of small silica 

rings. The fractionýof chloroform which reacted was found to increase 

linearly with the surface area, showingýthat the, 'reaction takes place 

on the surface, of the tube, rather than in the bulk'of the'gas. - If' 

two reactions were taking place, one in the bulk"of the gas, and another 

on the surfaceg only the latter would be effected by changing the surface 

area, so that the extent by which the reaction would be increased would 

be small. 

Although the formation of all products was favoured by increasing 

the surface area, it was the fo= tion of the unsaturated compounds which 

showed the greatest increase. Since trichloroethylene and 

tetrachloroethylene axe thought. to be formed by the elimination of hydrogen 

clilýride from sym-tetrachloroethane and pentachloroethane respectively, 

this is in keeping with the idea that dehydrohalogenation occurs readily 

at a surface46. 

The extent to which the surface axea was increased was limited, in 

order-to maintain, plug flow conditions. In this wayp the amount of 

turbulence caused by the rings was kept, to a minimum, so that we could 
be sure that the increases in rdaction observed resulted from the increaqed 
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surface area, and not as a result of backmixing. 

Treating the tube in various ways had little effect on the reaction, 

suggesting that either the treatments had little effect on the surfacep 

or, that the nature of the surface is unimportant. The tube was steamedq 

and soaked in water, to try to increase the number of hydroxyl groups 

on the surface of the silica, as it was originally thought that such 

groups might be involved in direct hydrogen bonding with adsorbed 

chloroform molecules. Ballczo and Kosak 212 have reported that the 

catalytic activity of silicon dioxide on the pyrolysis of chloroformv 

was lost on ignition, but could be restored by moistening with water, 

and drying at 2500C. This-result was explained by the participation of 

weakly acidic hydroxyl, groups. 

The adsorption of organic gases on silica surfaces has been studied 

by infrared spectros COPY2130 Molecules such as chlorofo= were found to 

be hydrogien bonded to the surface, "interaction occurring preferentially 

with surface hydroxyl groups. The heat of adsorption of chloroform with 

+ -1 213 
freely vibrating hydroxyl groups was determined as 5.6 - 0.3 Kcal. mol. 

Fresh glass surfaces showed enhanced reactivity in the decomposition 

ofýchlorinated hydrocarbons 214. Such surfaces almost certainly contain 

larger quantities of chemisorbed water than those which have been in use 

for some time. Treating the surface'with hydrogen chloride also increased 

its activity 
214. Both of these results support the idea'that surface 

protons may be assisting the formation of an activated complex. 

Since we have carried out our experiments at a higher temperature 

212 ý than Ballczo and coworkers 1, it is possible that any increased activity 
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due to surface hydroxyl groups resulting from soaking the tube in water, 

was subsequently lost on heating the tube to the reaction temperature. 

This would explain why we did not observe the increase in reaction 
212 

reported elsewhere . The concentration of hydroxyl groups on the 

surface of silica has been studied by many authors. The mean concentration 

of hydroxyl groups was determined for silica which had been ignited at 

different temperatures, and was found to decrease as the temperature 

increased 2150 

The possibility of the reaction being catalysed by impurities in 

the silica was also considered. This would mean that such sites would 

have to be extremely activeg since the impurities are only present in low 

concentrations. However, changing to a reaction tube made from high-purity 

synthetic silica (see Table 14). in which the concentration of impurities 

was considerably lowery resulted in a slight increase in the amount of 

reaction,. compared to the case in which a new tube made from the more 

impure silica was used. 

Soaking the tube in a solution of ethylenediaminetetra-acetic acid 

(EDTA), prior to use, also had very little effect on the reaction. The 

slight increase observed was probably due to the variation in the space 

time. It has been reported that the catalytic activity of porous vycor 

glass in the isomerisation of butenes, was eliminated by washing the 

glass with a solution of EDTA2160 It was suggested that aluminium and 

zirconium atoms on the surface of the glass contributed to the formation 

of active sites, which could be removed by washing with EDTA. 

Metal surfaces have been shown to catalyse the thermal breakdown 
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of dichloromethane45 and other chlorinated-hydrocarbons46. Schwab, 

Ndller, aiid cowarkers217-219 have made an extensive study of the 

decomposition of alkyl chlorides on a number of solid catalysts. 

They found that the most active catalysts were those with a high 

electrostatic field, strength associated with a surface interatomic 

0 220, distance of about 2.6 A. Campbell and Kemball have, studied the 

effect of metals on the decomposition of ethyl chloride, and found that 

the nature of the surface influenced whether rupture occ urr ed at the 

carbon-hydrogen or carbon-halogen bond. It is evident, therefore, that 

metal surfaces can play an important role in the decomposition of 

chlorinated hydrocarbons. 

Ageing appeared to reduce the catalytic activity of the tube. The 

reaction was 16.8 % greater in a new-tube compared to one which had been 

used many times. This could be due to the harsh conditions used to 

clean the-tube, which may gradually modify the surface in some way. 

When the reactions were carried out in a carbonised tube which had 

been allowed to cool and then reheatedv the extent of reaction increased 

by 53 %. This was thought to be due to the formation of a highly active 

carbon surface. On coolingg the carbon film which had been deposited on 

the surface became cracked and uneven. It is unlikely that the increase 

was due t0an increase-in the surface area, as this would have to have 

increased by approximately 40 % to account for the increase in reaction. 

Surface catalysis in the'pyrolysis of chlorinated hydrocarbons is 

not a novel idea. Many of the chlorinated ethanes or ethylenes have 

been shown to react on a surface at high temperatures59P70P77ve6s as has 

dichloromethane44945. The dechlorination of hexachloroethane, either 
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directlyv or formed in the pyrolysis of ca: ýbon tetrachloride, is also thought 

to take place on the surface59. In the majority of these reactions, free 

radical mechanisms have been proposed, which is not thought to be the 

case with chloroform. NUller and Ostermeier219 have proposed an 

activated complex in the decomposition of alkyl chlorides, in which 

there is two-centred adsorption of the chlorinated hydrocarbon. 

CL 

According to their mechanism, radicals are not formed at any stage. 

In most radical mechanisms, surface catalysis occurs during chain 

initiation, and/or, chain termination. The effect of increasing the 

surface area will therefore depend on which of these two processes is 

70 
most strongly effected. In the pyrolysis of 192-dichloroethane and 

77 1,1,1-trichloroethane increasing the surface area decreased the rate 

of reaction, since the rate of chain termination was greatly increased. 

The rate of breakdown of dichloromethane increased linearly as the surface 

to volume ratio increased, as a result of the increased rate of initiation. 

Butl the fraction of dichloromethane which reacted decreased, because of 

an increase in the rate of ierMination44. 

Changing the surface area of a reaction vessel has also been shown 
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to effect the induction period of a reaction44. Since induction periods 

are thought to be'the time required to build up a steady state 

concentration of the chain carrying species 
68, increasing the surface 

area would be expected to reduce the induction period for a truly 

heterogeneous-readtion. - IA the-pyrolSrsis-of M-tetrachloroethane however, 

packing the reactor did not alter the induction period, supporting the 

idea that this reaction takes place in the bulk of the gas, rather than 

on a surface. 

Many pyrolytic reactions depend on the extent to which, the surface 

has been caxbonised. Most have been found to be faster on a clean silica 

surface where chain initiation is thought to be easier44 
60,70. As a 

carbon layer is built up, the reaction becomes slower and more 

reproducibley and for this reason several authors5,60,69,76,214 have 

carbonised their reaction vessels by the equivalent of between ten and 

one hundred runs9 before studying, the. reaction. In doing this they have 

assumed that any heterogeneous reaction is suppressed, so Ithat the 

214 
reactions studied are purely homogeneous 

In the decomposition of dichloromethane the formation of a stable 

graphitic type structure was thought to terminate the reactiong-since it 

4 cannot supply new radicals for chain branchi 

Very little information has been published on the role of surfaces 

in the pyrolysis of chloroform. Shilov and Sabirova7 found that packing 

the reaction vessel did not cause any noticeable change in-the reaction 

ratep when the surface to volume ratio was changed. Howeverp their 

reactions were carried out in vesselsýwhich had been previously carbonised 
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to improveýthe reproducibility, suggesting that surface effects were 

important when clear. silica reaction vessels were used. 

Ballczo and Kosak 212 have studied the catalytic action of silica 

0 
and silicates on the decomposition of chloroform at 250 C, -and they found 

that only silica was active. At this, low temperature howeverg very 

little reaction would be,, expected to occur. Their resultsp as described 

earlier, were explained on the basis of-interaction between chloroform 

and surface hydroxyl groups. 

From"their results-on the application'of very low pressure conditions 

to this reaction, Benson and Spokes have also suggested surface 

78 
participation . They found that the extent of chlorof orm decomposition 

was time dependent, and have suggested that surface catalysis may proceed 

via the interaction between a reaction productv suchas C2 Cl 4 or HU and 

the surface, (SiO 
2 or carbon). Since it has been shown that hydrogen 

chloride inhibits the decomposition, whilst tetrachloroethylene accelerates 
5 the reaction 2 interaction is more likely to occur via the latter. Further 

speculations on the mechanism of the reaction were withheld until further 

work had been carried out. At temperatures above 750 0 C, silicon 

tetrachloride was identifiedf by mass spectrometry78 I, supporting the idea 

that there is interaction between chloroform and the surface of the silica 

reactor. 

In the reaction of chloroform with pyrrole in the vapour phase 
221 

9 

a series of reactions were carried out under standard plug-flow conditions 

but without removal of carbon from the silica reaction tube between each 

run. The yield of chloropyridines reached a maximinn at about the fifth 

reaction, and by the twelfth reaction the yield was down to 77 % of the 
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optiTmim. This also suggests that the surface of the reactor is 

involved. 

8.11. THE KINETICS OF THE PYROLYSIS OF CHLOROFORM AT 5100C 

The kinetics of the pyrolysis of chloroform were investigated 

under plug-flow conditions at 510 0 C. The aim of this was to determine 

the order of the reaction with respect to chloroform. The rate, of, - 

reaction was found to be relatively slowp the amount of chloroform 

which reacted was onlY 15 % at the highest space time. 

The range of space time which could be studied had practical 

limitations. Below values of three seconds the rate of chlorofo= 

addition was too fast to be accurately controllable. It is also 

possible*that at such rates vapourisation, prior to entering the 

reaction zone, would be incomplete. At space times greater than eight 

seconds the time of pyrolysis would have to be considerably increased 

in order to increase the space time by a small amount. At very long 

space times th e rate of addition was extremely slow, and again this 

makes the accurate control of the input difficult. 
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FIGURE 41 

Change in space time (t) with time of pyrolysis 
for 0.25 mol- of chloroform at 510 0 C, '770 =-Hg 

and a flow rate of nitrogen of 
19-30 1. hr-1 (230Cr 760 mmHg)' 
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Under the experimental conditions used, the extent of'carbonisation 

was low, so that this did not introduce a large error in determining the 
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amount of chloroform which had reacted. The carbon was deposited 

(less than 0.05 mg. ), as a fine layer on the surface of the silica tube, 

but did not form the shiny graphitized film, found in the pyrolysis of 

chloroform with heterocyclic substrates. The amount of carbon deposited 

could not be easily determined since it was difficult to recover it 

from the surface of the tube. 

The experimental results obtained fitted a first: order rate*plot 

better than zero, second or third order plots. The rate conýtant 

determined from the reciprocal of the slope of the first order plot 

was 3-14 x 10 -2 see. 
', 

which is slightly higher than values reported 

elsewhere. 
TABLE 44 

Comparison of first order rate constants for the pyrolysis of chloroform 

Tempprature 
(K) 

7 k, (sec-. ') 
. 102 Ref. 

783 3-14 This work 

785 2-52 5 

783 1.70 - 2.29 9 

depending on the initial pressure of chloroform 

The first order rate plots showed an induction period of 2.63 sec. 
Induction periods have not been reported elsewhere for the pyrolysis 

of chloroform, although they are Imown to occur with other chlorinated 
hydrocarbons. 
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The results obtained with the carbonised tube showed considerably 

more scatter than those obtained with a clean silica tube, making the 

determination of order more difficult. Howeverv the first order rate 

plot seemed to give a better straight line than the other orders. 

The rate constant was higher in the case of the carbonised tube; 

4-98 x 10 -2 sec. 
1t 

although this could not be'determined as accurately, 

because of the greater degree of scatter. The induction period (4-05 see. ) 

was also higher when the reaction was carried out in a carbonised tubeg 

but again there was more error in its determination, than in the clean 

tube. 

Carrying out the pyrolysis in a carbonised tube did not have the 

desired effect of increasing the reproducibility of the reaction. This 

is understandable since it has been shown that the reaction is surface 

cataly I sed, and carbonising the tube as we have done would not give the 

reproducible surface desiredg as the rate of carbonisation from the 

pyrolysis of chloroform is slow. In order to obtain a reproducible 

surface it would be necessary to form a much thicker caxbon layer, so 

that a graphitic structure was establishedv and the nature of the surface 

would not be effected by further carbonisation. It has been reported 

elsewhere 
69 

, that the equivalent of up to 100 runs were necessary, before 

reproducibility was obtained. Unfortunatelyl there was not sufficient 

time available to investigate this. 

The fact that the reaction was faster in a carb., onised tube, is in 

keeping with the obs6rvation that when the carbon layer broke up to form 

a highly irregular surface, the extent of reaction was considerably 
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increased. It is evidentq therefore, that a carbon surface can be 

extremely active under certain conditions. This is the opposite to 

effects observed in the pyrolysis of. other chlorinated hydrocarbonsv 

where carbonising the surface gave rise to a slower rate of reaction. 

However, in these cases the reaction was thought to involve free radicals, 

and the observed slowing down of the reaction, was thought to be due to 

the fact that radicals were less easily generated from a carbonised 
44.60970 

surface . Furthermorev the rates of carbonisation were very much 

faster compared to the present case. 

8.111. DISCUSSION OF THE MECILANISM OF THE VAPOUR PHASE PYROLYSIS, 

OF CHLOROFORM 

At present there are two existing mechanisms which have been 

postulated for the thermal decompbsition of chlorofo=4P519. The 

experiments carried out by Semeluk and Bernstein495 using a flow 

apparatust were interpreted on the basis of the following radical 

mechanism. 

CHM 3, -C HC12 +- Cl 

Cl + CHU 3 Hcl +- ccl 

- ccl 3+I. Cl 
-> 

cci 

-ccl 3 : Ccl 2+ -Cl 

: Ccl 2+ CHU 3>c 2C14 + Hcl 
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Their argument in support of this mechanism has been outlined in 

Chapter 1. 

Shilov and Sabirova9t on the other hand have postulated the 

fo=ation of dichlorocaxbene by dehydrochlorination'of chlorofo=, ' as 

the rate-dete=ining step. 

CHU 3> Hcl + : Ccl 2, 

Subsequent reactions explain the formation of the observed products 

: ccl 2+ cHcl 3> lici + c2 ci 4 

ccl" + cHcl cci 40 C]ICJ' 
2332 

2: CC12 : -cci 3+- cci 

2-CC1 C2C'6 3 

However, both mechanisms involve free radicals, and. it is difficult to 

explain why, if free radicals are formedq products containing an odd 

number of carbon atoms (other than one), are not observed. Under the 

experimental conditions we have used, onet two and four-carbon species 

are observed, but no propane derivatives (three-carbon species)y have 

been detected. Steudal14 has reported the sp'ecies C3 Cl 4 amongst the 

products from the pyrolysis of chloroform in the range 700-900 0 Cv but 

the evidence for its existence is poor. At higher space times 

222 hexachlorobenzene has also been shown to be a product but again no 

five-carbon compounds have been reported. 
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If chloroform decomposed by a free radical mechanism -CHCl 2 
I 

radicals . would be expected to be formed in the initial step, and this 

in turn might be expected to give rise to large amounts of , 

1,1,2,2-tetrachloroethane-by dimerisation. Howeverg neither this compound, 

nor its dehydrohalogenation product; trichloroethyleney, are major products. 

Ebcperiments carried out in the course of this investigation have 

shown that the addition of a radical initiator had only a very small 

effect on the rate of the reaction. Similarlyp the addition of both 

phenol and toluene9 failed to inhibit the breakdown of chloroform. Also, 

other workers-have found that carbonisation of the reactor'surface reduces 

the rate of a radical reaction, whereas in our experiments., an increase 

in rate was observed. It is felt, therefore, that the pyrolysisý'of- 

chloroform is unlikely to proceed by a radical mechanism, and an alternate 

explanation, has been sought. 

The formation of dichlorocarbene as the rate determining step 

of the reaction is one possible explanation. However, since we have shown 

that the reaction appears to be surface catalysed, modification of the 

existing mechanism is necessary. The mechanism postulated must also 

pro"%ýide a feasible explanation for the observed induction period. 

Induction periods are usually described as the time requ ired I to build 

223- up a steady state concentration of some intermediate .' Such'effects 

have been observed in the thermal decomposition of dichlOromethane4O 

and some chlorinated ethanes 
68,76,87, 

where the intermediates concerned 

were chain caxrying radicals? Most induction periods were temperature 
68,76 dependent 

. Initiating the reaction reduced theý7induction period in 
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the case of dichloromethane40, since the rate of formation of the chain 

carrying species was increased. Conversely, in the decomposition of both 

isomers of tetrachloroethane, the addition of an inhibitor such as 
6s 

propylene prolonged the induction period . Since the latter was 

unaffected by packing the reaction vesselp the reaction was thought 

to occur in the bulk of the gas, rather than on the surface. In the 

decomposition of trichloroethylene the induction period was pressure 

dependent, which supports the idea that chain initiation is bimolecular 

in this reaction87. 

The induction period observed in the pyrolysis of chloroform was 

not tested for temperature dependency, effect of surface areav etc., 

although it was found to increase when a carbonised reaction tube was 

used instead of a clean silica tube. An induction period has been observed 

in the gas phase reaction of, chloroform with 2,5-dimethylpyrrole3001 9 

and this was found to increase with increasing temperature. By plotting 

ln 1/induciion period against 1/temperaturep an activation energy of 

-3-8 Kcal. mol7l was calculated for the induction reaction3O. Although 

othert perhaps more feasible explanations may be given for this phenomenon, 

one possible explanation is that dichlorocarbene formed from the breakdown 

of chloroform may be generated in an excited singlet stateg which must 

then give up energy, to produce either a triplet caxbene, or a singlet 

carbene in the ground state, before reaction can take place30. 

The induction periods we have observed (2.63-4-05 sec. ) are greater 
than those observed in the reaction with 2,5-4imethylpy=ole 

(1-72-1.86 sec. )30, as might be expectedv since the reaction is considerably 
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slower. Since the observed induction periods are fairly largev it is 

thought unlikely that they are due to the build up of a steady state 

concentration of some intermediate such as dichlorocarbene or a radical. 

As an alternative possibilityp it is suggested that the induction 

period is the time required for the build up of some sort of carbon 

polymer type intermediate on the surface of the reaction vessel. The 

following scheme has been suggested by Dr. R. E. Busby. 

2CHC1 3>C+ ccl 4+ 2HC1 

or some other carbon-producing reaction. 

C+ CHU 3> cHcl=ccl 2 

CHC1---CC1 2> HC1 + Cl-CaC-Cl 

ci-cac-cci-cci + HU 2 
cl-cmc cl -ýc 

zcj 1,62, Cl-Cmc!. -Ccl 
,3 cl-CH=Ccl-ccl 3>3+ HU 

2Cl-C=-C-CC1 3> Cl-C-=C-C=-C-Cl +C2 cl 6 

sucý a reaction could continue, eventually forming a polymeric carbon 

structure of the type Cl-fCa=Cý-Cl, on the surface of the tube. Once 
n 

formed the main reaction could then take place on the surface of this 

carbon polymer. This could explain why increasing the surface area 

resulted in an increase in reactiong since there was a larger area for 

the Polymer to form on, thereby increasing the possible concentration of 
active sites. Pretreating the tube, or changing to a new tube had a 
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negligible effect on the reaction, as would be expected, since it is 

the carbon rather than the silica itself which is acting as a catalyst. 

In other words, the reaction may be autocatalysed. 

The following series of reactions could then occur. 

----C=-C-Cl + 2CHC1 3 

T 

cl H 
C. --c ý', cl---/ ci 

cl cl 

-Hcl ^---C=C-Cl +C2 Hcl 5 
-Hol ci 2 C=--ccl 2 11 

A Ul 
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C 

H 
CL 0L 

H- 

CL 
D 

Hi 
09, 

H 

L 

0 0 

GE: C-C L 
I 

Hý 
R -CL 

X8, 
/ 

2 CHCL3 

----C=Q-CL 0H 
CL ." CL 
CPt---d'-CL 
CK 'ýL 

I. 

C206 

\-HCL 

----CEEC-H 

---%jC--sC-CL HCL 

---- C-z C-C --- C ---, -- 

-5 HCI 

I 

GRAPHITE 
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-, ----C=-C-CL 
CH2CL2 

, %r-Cý-C-CL + 2CHCL3 

"I I 

L.. i'- 

CýC-CL 

L 
H 'CL----C' CL 

L 
L 

-, -,, C- VL + CCL4 
CL2Hý 

,I 

X2 

---,, CEC-C=-C^. r-' -%, --C: EC-C=-C-C--=-C-CL 

CHCIZCHCL2 CHCL2CCL3 

-, --C=-=C-CL + 2CHC13 

. L, C--1CL-''- 
CL, ý 
H' ---H' CL 

L, IIj 

----C=C-CL + CH202 
61 6CI3 

-HCt -,, -C=- C-CH----r. -Cl 
ýt CC13 

" -C-C=Iý 
C EEC-cl + C2C[6 '*"", C= 
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CHC1=CCI + HC1 CHM CHM 222 

2CHC1=CC1 2 >c4 cl 5 

cl 2C=CHC' + C12 c__-cci 2 >c4 cl 6+ HU 

Alternatively, a single chloroform molecule may be adsorbed onto the 

surface and lose hydrogen chloride to give dichlo=ocarbene 

-, -vC-C-Cl + CEC1 C C-Cl -, r, -C=--C-Cl +: ccl 31 It 
cl 

2 

it, 
I bi ,- 

Ul 

c 

C' C' 
Once formed, this may go on to react with other chloroform molecules, 

9,30,211' 
as has been suggested elsewhere 

The . mechanism suggested by Dr. R. E. Busby may be silmmarised thus: 

kI* 
CHU 3+Cn "z- 

1 *, - Clici T --C n 
(74) 

II 
k2 , CHC'Y---Cn + CHC13- > Products (75) 

where Cn is an active, possibly carbon polymer, - site on'the surface of 

the tube, since it is more'likely that the two chloroform molecules are 

adza=bed consecutivelyt than that they are both adsorbed together. 

The theoretical rate equation may therefore be derived, 
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Rat e -7L[CHC'. 31 =k JCHC'ý ICnI -k lr[cllcl5----cj 
dt 

k 21CHClý----('n 
31CHC133 ,, (76) 

Under steady state conditions, 

d [CHCly - --Cn] 
0 

dt 

d ICHC'3---'Cn] 
kl[CHC1 33[Cn] - k, 

r[CHC'3----Cn] 
dt 

-, k 2 
[cHcly- --Cn]ECI'C'31 (77) 

k lr1CHCl-ý---Cn1 +k 
JCHC1-3- 

-'Fnl 
[C"C'31 k, [CHC1 

3 
I[C 

n1 
(78) 

EC', C'-37 CnI 
k l[CHC'31[Cn] (79) 

-k +k CH lr 2E Clý 

Substituting', this expression into eq. (76) 

Rate -d[CHC1 33 
kl[CHC*l C j_ k, 

r 
k, ICHC'33[Cn] 

dt 33[ nk 
lr + k2[CHC1 3J 

2 
kkl [CHC1 

31 
ICnI 

(80) 
k lr +k 21CHC'33 

Assuming that k 21CHC133 ýý-kj,, eq. (80) becomes, 

-d 
[CHC1 

'k ir k 11Cn3 Rate = 
33 

= 2k, [CHC1 (81) 
dt 33 Cn 

k2 
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The theoretical rate equation based on the proposed mechanism therefore 

predicts-a first order dependence on both the chloroform concentration 

and the concentration of reaction sites. It is likely, however, that 

the molecularity of the reaction is greater than one, and it is thought 

that two molecules are involvedl as shown in the proposed mechanism. 

Similarly, if the reaction were to involve the formation of 

dichlorocarbene on the surface of the vessel, which then reacted with 

a second molecule of chloroform, a similar theoretical rate-equation 

could be derived. 

CHM 3+ Cn cHcly---C 
n k lr 

k 
CHC1-5----C C+, HC1 +, : CC1 

nn2 

k3 
ý- : CCl 2+ CHM 3- products 

-d [CHC1ý] 
Rat e==k, [CHC1 k [CHC1-5---Cn] +k (8: 

dt 31[Cn lr 3[ : CC12 3 EC"C13 

APP17ing steady state conditions, 

d ICHC13 ---- Cn d[. CC121 
0 

dt dt 

d [CHC1 
CEC1 Cn k lr 

. [CHC13----c 
dt 3 n] 

- (83) 
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(CHC'-5----Cn] 
k, [CHC1 33 1Cn3 

k lr +k 2-, 

? 

d [: CC1 21 
k2 [CHC1-5----C 

n] 
k31: CC121 [ CHU 

dt 3] 

I: CC12 Ik 2[CHC1-j----Cn 

k3 [cHcl 3] 

Substituting (84) into (86), 

(84) 

(85) 

(86) 

ccl 
k2k, [ C 

n] (87) 
21 k (k +k 2) 

Substituting (84) and (87) into the rate expression (62)_we obtain, 

7d 
[CHC1 

31 
k, 

r 
k, [CHC1 

3]lCnl 
Rate 

dt 
k CHU 3 

11 C. 1- 

k lr +k2 

k 
3ý2 

k, [ ClIC1 31 
ICnI 

+- (88) 
k3 (k 

1 r, +k 2) 

(2k 
2 k2 

(CHC1 ýj 31 
ICnI 

+k 

Againg the theoretical rate equation predicts a reaction which is first 

order with respect to both chloroform and the concentration of active 

sites. It is not possible therefore, to distinguish between the two 

mechanisms on this basis alone. In both cases the theoretical treatment 
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predicts a first order reaction which is in agreement with the observed 

results, and also with what other authors have reported599. The fact 

that the rate is dependent on the. concentration of reaction sites is 

also compatible with our findings, since we have shown that increasing 

the surface area of the reaction tube resulted in an increase in the 

rate of reaction. In order to explain the. formation of two-carbon 

compounds in this reaction-the molecularity of the reaction. must be 

greater than one. Two molecules are more likely to be involved. than threep 

since no th: ree-carbon compounds are obtained from the reaction. In order 

for the reaction to occur two molecules must come together, and be held 

together long enough for reaction to take place. This is more likely to 

occur on a surface, which can hold the molecules together momentarily, 

than in the bulk of the. gas, where they come together only by collision. 

For this reason, the mechanism suggested by Dr. R. E. Busby probably 

explains what is happening in the reactiong better than the formation of 

dichlorocarbene, unless the latter is also held on the surface long 

enough for the reaction to take place. However, dichlorocarbene would 

be expected to insert into pentachloroethane and hexachloroethane to give 

three-carbon_species. Since no such compounds were found to be present, 

dichlorocarbene is probably not involved. 

The rate of reaction was found to be faster when the tube was 

carbonised, than it was when the tube-was cleaned between runs. The 

induction period was also higher in the carbonised tube, suggesting that 

the nature of the 'catalyst' may be changing. As the carbon is built up 

on the surface, the carbon polymer will begin to form a gTaphite-like 
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4 

structure. The region we are observing may be a region where this 

change-over is taking place, so that what we have is a mixture of carbon 

polymer and graphitic-type carbon which may be in equilibrium. Such a 

mixture may be a more active catalyst than either form alone. We have 

shown that when a carbonised surface becomes cracked and unevent its 

catalytic activity increases considerably. This would account for the 

fact that we observe a higher rate ofIreaction. Once the surface has 

become completely graphitised the reaction may become slower, as has 

5,9 been reported elsewhere since this may be a poorer catalyst. 

The induction period observed in the reaction with a carbonised 

tube appeared to be longer than that in the clean silica tubeg although 

it cannot be determined with the same degree of accuracy because of the 

greater amountlof-scattei. The species which is building up to steady 

state concentrations is no longer the carbon polymer, but possibly an 

equilibrium mixture of the carbon polymer with the graphitic-type caxbono 

and it may be that it'takes longer for this to reach a steady-state, 

than the carbon polymer alone. 

8. III. i. THE REACTION OF CHLOROFORM WITH A SUBSTRATE IN THE, VAPOUR PHASE 

A kinetic study, has recently been carried out on the reaction 

between chloroform and 2p5-dimethylpyrrole in the vapour phase3l. Earlier 

work had shown that the reaction is first order with respect to the 

pyrrole30, and it is now known that the reaction is second order with 

respect to chloroform3l. Existing mechanisms cannot account for this 

observation, so an alternative mechanism has been suggestec, 
224. 
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The formation of cyclopropane adducts in the pyrolysis of chloroform 

with olefins can be explained by simple addition across the double bond, 

followed by dehydrohalogenationp without needing to invoke either free 

radicals or dichlorocarbene. 

-C----C", CHCL3 

CL 
CL 

,, 
C\ C ý, C C-, 

1-4 
C, 

CL 
C\H CO., * 

CL CL 'C L 
CL 

products 
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8. IV. CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 

From the experimental results obtained during this investigation 

we have found that the decomposition of chloroform in the vapour phase 

is a first order reaction which is catalysed at the surface of the 

reaction tube. The main products of the reaction are hydrogen chloride, 

hexachloroethane, pentachloroethane and tetrachloroethylene. Hydrogen 

and chlorine were not detected amongst the reaction productsp nor were 

any compounds containing three or five carbon atoms. Thisp together 

with the fact that the reaction is neither initiated nor inhibited by 

AIBN and phenol respectively has led us to reject the idea that the 

reaction proceeds entirely by a radical-mechanism. The formation of 

dichlorocarbene cannot be entirely ruled out, although in this mechanism 

also, trichloromethyl radicals must be invoked to explain the formation 

of hexachloroethanel and this might be expected to give rise to three- 

and five-darbon species. Alsoinsertion of dichlorocarbene into 

pentachloroethane would be expected to give three-carbon species, which 

are not observed. 

The reaction was preceded by an induction period, and both this and 

the-rate of reaction increased when a carbonised tube was employed. Using 

a carbonised tube also gave rise to considerable scatter in the results 

since the amount of carbon deposited was not enough to form a reproducible 

surface, and the extent', of carbonisation was no longer proportional to 

the space time, as in the clean silica tube. A mechanism involving the 

formation of a caxbon polymerv which then enables chloroform to be adsorbed 

and react on the surface has been suggested. 
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Future work should be directed towards an increased understanding 

of the way in which the surface catalyses the reaction. It would be very 

difficult to study the reaction with a partly carbonised surface, since 

it would be difficult to ensure that the surface was reproducible. 

Howeverg if this could be done accurately, it would be of great value 

to determine how the extent of carbonisation effected both the rate of 

the reaction and the induction period. If it were possible to treat the 

surface in some way, so that the adsorption of chloroform could be 

improved, this might result in an increased rate of reaction. 

The reaction could also be studied in a reactor which had been 

sufficiently carbonised to produce a stable graphite type structure. 

These conditions would be similar to those used in other work, in which 

a slower reaction has been reported599, compared to that observed under 

the conditions we have used. No induction periods have been reported 

under these conditionst and it would be interesting to see whether this 

is in fact the case. If under these conditions the reaction is catalysed 

solely by the graphite-type carbony which would be present right from the 

beginning of the reactiont then no induction period would be expected. 

It would also be of interest to see whether this reaction would in fact 

be slower as we expect it to be. 

By studying the effect of temperature on the induction period, an 

estimate of the activation energy associated with the processes involved 

in this part of the reaction could be made. This would give valuable 

information about the nature of these processes. It would also be of 

interest to determine the activation energy of the reaction proper in a 

clean silica tube, so that this could be compared with values obtained in 
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the carbonised system. 

It is evident that the mechanism of the vapour phase decomposition 

of chloroform is more complex than had previously been imagined. Whilst 

it is not possible to state definitely that the mechanism we have proposed 

is the correct mechanism, we feel that it, explains the observed results 

better than the existing mechanisms, and should therefore be considered 

as a possible alternative. It is felt that this reaction must be 

studied in still greater detail, before its mechanism can be fully 

understood. 
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CHAPTM 

DISCUSSION OF THE HYDROLYSIS OF CHLOROFORM 

The decision to investigate the kinetics of the basic hydrolysis 

of chloroform, was initiated by results obtained in a kinetic study of 

the breakdown of chloroform in the gas phase. Preliminary results 

suggested that this reaction, which had originally been believed to be 

first order, was in fact of a higher order with respect to chloroform. 

However, it has now been shown that this is not the case, and that the 

reaction is in fact first order in chloroform. 

The most widely accepted mechanism for the alkaline hydrolysis 

of chloroform is that suggested by Hine and coworkers92-99, This involves 

the formation of a t=ichlo=omethyl aniong by rapid abstraction of a 

proton from chloroform, by a base, followed by the loss of a chloride 

ion, giving dichlorocarbene. Howeverp no satisfactory explanation has 

been given to account for the energy required to break the carbon-chlorine 

bondl, which would probably be similar in strength to the ca: rbon-chlorine 

bond in chloroform (78 Kcal. mol. 
). Loss of Cl- from a trichloromethyl 

anion would involve the following processes. 

ccl- Dehydration:: 
ý, CC, - 3 aq. 3 ccl 2 

-e 

CC12 

+ Cie 

+e 

Ci 

Hydration 

: Ccl 2 aq. 

Hydration 

cl- 
aq. 
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Therefore, the total energy involved would be, 

-1 1 
"Total 'ý %ehydn. CCl- + HC-Cl + H-e + "+e + EHydn. 

: CU + "HyOC1- 
3 2, 

where E[yd n= hydration. 

Such a process would, therefore, be endothe=mic to a degree which could 

not be accounted for by the activation energy observed 

(24.3-33-3 Kcal. mol-. 
1)95,1109112 

. The involvement of a second molecule 

of chloroform could help to make this process energetically more 

favourable. 

Dichlorocarbene may be considered as a divalent, carbon intermediate, 

in which the carbon atom is covalently bonded to two chlorine atoms, 

leaving two non-bonding electrons which may have antiparallel spins 

(singlet state), or parallel spins (triplet state). Although 

dichlorocarbene is a very reactive intermediatep it is stabilised to 

some extent by the ability of the chlorine atoms to supply electrons to 

the electron-deficient carbon atom. Three possible resonance structures 

(42) increase the stability of the intermediateq thus decreasing the 

endothermicity of the rate controlling step. 

cl 

cl 

1 

cl 
cl 

(42) 
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However, this effect would be relatively smallp and could not account 

for a significant proportion of the required energy. 

The hydration energy of the chloride ion compared to the 

trichloromethyl ion could also help the reaction, if the former was- 

significantly larger, but again this would not provide the necessary 

driving force. 
I 

The pyrolytic breakdown of chloroform had been found to be surface 

catalysedo and the possibility of the reaction in solution being 

similaxly aided was considered. However, preliminary experiments to 

compare the rates of reaction in vessels made of glass (soda glass and 

pyrex), and Polythene, showed that it was unaffected by the nature of the 

surface. The reaction was also independent of the surface axea to 

volume ratio, since increasing the surface area by adding glass rings, 

had no effect on the reaction rate. 

Lastlyt other workers had followed the reaction by following the 

rate of, disappearance of the sodium hydroxide, or-the rate'of formation 

of the products, whereas the method used in this work determines the 

rate of reaction of chloroform directly. 
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PROB= ENCOUNTERED IN STUDYING THE REACTION 

Certain difficulties had to be overcome in order to follow the 

reaction by g. l. c.. Although the dioxane used in this work was of 

analar grade, and repurified prior to use a very small amount of 

impurity remained which gave a peak on g. l. c. analysis, which interfered 

with the chloroform peak. A correction was made for this, by subtracting 

the area of the impurity peak from the chloroform peak, but this had to 

be done very accurately. If the size of the impurity peak was either 

overestimated or underestimated the resulting velocity constant was 

considerably changed, and the first order rate plot was non-linear. To 

overcome this the initial concentration of chloroform was kept high 

enough for the impurity peak to be less than 10 % of the initial chloroform 

peak, and by purifying the solvent so that the impurity concentration was 

as small as possible. 

Similar problems were encountered as a result of the g. l. c. detector 

responding to water. Theoretically, flame ionisation detectors give no 

response to water, but in practice, a response is often observed, which 

is probably due to the stationary phase being washed off from the column. 

The magnitude of this response varies from one column to another, and 

becomes more severe as the column ages. It was important thereforev to 

find a column with which the detector did not respond to water, and to 

replace it as soon as it began to do so. 

Another source of error was encountered when samples were incompletely 

neutralised before they were injected onto the column. This resulted in 
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severe tailing of peaks, and a build up of alkali on the glass plug 

at the beginning of the column. In subsequent runs false values of 

chloroform concentration were obtained, because chloroform was reacting 

with alkali on the column, giving velocity constants which were falsely 

high, and non-linear rate plots. It was important thereforej to ensure 

that sufficient acid was used to neutralise the sample completely. 

The reaction mixture was originally neutralised in small glass 

sample tubes with polythene stopperst but it was found that the chloroform 

was rapidly absorbed by the polythene, thus reducing the chloroform 

concentration before it could. be estimated. Alternative tubes with metal 

foil-lined tops were employed, but, even when these were usedg the solution 

was not allowed to come into contact with the top, before a sample was injected 

on to the chromatograph. The automatic pipette used to withdraw samples 

from the reaction mixture was fitted with polypropylene tips which did 

not absorb the chloroform. 

In most-of the runs carried out, an increase in chloroform 

concentration was observed between the first and the second injections. 

This was shown to be due to a small amount of chloroform being adsorbed 

on. t1ae syringe during the first injection. Once the barrel of the syringe 

had been saturated this was no longer a problemv unless the syringe was 

left for a long time between injectionsp allowing the chloroform to desorb 

from the surface. Since excellent straight line calibration curves were 

obtained this was thought to be unimportant. 
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DETEMMATION OF THE ORDER AND RATE OF REACTION 

The results obtained from experiments to determine the order of 

the reactiong showed conclusively that the reaction was first order with 

respect to both chloroform and sodium hydroxide, and that three moles of 

sodium hydroxide reacted for every mole of chloroform. All runs gave 

straight line first order rate plots provided that the sodium hydroxide 

was present in large excess# whilst second order rate plots (with respect 

to chlorofo=) showed ccnsiderable curvature. A straight line was 

obtained for the overall second order rate plot, when comparable 

concentrations of the two reactants were used, and the change in the 

concentration of both the chloroform and the sodium hydroxide-was taken 

into account. 

Determination of the order by the method of fractional life also 

showed a first order dependence on chloroform, the time taken for the 

concentration of chloroform to be reduced by one-half, being independent 

of the initial concentration of chloroform. The first order velocity 

-4 constant determined by this method was 1.52 x 10 see. 
', in good agreement 

with the value determined from the first order rate plot (1-59 x 10-4 sec7l). 

I It is difficult to compare the results obtained in this work with 

the values of velocity constants obtained by other workers, 'since their 

results were obtained under different experimental conditions. However, 

a summary of velocity constants obtained is given in Table 45. 
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TABLE 45 

Comparison of second order velocity constants 

for the alkaline hydrolysis of chloroform 

Temp. (OC) Base Solvent k2x 104 

(mol. l. 1sec. 1) 
Ref . 

36.0 NaOH 32 % dioxane 6-50-2-55 * This work 

35-0 NaOH 67 % dioxane 3.19 9-05 95 

35-0 KOH 95 % ethanol 2.63 112 

35-0 KOH water 3-08 0-09 110 

* depending on the concentration of sodium hydroxide (0-05-1-50 M) 

It can be seen from Table 45 that the second order velocity 

constants obtained in this work are of the same order of magnitude as 

those reported elsewhere. Howeverp we have observed that k2 varies from 

-4mol. 1-1 -1 6.50 x 10 -4 mol-l-'sec. 
1 

at 0'. 05 X sodium hydr6xide, to 2.55 x 10 see. 

at'l'*50 M sodium hydroxide. Since others workers have not always quoted 

the concentration of base used to determine their valuest it is difficult 

to make direct comparisons. 

The possibility of the reaction being second order with respect to 

chloroform was considered, and the reaction mixtures were analysed for 

possible two carbon species such as pentachloroethane and 

tetrachloroethylenev but these were not found at any time. 
I 

Reactions such as the hydrolysis of chloroform, in which there is 
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a fast pre-equilibrium involving proton transfer, followed by a slow, 

rate determining step =ay be classified as B-1 reactions. This is 

analogous to the A-1 reactions in acid solution 
225t 

whose rate constants 

are known to be proportional to the acidity function of the medium. 

Since the basicities of the aqueous dioxane solutions used have been 

determined for a number of different hydroxide concentrations, it was 

possible to construct a plot of the log of the observed first order rate 

constants against basicity. Since pK a 
is constantv any variation in the 

basicity function, H-, will be due to the variation in loglor, therefore 

loglor may be used instead of H-, giving a plot of the same gradient. 

PTGM 42 

Plot of log, k' against basiciiZr 
01 

1.50 

.M 
0 

Ln 
1.00 
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0 

0-501- 
010 06 tog,, r 1.0 
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The plot of loglokl' against basicity gave a straight line of 

gradient 0.81 (method of least squares). Similar plots have been 

constructed for the reactions of chloroform with alkoxides. 

More OlFerall and Ridd 226 have, studied the reaction in methanolic 

sodium methoxide. They found that a plot of log, 0 k, against H_ was 

curved, with a mean slope of about 0.8 in the region 1, X<C <3 M- NaOMe 

Barbaud 227 
obtained a linear plot for the same reaction, with a similar 

slope (-,, 0.7) to that obtained earlier. Again, linear correlation 

broke down at high concentrations of methoxide 
228 

A study has recently been made of the reaction in strongly basic 

ethylene glycol-metal glycolate systems 
229 

. It was found that the plot 

of log 10 k1 vs. H_ was linear with a. slope, 
lof 

approximately 0-74P. UP to 

2.0 M sodium glycolate. At concentrations above this it curved downwards. 

Points from the curves of three different metal glycolates (Nag Li or K), 

all-lay on the same curvep providing extra evidence against the possibility 
229 

of the proton abstracting step being rate determining 

The deviation of the gradients of the plots from unityp of all the 

reactions studied has been explained on the basis of the large difference 

in size and structure between chloroform and the indicators used to 

dete=, 'ne H_. This could result in a large difference in the solvation 

requirements of CCl- compared to the indicator anion. This would mean 3 
that the Zucker-HaTnmett hypothesis, ff-, where f values SH fHk/ A 

are the activity coefficients of the species concerned, was not completely 

valid. 

9-II-ii. APPLICATION OF THE YAGIL APPROACH 

It is advantageous at this point to consider the results of the 
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application of the Yagil approach to this reactiono since this gave 

information about the reaction mechanism which has helped to explain 

the effects observed. The method suggested by Yagil (see page 65) to 

determine the number of water molecules associated with the transition 

state of a reaction, is a relatively new idea, and as yet is probably 

not fully acceptedo since it has, only been applied to relatively few 

reactions. It was felt thereforeq that by applying it to the hydrolysis 

of chloroform it would give more information about the usefulness of the 

method, as well as helping to gain further insight into the reaction 

mechanism. 

A'plot of kl*' against the initial concentration of sodium hydroxide 

was curved (see Fig-33), suggesting that anoýther factor, other than the 

concentration of sodium hydroxide, was involved in determining the 

reaction rate. 

The-Yagil plot of loglo k', /COH- against 10910 Cw gave a'straight 

line plot of slope + 3-14. Values of loglo kl, '/Cojj- fell off rapidly at 

values of C greater than 0-974. This corresponds to sodium hydroxide 
w 

concentrations of between 0 and 0.2 molar, It has been shown'03, that 

at values below 0.2 molar, the ionic strength has a severe effect on the 

rate of the reaction, and it, is possible that such an effect is responsible 

for the observed deviation. At ionic strengths greater than 0.2 molar 
103 such effects are no'longer important 

Positive values of slope are less co=on than negative values in 

the Yagil plot, but since relatively few reactions have been treated in 
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this way it is not yet known whether the value we have obtained is 

particularly unusual. The highest positive value reported to date 

was +1, which was determined for the hydrolysis of aziridinium ions 166 

A slope of +3 means that an average of seven water molecules are 

associated with the transition state, (three molecules are given up by 

the hydroxide ion, and one is formed in the reaction). It is suggested 

therefore, that the reaction intermediate is a product formed by attack 

of water on the carbon aiom of the trichloromethyl anion. This could be 

aided by the high degree of solvation of the transition state, and the 

fact that a sodium ion is helping to remove a chlorine atom. Several 

structures are possible for the transition state: - 

A 

OH 
H, ' 

H 
CL 

H 

/ 0--. ---Cgt-CL-. -NcL... O 
I S\ý-) - \H 

HýI, qL ý-b fH \OH 

H 

H CL 
\0eý... '9 CL--. - Na 

HN ., 
H x. /Nýý 

CL p 
I'- I%H H H. ' 

II -ýOH H-u p 
H--' NH 

0z 
'**H 

(43) (44) 
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H, 

Ff H, 
Cd CL H 

ct.. CL---NcL 
H 

H, o 9L 
Hý 
I 7 

H H" H 

(45) 

I 

In ill of the structures postulated the chlorine atoms are hydrogen 

bonded to water molecules, thus enhancing their tendency to pull electrons 

away from the carbon atomv making it more susceptible to nucleophilic 

attack. This pull of electronic charge can be transferred through the 

hydrogen bonded ring system, to the oxygen of the attacking water molecule 

as shown in (43-5), thereby increasing its nucleophilicity. In structure 

(45), which includes a bidentate hydrogen-bonded water molecule, this 

can occur through both ringsq and it will therefore be a stronger effect 

than in either of the other two possible arrangements. 

The hydrogen bonded ring structures proposed in (43) and (44) are 

both ten membered ringsl whereas that proposed in (45) is a twelve membered 
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ring. Similar ring systems (46) have been found in ice crystals, so 

that it does not seem unreasonable to suggest that a structure such as 

we have proposed (47) could occur in aqueous solutions. 

. 
0-H 

H,,, 
-o /0, 

H/ 

-H 1-110.1 

(46) 

CL 

Ko. 
_ H�2 

-. CL 

#H 
ct 

(47) 

Structure (48) is analogous to that of cis-decalin. 

Ho 

H, 
CL 

NcL+ 

H- C----CL - 
H 

H 
ýCL 

H 

(48) 
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Attack by a water molecule appears to be more likely than attack 

by a hydroxide ion, despite the fact that the latter is a stronger 

nucleophile. Bringing a hydroxide ion close to a trichloromethyl anion 

would mean overcoming the electrostatic repulsion between the two 

negatively charged ions. Howeverp halide ions have been shown106 to 

react with trichloromethyl ions, so the reaction with hydroxide ions 

cannot be ruled out on these grounds. 

Application of the transition state theory shows that only 

oppositely charged species can be involved in the transition state, 

since a negative salt effect is observed. The involvement of a second 

negatively charged speciest that is a hydroxide ion, would predict a 

positive primary salt effect. This will be discussed in greater detail 

later on. 

The intermediate formed from the postulated transition stateo can 

then break down to give the reported products, according to the observed 

stoichiometry of the reaction. 

H+1 
Transition state 

ýo 

-C 
H cl 

Hcl + Co 

oýC< 

E 

OH ci 

C+ Hcl 

H 

NaCl -H 
+> 

HO--ZCZ 

cl 

Ici 

cl 
I 

ilu-C-cl 
-HC1 
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Although the transition state involves an incipient 

dichlorocarbene, it is thought unlikely that free dichlorocarbene is 

formed. The formation of H O-CC1 by a concerted mechanism such as 22 

that suggested would involve breaking a carbon-chlorine bondq together 

with the formation of a carbon-oxygen bond. There would also be 

favourable electrostatic interaction between the sodium and chloride 

ions, although this may not be as strong as the sodium chloride bond 

in the crystal lattice. This process would therefore appeax-to be 

energetically more favourable than formation of dichlorocaxbene by 

loss of a chloride ion from a trichloromethyl anion. 

9. II. iii. DETERMINATION OF THE ACTIVATION PARAMETERS 

Activation parameters were determined for the hydrolysis of 

chloroform at two different sodium hydroxide concentrationst between 

250C and 410C. The values obtained are comparedwith those reported 

elsewhere in Table 46. 
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TABLE 46 

Comparison of activation parameters for 

the hydrolysis of chloroform 

Solvent/Base EAct. (Kcal. mol-. 
') 8H*(Kcal. mol-1) LS*(e. u. ) Ref. 

32 % dioxane/NaOll 25.0 0.4 24-4 0.4 +1.4 (0-4 X This 
NaOH) work 

+5.2 (0.8 M 
NaOH) 

67 % dioxane/NaOH 26-3 t 0-8 +10.5 t3 95 

95 % ethanol/KOH 33-3 32-7 +44 112 

Water/KOH 24-3 - - 110 

* 
Average of two values. 

The AiThenius activation energy had an average value (2 determinations) 

-1 of 25-0 Kcal. mol. in good agreement with the Value of Fells and 

Moelwyn--Hughes 110 
.A decrease in activation energy with increasing temperature 

has been reported 
110 

, but we have not observed this effect. Since. dEACt/dT 

would be small (13.3 cal. deg7l)110, the values of k1 used to calculate the 

I 
energies of activation would have to be determined very accurately, and 

over a wide range of temperatures. 

The change in activation energy with temperature was explained on 

the basis of the rate determining step being a unimolecular reaction. It 

was suggested that the number of simple harmonic oscillators contributing 

to the decrease in activation energy with temperature, is greater for 

the breakdown of the solvated CCl- ion than it is for chloroformt due to 3 
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the effect of charge on solvation. However, a temperature effect on 
110 

the equilibrium constant, may also have been involved 

The greatest variation in reported activation parameterst is in 

the values of entropy + 1.4 -+ 44 e. u). This is not entirely 

unexpected since the different values were obtained under different 

experimental-conditions. In the present work, an increase in entropy 

with increasing sodium hydroxide concentration was observed. It was 

originally thought that, the formation of a highly hydrated transition 

state would result in a negative entropy of activation. However, since 

it is known that at low temperatures chloroform forms a-hydrate with 

eighteen molecules of water 
230ý it is likely that the trichloromethyl, 

anion will be associated with a large number of water molecules. Sodium 

ions will help to stabilise the anion, and they may also be hydratedp 

giving rise to a highly ordered system which fits in well with the 

structure-of the medium. In going from the-reactants to the transition 

state it is possible that a less ordered structure will result, and 

positive values of entropy will be obtained. This difference in entropy 

will become greater with increasing hydroxide concentrationg because 

of-the increase in the number of water molecules which are associated 

with hydroxide ions, resulting in a more ordered system initially. 

THE EFFECT OF ADDED SALTS 

The addition of both potassium nitrate and sodium chloride to the 

reaction mixture resulted in a decrease in the reaction rate. Sodium 

chloride had a greater effect than potassium nitrate, as had been 
I 
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reported previous- 
92,93 ly 

In the reaction mixture, negatively charged trichloromethyl ions 

will be stabilised by the presence of positively charged sodium ions, 

so that on increasing the concentration of these counter ions by adding 

salts to the mixture, the stability of the anion will be increased. 

The transition state, on the other hand, will not be affected to the 

same'extent, since it more closely resembles a neutral species, as a 
A 

result of the strong interaction between CM 3 and a sodium ion. 

Increasing the stability of the trichloromethyl anion will decrease the 

free energy of the system relative to the transition state. This will 

tend to increase the energy of activation, thereby decreasing the 

reaction rate. It can easily be shown that an increase of ý-4 % in the 

Arrhenius activation energy will decrease the reaction rate by'a factor 

of two. Stabilising CCl- would also be expected to affect the initial 3 

equilibri, um, but this effect would be very small compared to that on 

the activation energy. 

The variation in rate observed when different salts are addedt can 

be explained on the basis of competition between the trichloromethyl 

anion, and the anion of the added salt, for the oppositely charged cation. 

In the presence of sodium fluoride, the highly negatively charged fluoride 

ion is strongly bound to sodium ions, that is the free energy of the 

system can be lowered'by the close approach of the small ions. Addition 

of sodium fluoride, thereforev will only increase the stability of the 

CC13 ion by a small amount. 
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In the case of the iodide ion the free energy cannot be reduced 

so effectively, compared to smaller anions, since iodide anions cannot 

approach a sodium ion so closely. Purthermore, the interaction will be 

less stabilising, due to the greater spread of charge over the surface 

of a larger ion. This will result in an increase in the concentration 

of sodium ions available to stabilise CCl-, giving a bigger increase in 3 
the activation energy, and a slower reaction, compared to the case where 

sodium fluoride is added. On this basis. it must be assumed that nitrate 

and perchlorate ions act similarly to fluoride ions. 

Results obtained by Hine and coworkers have shown that under 

similar experimental conditionst the addition of sodium salts consistently 

decreases the reaction rate more than potassium salts 
92 

, which is 

compatible with the idea that Counter ions are involved. Hine has in 

fact suggested that this difference may be due to the lessened tendency 

of the potassium ion to form ion-pairs with the trichloromethyl anion, 

thereby increasing the rate of chloride elim I ination from this anion93. 

Primary salt effects have been accurately predicted from 

transition state theory 231o The rate of reaction is given by 

rate =V (Ae] (89) 

where ABI' is the activated complex formed from the reaction between 

A and B. 

Y [AB*I- 
Alý K 

YA[AIYB[B] 
(90) 

Solving eq. (90) for the concentration of AB4', and substituting it into 

the rate equation, gives the Brsnsted relationship; 
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rate = k(A][B] z K* -YýYB 
[A] [B] LT (! 

h, 

) 
YAB 

AYB k= 
(kT) e_, y 

h YiBt 

. 
*. log k= log ( LT) + 'log YA + log Y log YAIý 

h 

For reactions in dilute aqueous solutionsg the activity coefficients 

of ions can be obtained from the Debye-Huckel limiting law, 

logyi 2 
=- AZ i A2 

where A is aterm containing universal constants j the dielectric of 

(91) 

(92) 

(93) 

(94) 

the solvent, and the temperature, Zi is the charge of the ion, and 

is the ionic strength. Eq. (94) can be introduced into eq. (93)t and 

ZA + ZB for Z AB since the charge of the transition state must equal 

the sum of the charges of the reactants. 

log k= "I: bg (kZ 2'+ Z2 ý7h 
)e- 

A/A zA. B 
(z 

A+ ZB) 

which reduces to 

log k= log k T) K+ + 2AZýZBJA2 Qh- 

The first term on the right-hand side of this equation is the log of 

(95) 

(96) 

the rate constant ko in the standard statef thus 
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4 

log k 
k 

2AZAZBýL2 

0 

(97) 

This is the B#nsted-Debye limiting rate equation which predicts that 

a plot of log k against the square root of the ionic strength, should 

0 be a straight line of slope 2AZ AZB. For water solutions at 25 C9 

A= 0-509y and the slope is ZAZB. This equation has been shown to 

hold for many reactions 
231 

This fits the Hughes-Ingold qualitative theory concerning 

medium polarity and reaction rates. Since the addition of an ionic 

substance increases the polarity of a reaction medium, a large positive 

salt effect would be predicted for a reaction between two similarly 

charged ionsq and a large negative salt effect when the reacting ions 

are oppositely charged. 

According to the mechanism proposed by Hinev the transition state 

is inte=ediate between a trichlorcmethyl anion and dichlorocarbene. 

ccl - ý; P- [Ccl *I ->: ccl + cl- 33ý2 

I From eq. 91). 

Rate = k[CCl-] = 
kT K+ 3 

Nh ) YCC17 
3- [CC, -] 

YCCl 
313 

(98) 

k Ycci- 
k QT) it 3 (99) 

Ih, Ycci-"' 
3 



256 

and, 
TZ) log k= log (kj K* + log YCCl- - log YCC, -'t 

(h33 (100) 

Substituting eq. (95) 

log k= log(kj K+ - All' [ZC' 2-z2 
cl-3 ccl 3 

log k= log k0- 

(101) 

(102) 

Clearlyq according to Hinets mechanism, no primary salt effect should 

be observed, although he has explained the retardation observed when 

fluoride, nitrate and perchl6rate ions are added to the reactiont on 

the basis of a primary salt effect. 

It may be argued, that a small negative salt effect could result 

from dispersion of the negative charge during the formation of the 

transition state. Since the negative charge will probably be delocalised 

over the CCl 3 ion, by the electron withdrawing properties of the chlorine 

atoms, it is unlikely to be any more dispersed in the transition state. 

Thus even if this effect were apparent it would be small. 

I According to the mechanism we have postulatedv a trichloromethyl 

anion and a sodium ion axe involved in the formation of the transition 

state, predicting a definite negative salt effect. If hydroxide ions 

were attacking CCl- instead of waterp the product of the ionic charges 3' 
would be positive, predicting a positive salt effect. 

A secondary salt effect is unlikely to be seen in the pre-equilibrium, 
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since both sides of the equation involve a neutral molecule and a single 

negative charge. 

CHCl + OH- CC1 -+ Il 0 2 

Hine's evidence for the formation of dichlorocarbenet depends to 

a large extent on the effects of added salts 
92,93. He'claimed the 

observed decrease in the reaction rate as being due to recombination 

of dichlorocarbene with halide ions, to reform trichloromethyl anions, 

and the increasing effect of different anions, Cl-<B3: 7<I-t as being 

due to their increasing nucleophilicities. If this were the case, one 

would expect to see such a trend in reaction rate from the point of view 

of product. formation or decrease in hydroxide concentrationp butt if the 

reaction were studied by following the rate of loss of chloroform, this 

would not be the case. Recombination of bromide and iodide ions with 

: CCl 2 would not give trichloromethyl anions, so that the rate of 

formation of dichlorocarbene should not be affected, since Hine has reported 
92 that it is independdnt. of the nature of ions p=esent . Accordinglyq the 

rate of loss of chloroform should not be affected to any gTeater extent 

thazi it is by nitrate, perchlorate or fluoride ions. 

OH + CHCl H0+ cci- 323 *CC'2 + C17 

OH + cHcl 3"E20+ CCI 3 '- 
%-lý : ccl 2+ c1-- x: cxci 2 
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Unfortunatelyy there was insufficient time to investigate the 

effects of bromide and iodide ions on the reaction, when the rate of 

chlorofo= loss is followed directlyp but it is hoped that this will 

be ca=ied out in the near future. 

The isolation of mixed haloforms from the reaction of chloroform 

and alkali in the presence of other halide ions, has been quoted by 

several authors as evidence for the formation of dichlorocarbene930089109. 

However, Horiuti and coworkers have observed the chlorine exchange 

between chloroform and aqueous chloride solutions, and have deduced 

that the mechanism involves exchange of a chloride ion with a chlorine 

atom in the trichloromethyl, anion 
1o6 

0 

Cl + Ccl CC1 Cl + Cl (Cl*ý- chlorine from solution) 3 2ý 

Bromide and iodide ions could similarly exchange, thus explaining the 

formation of mixed haloforms without the need to invoke dichlorocarbene. 

The exchange would obviously be base catalysedy since a base is required 

for the formation of the trichloromethyl anions. 

The formation of mixed trihalomethyl anions when halide ions are 
I 

added to the hydrolysis reaction will result in a gradual increase in the 

observed rate constant. Bromide and iodide ions are better leaving 

groups than chlorine, so that as the concentration of CBrCl- and CICl- 22 
builds upp its effect on, the rate constant will gradually become apparent, 

as observed by Hine93. 

The effects of added thiophenalate ions have also been used by Iline 
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to support his dichlorocarbene mechanism 
92 

. However, an alternative 

mechanismt based on the interaction of sodium thiophenolate as opposed 

to thiophenolate anions, with trichloromethyl anions, also explains 

the observed results. 

In an aqueous solution sodium thiophenolate will tend to dissociate 

into ions, eq. (103), 

PhSNa 
,., 

I. -. PhS- -j- Na+ 

it will also be hydrolysed; 

PhSNa +H20 -% 
%ý- PhSH + NaOH 

The concentration of sodium thiophenolate in aqueous solution will 

(103) 

(104) 

therefore be low, and little reaction will occur. on addition of sodium 

hydroxide'both equilibria (103) and (104) will be pushed over towards 

the left-hand side, which will tend to increase the concentration of 

sodium thiophenolate and the rate of reaction, thus explaining why the 

reaction is base catalysed. An analogous reaction to that observed with 

wateý7*can be postulated. 

L 
PhS-----Ct--- --Na+ 

PhSNcL+Na+ 

+ CCLj- 
> 

H-'Oý 
0-H---O, 

H 

(49) 

PhS-CC12- 

+HCL + 

NaOH 
Nü 



260 

Since the reaction involves an undissociated ion pair, a negative 

trichloromethyl anion and a positive sodium ion it would be expected to 

show a negativ .e salt effect. The reaction between CCl- water and a 3' 

sodium ion would show a. similar salt effect, explaining why the ratio 

of the rate of reaction with thiophenolatet to, the rate of reaction 

with water (kt/kw), was found to be independent of ionic strength92. 

Hine's axgument against a reaction between thiophenolate-and 

trichloromethyl anions did not take into account any involvement of 

the sodium ions. 

ccl 3+ C6H5 st> C6H5SCC'2 
_+ 

cl 

k+ 
ccl +H0wH O-Ccl + cl- 

3222 

Thus, he predicted that since the reaction between thiophenolate 

and trichloromethyl anions involves two negatively charged species it 

should show a larger positive salt effect than that between a 

trichloromethyl anion and a neutral water molecule. The ratio kt/kw 

would decrease with decreasing ionic strength92. However, this would 

not be the case if sodium ions were also involved. 

LeNoble's determination of the volume of activationg showed that 

there was an increase in volume associated with the formation of the 

transition state'14015. This can be equally well explained by the 

formation of the transition state we have postulatedv as by the formation 

of dichlorocarbene. The entropy of activation has shown that there is an 
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increase in disorder during the formation of the transition state, 

suggesting that the trichloromethyl anion and sodium ion are part of 

a highly ordered system, which probably fits well into the structure 

of the medium. The formation of a bulky transition state with its 

hydrogen bonded rings such as has been suggested could therefore result 

in an increase in volume as well as an increase in entropy. 

THE EFFECT OF CHANGING THE DIOXANE CONCENTRATION 

The rate of reaction was decreased by increasing the concentration 

of dioxane in the reaction mixture from 32 % (3-79 M) to 35 Yo (4-12 M)- 

This decrease varied from 9% at 1.00 X sodium hydroxide to 14 % at 

1.50 M sodium hydroxide. Increasing the concentration of dioxane in 

the solvent has two effects; it reduces the dielectric constant, and it 

reduces the concentration of unbound water, since each dioxane molecule 

associates with two water molecules. Both of these effects will tend to 

decrease the reaction ratep' as was observed. This effect will be greater 

at higher concentrations of alkali, since hydroxide ions are hydrated by 

three water molecules, so that the concentration of free water will be 

lower to start with, and any further reduction will have a relatively 

greater effect. 

Hine's results show that at 67 % dioxane, where the dielectric 

constant is considerably lower than at 32 %*dioxaneq the rate constant 

is reduced by approximately 51 %. Hine reported that under the 

experimental conditions he has used, the rate of the reaction was 

independent of solvent composition95. This may be explained by the change 
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in dielectric with the change in mole fraction of water (Fig-43). 

FIGURE 43 

Plot of dielectric constant aga6inst mole 

fraction of water (10 -'550 C)232 

. 0-0 

0 
L- 

a) 
ia 

mote fraction of water 

I Under the conditions Hine has used (67 Yo dioxanep -- 0-7 mol- 

Traction of water), a small change in the dioxane concentration would 

have little effect on the dielectric of the solvent. At 32 Yo dioxane 

0.9 mol. fraction of water) any change in the solvent composition 

will result in a much bigger change in the dielectric which will be 

reflected in the reaction rate. 

0 0-2 0-4 0-6 0-8 1-0 
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9'. II. vi. THE REACTION OF DEUTEROCHLOROFORM WITH'SODIUM DEUTEROXIDE 

The reaction of deuterochloroformýwith sodium deuteroxide in 

deuterium oxide was 24 Yo faster than the equivalent reaction in the 

proton'system. Howeverg it is not possible to'gain any definite 

information'from this, result. A possible'explanation is that the, 

pull of electrons away from the carbon atom of-'the'trichloromethyl' 

anion, 'is greater in the case of deuterium oxide, than it is with 

ordinary water. -This might make the carbon atom more susceptible to 

nucleophilic attack in the deuterium system. 



264 

9.111. REACTIONS OF CHLOROFORM WITH A BASE IN THE PRESENCE OF SUBSTRATES, 

Any alternate mechanism proposed for the hydrolysis of chloroform, 

should also explain the reactions which occur in the presence of a 

substrate. The formation of dichlorocyclopropane derivatives has hitherto 

been explained by the addition of dichlorocarbene across a double bond, 

via a three-centre transition state, thus accounting for the stereospecificity 

of the reaction. 

The formation of, these compounds by addition of, trichloromethyl 

anions was rejected# on the grounds that it had never been possible to 

isolate the saturated trichloromethyl derivative (25)p formedýby addition 

of Ccl to one of the carbon atoms. However, this is possible, in some 3 
119'121 

reactions of carbonyl compounds with chloroform and chloroform 

derivatives 122 
0 

LI 
-c-c- 

ccl 3H 

(25) 

If., on the other hand, the anion added across the double bond to form 

a three centre transition state, similar to that proposed in the 

addition of dichlorocarbene, this would account for the fact that (25) is 

not observed, and also explain the stereospecificity of the reaction. 
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c C, L 

+ CCLS* +Nct N 11 I'l 
" 

ý' 
CL 

/C\ ; C"ý--, 
L 

(50) 

Similarly, in the addition to carbon-nitrogen double bonds, 

CL 
c 

CL 

NaCL 

Ph Ph Rh 
II ct CHC13 HC.... ý:: 

_ 
ec 

L 
2ý, 1 CL---N+ 

N MeONd_ NI" 
CL 

N! -l" 'CL 
III 
Ph Ph Ph 

L +NcLCL 

and, in the ring expansion of heterocyclic compounds. 

CHC13 
q+ cl 

Pyrroti'Naý 
F, 

W ct 
CN"T 

HH+ NaCt 
+ HCI 

Many of these reactions have been carried out under anhydrous 

conditions. Since water plays an important role in the reaction in aqueous 
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solution, ii-might be expected that other-solvents employed, such as 

alcohols would act in a similar way in the absence of water. Alcohols 

may be able to form hydrogen bonds analogous to those formed between 

water molecules. 

II 
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9. IV. DB=aNATION OF THE HYDRATION NUMBER OF DIOXANE 

1,4-Dioxane was found to have an average hydration number of 2.25- 

This does not imply thit each dioxane molecule is associated with a non- 

integral number of water molecules, simply that this is an average value 

for dioxane molecules in a 32 % aqueous Solution. Results obtained in 

DMSO-water mixtures have also been shown to have non int egral valuesq 

which gradually increased from 0-78 (81-4 % MSO w/w)v to 2.32 (38-3 

lee 
DmSO), remaining almost constant in more dilute solutions 

Other authors have also suggested that dioxane is associated with 

, 
2339234 

two water molecules and they proposed the following type of 

interact ion2331 (5l)- 

H\O- ý---O 0---H 

H/ 
(51 

The basicity of dilute sodium hydroxide solution was found to be 

considerably higher in an aqueous dioxane solution, compared to pure water. 

This is readily understood on the basis that dioxane molecules can compete 

with the hydroxide ions for free watery thereby decreasing the number of 

water molecules available for the hydroxide ions, and increasing their' 

basicity. 

Absolute values of H_ were not determined since this would have 
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involved determining values of pK a and H_ for a number of overlapping 

indicators, and there was not sufficient time available to do so. 

However, in anchoring H- to the pH region, people have determined the 

PK a of their most acid indicator in water, and then assumed that it is 

the same in their water-solvent mixture. -We felt justified therefore, 

in making the same assumption for 6-bromo-2,4-dinitroaniline. Values 

of pK have been determined for this compound in a number of different 
a 

solvents and these are in good agreement, as shown in Table 47. 

TABLE 47 

Comparison Of PKa' s determined for 

6-bromo-2,4-dinitroaniline in different solvents 

Solvent Pýa Ref 

Pyridine/water 13.66 180 

Sulpholane/water 13.60 180 

Sulpholane/water 13-71 182 

Since the values above were determined at. 25 0C as opposed to 360C, 

and pK a 
is known to change with temperature, we have not used them. 

Instead, it was assumed that the value of pK was the same in 32 % dioxane a 
as in pure waterp and that-any variation in basicity was due solely to a 

change in the-ionisation ratio, r., 
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9. V. CONCLUSIONS AND SUGGESTIONS FOR YURTEER WORK 

The hydrolysis of chloroform by a solution of sodium hydroxide 

in 32 Yo (w/v) dioxane has been studiedýand the reaction was found to be 

first order with respect to each of the two reactants. Activation 

parameters were determined in the temperature range 25-410C, and these 

have been summarized in Table 35. 

Application of t he Yagil approach showed that the transition state 

was associated with seven water molecules, which is thought to make the 

formation of dichlorocarbene as a discrete entity unlikely. We have 

therefore suggested an alternative mechanism involving an intermediate 

formed by nucleophilic attack of water on, a trichloromethyl anion which 

is closely associated with a cation (Na+). This is also thought to be 

more likely from a thermodynamic point of view. _The 
formation of 

dichlorocarbene from CCl - byloss of a chloride ion would be expected to 
3 

involve an activation energy considerably higher than that determined 

(25.0 Kcal. mol. 
1), 

and it is difficult to explain how this energy would 

be. provided. 

A definite negative salt effect was observed, which is compatible 

with, a, transition state formed from two oppositely charged species. This 

can only be explained on the basis of both a trichloromethyl ion and a 

sodi= ion being involved. 

The reaction between deuterochloroform and sodi= deuteroxide in 

deuterium oxide and dioxane was found to be 24 % faster than the corresponding 

reaction in the proton system. This has been explained on the basis 
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of stronger interaction between CC1- ion and the water molecules in the 3 

transition state. 

Further work must be done to investigate the salt effect in greater 

detail. By measuring the rate of the reaction at different concentrations 

of added salts, *it would be possible to determine the number of charges 

involved in the formation of the transition state. Also, the relative 

effects of the different halide ions must be accurately determined since 

this would giVe strong evidence either for or against the formation of 
92-99 dichlorocarbene as suggested by Hine 

If, as we have suggested, the sodium ion is intimately involved in 

the formation of the transition state, changing this cation should also 

effect the rate of reactiong and this could easily be tested. 

Although the dichlorocarbene mechanism suggested by Hine 92-99 
, has 

largely been accepted as correct, we do not feel that it is the only 

possible explanation for the observed reaction. Hine has considered the 

possibility of nucleophilic attack by water on a trichloromethyl anion, 

and although he favoured the formation of : CC12 , he has been unable to 

rule the former out. We feel that this mechanism is a better explanation 

than. the formation of dichlorocarbene. 
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APPENDIX ONE 

NUMERICAL D=HKINATION OF THIRD ORDER RATE EQUATION FOR PLUG FLOW 

CONDITIONS. 

For irreversible reactions of order n. 

PX 

A kXA) n 
dX 

kC n-I (1-X )nA 
AO 0A 

(50) 

Hence, for an irreversible third order reaction, 

Ix A 

12 +y') 
(103) 

kC A. 0 j01 -XA) 
3 

Expanding (1+E X )3, this-becomes IA 

xA2E: 3 
1- 

23 

Ejjxj 
k 3EA2XA IL xj3 

- dXA (104) 
kC Ao 0 _x A 

)3 (, _X A 
('-XA)5 (, -x A 

)3 
b,, 

Since terms in E: 3X 3 
are very small these may be neglected. 

IAA 

0-X A dX., 
XA 

(105) 

0--, 
(1 -XA) 

32 (1 -X A2 

-11 
(106) 

2 (1 -XA) 
22 
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f XA 
3E: AX, & 1xA 

- dx. 
& = 3EA -2 

(1 -x A 
)3 

(1 -XA) 2(1-X A) 
0 

3EA 
(1 -x A)2- 

J. 

2(1-XAý 

2XA2 XA 
3A22 

ln(1-X-4) +- 
(1-X 3 

dX A 
3ýL 

rl 

(1-x 2(1-X )2 
1A0 

.0 

(107) 

(108) 

(109) 

2,21 11 (110) 
-36A ln(l-X + ln 1-I 

A ('-XA) 2 

Substituting eq. (106), (108) and (110) into (104), 

*'t =. -1 + 3EA 
2 kC Ao 

2 

(2(1-Xk) 

2( 2(1 _XA)2 (, -X A2 

3EA: 21n (1 -XA) +21-1 (111) 
2(1-X )22 (1 -XA) A 

whichp on rearrangement gives, 
01 2 (1+3Ee 3ýk 

T 
kC 

AO 
2 2(T-X A)2 

(3F2+ 6E: 2) 

- 31ý2 ln (1-X. ) 
(1 -XA) 

1 (1 - 3£A- - 9EA 2 

2 
.0 

(112) 
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8.0- 

U 

4-0 
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XA 

(1 +Eýa AXA) d XA 
1- XA) C2 AO 

Fig. 44 Third order rate plot - integral 
determined numerically 

.1 
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APPENDIX TWO 

. 
RESULTS FROM THE HYDROLYSIS OF CHLOROFORM 

RuN 

Initial c oncentration CHM 3: 0-0115 mol. 1-1 

Initial concentration NaOH : 0.5'057 mol-. 17-1 

Temperature : 36 t 0.1 0C 

Time 
(sec. ) 

Peak 
Area 

Concn CHU 3 (a-x) 
(M x 103) 

(a-x) corrld. 
to 1 ml 

(M x 
; 
03) 

-loglo (a-x) 

90 425198 11.26 11.26 1.9485 

96o 354485 9-'38 9-38 2.0278 

1950 293528 7-76 7-76 2.1101 

2880 241762 6-'39 6-39 2.1945 

3810 207772 5-50 5-50 2.2596 

4950 159379 4.21 4-21 2-3757 

5940 137366 3.6o 3.6o 2.4437 

7170 110718 2.92 2.92 2-5346 

8160 93584 2-48 2-48 2.6055 

9450 68687 1.81 1-. 81 2-7423 

11760 46470 1.22 1.22 2.9136 

13290 35934 0-94 0-94 3.0269 

14520 23865 0.62 0.62 3.2076 

15840 22460 0-58 0-58 3.2366 

16740 17286 0-46 0.46 3-3372 
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Initial concentration CHU 

Initial concentration NaOH 

Temperature 

RuN 

0.0109 M01.1.1 

1.4950 mol-171 
36 f 0. 

_i 
'C 

Time 
(sec. ) 

Peak 
Area 

Conc n CHU 3 (a-x) 
x 103 (M 

(a-x) co=ld. 
to 1 ml ; 

03), 
-. 

(M X- 

-loglo (a-x) 

90 398871 10-57 10-57 1-9759 

270 379329 10-03 10-03 1.9988 

1020 293800 7-76 7-76 2.1101 

1590 229872 6. og 6. og 2.2154 

2160 195122 5-16 *5-16 2.2874 

2640 178847 4-71 4-71 2ý3270 

3120 130962 3-47 3-47 2-4597 

3600 113065 2.96 2.96 2 -5287 
4290 88084 2-31 2-31 2 6364 

5310 52499 1-38 1-38 2.8601 

. 
6330 35754 0-95 0-95 3.0223 
640 

-39033 --1.01 1.01 2.9957- 
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RTjN 

-1 Initial concentration CHU 3: 0.0107 moll . 1. 

Initial concentration NaOH : 1.2956 mol. 171 

Temperature : 36 ± 0.1 oc 

Time 
(see. ) 

Peak 
Area-- 

n Cone. CHC1 
(a-x) 

3) 
3 

(M x 10 

(a-x) co=ld. 
to 1 ml 

(M x 
ýO 3) 

-loglo (a-x) 

90 384369 10-17 10-17 1.9928 

1230 273106 7-19 7-19 2.1433 

2430 178691 4-72 4172 2-3261 

3870 106104 2.80 2! 80 ý2-5528 
4960 71017 1-87 1-87 2-7281 

6ooo 48474 1.27 1-27 2.8962 

7050 32209 0-85 0-85 3-07o6 

7950 22933 Mo Mo 3.2218 

. 9240 12840 0-33 0-33 3-4815 
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Initial concentration 

Initial concentration 

Temperature 

RUN 70 

CHM 3: 0.0085 mol-17.1 
-1 NaOH : 0-7942 mol. l. 

: 36 t o. 1 0c 

Vol=e after neutralisation : 1.23 ml- 

Time 
I (sec. ) 

Peak 
Area 

Conc n. CHM 
(a-x) 3 

(M x 103) 

(a-x) corr'd. 
to 1 ml 

(M x 
; 03) 

-loglo (a-x) 

6o 260049 6-87 8-45 2.0731 

900 201770 5-34 6-57 2.1824 

2760 139181 3.67 4-51 2-3458 

3540 115136 3-03 3-73 2*-4283 

4380 90944 2.40 2-95 2-5302 

5160 71589 1.88 2-31 2.6364 

5940 57960 1-49 1.83 2-7375 

6780 49047 1.29 1-59 2-7986 

7620 40354 1-05 1.29 
. 
2.8894 

8520 30023 0-78 o. 96 3-0177 

9300 25262 o. 66 0.81 3-0915 

10110 14722 0-39 0-48 3-3188 

11130 15946' 0-41 0-50 3-3010 

12060 12527 0-32 0-39 3-4089 

12930 9204 0.25 0.31 3-5086 
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Initial concentration CHM 

Initial concentration NaOH 

Temperature 

Volume after netralisation 

RUN 72 

0.0097 M0161-1 

0.9998 M01.1.1 

36 t 0.10C 

1.30 ml. 

Time 
(see. ) 

Peak 
Area 

n Cone CHM 3 (a-x) 
' (M x 103) 

(a-x) corr'd 
to 1 ml 

(M x 03) 

log, 0 
(a-x) 

90 -274895 7-25 9" 43 2-0255 

870 230401 6.1o 7-93 2.1007 

1860 166656 4-31 5.6o 2.2518 

2670 12926o 3-42 40 45 2-3516 

3450 99527 2.63 3-42 2-4660 

4260 82025 2.16 2.81 2-5513 

5130 61400 1.62 2.11 2.6757 

5940 48568 1.28 1.66 2-7799 

6750 36533 0.98 1.27 2.8962 

7500 29747 0-79 1-03 2.9872 

8310 23566 o. 61 0*79 3-1024 
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RUN 73 

Initial concentration 

Initial concentration 

Temperature 

CHU 3: 0.0101 M01.1.1 

NaOH : 0.6952 mol. 171 

: 36 t 0.10C 

Volume af ter 'neutralisation- 1.20 ml', 

Time 
(see. ) 

Peak 
Area 

Cone n CHC1 
(a-x) 

(M x 103) 

(a-x) corr'd. 
to 1 ml 

(M x 1; 3) 
-loglo (a-x) 

6o 318099 B-39 10-07 1-9971 

750 270101 7-11 
. 
8-53 M691 

1500 214925 5.68 
. 
6.82 2.1662 

2160 183397 4.87 5.84 2.2336 

2940 145668 3-85 -4.62 2-3354 

3690 113676 3-00 3.60 2-4437 

4650 
ý86961 

2.28 2-74 2.5622 

5340. 78150 2.05 2-46 2.6091 

6390 62102 1.63 1 . 96 2.7077 

7110- 58912 1-55 1.86 2.7304 

8040 39671 1-03 1.24 2. go66 

8700 37509 . 0.98 1.18 2.9281 



282 

RUN 74 

Initial concentration CHM 3: 0.0103 mol. 1- 

Initial concentration NaOH : 0.2017 mol-1-1 

Temperature : 36 t 0.1 0C 

Volume after neutralisation : i. o65 ml. 

Time 
(sec. ) 

Peak 
Area 

ConO CHM 3 (a-x) 3) (m x 10 

(a-x) corrld. 
to 1 ml. 3 (m x 10 ) 

-loglo (a-x) 

6o 371719 9-83 10-47 1.9801 
900 331819 8.76 9.33 2-0301 

1680 312730 8.25 8.79 2-056o 
2520 292447 7.71 8.21 2-0857 

3420 275481 7.26 7-73 2.1118 

4260 260359 6.88 7-33 2.1349 

5070 232405 6.15 6.55 2.1838 
5940 219314 5-81 6.19 2.2083 
6750 205490 5.45 5-80, 2.2366 

7560 184055 4-88 5.20 2,. 2840 

861o 178111 4.70 5.01 2-3002 
9450 158209 4-18 4-45 2-3516 

10380 155246 4-10 4.37 2-3595 

11910 137623 3.6? - 3-86 2.4134 
12870 126970 3. '36 3-58 2.4461 
13650 118137 301 3-31 2-4802 
14820 109086 2.86 3-05 2.5157 
15570 101543 2-71 2.89 2-5391 
16320 95383 2.51 2.67 2-5735 
17160 89423 2-37 2.52 2-5986 
17910 83839 2.20 2-34 2.6308 
18820 77252 2.03 2.16 2.6655 

19740 73112 1-83 1-95 2-7100 
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= 75 

Initial concentration 

Initial concentration 

Temperature 

CHU 3: 0.0103 mol-1-1 

NaOH : 0.3047 mol-1-1 

: 36 t 0.10C 

Volume after neutralisation 1: 1.09 mi. 

Time 
- (see. ) 

Pealc 
Area 

Cone n CHM 
(a-x) 3) (M x 10 

(a-x) corrId. 
-to 1 Ml. 3) (x x 10 

-loglo (a-x) 

90 351511 9.28 10.12 1-9949 

930 303488 8.00 B-72 2-0595 

1710 278496 7-34 8.00 2.0969 

2580 248707 6-56 7-15 2-1457 

3480 223191 5-91 6-44 2.1911 

4740 204712 5-42 5-91 2.2284 

5670 172719 4-56 4-97 2-3036 

6510 156027 4-12 4-49 2-3478 

7560 142288 3-77 4-11 2-3862 

8910 121785 3-21 3-50 2-4559 

966o 112018 2.96 3.23 2-4908 

11160 93753 2.47 2.69 2-5702 

12090 85657 2.25 2-45 2.6108 

12870 78601 2.06 2.25 2.6478 

13740 69832 1-83 1.99 2-7011 

14580 63836 1.69 1-84 2-7352 

16020 55439 1.47 1.6o 2-7959 

17010 49868 1.30 1-42 2.8477 

17910 44933 1-17 1.28 2.8928 

16690 40335ý 1-05 1.14 2.9431 
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RUN'-'76 

Initial concentration CHU 3 0.0102 mol. 1-1 

Initial concentration NaOH 0.4026 mol. 17.1' 

Temperature : 36 t 0.1 0c 

r 
Volume after neutralisation : 1.12 ml. 

Time 
(see. ) 

Peak 
Area 

n Cone. CHM 
(a-x) 3 

3) (M x 10 

(a-x) co=ld. 
to 1 ml 
_ 

(M x* 
3) 10 

-loglo (a-x) 

6o 341680 9.00 10.08 1.9967 

810 298773 7-88 8.83 2 -0540 

1620 270763 7.13 7-99 2 . 0975 

2370 241746 6.40 7.17 2.1445 

3150 200580 5.31 5.95 2.2255 

3840 181740 4-80 5-38 2.2692 

4710 155321 4.10 4-59 2-3382 

5430 14s695 '13 3-5 4-40 2-3565 

6150 115180 3.05 3-42 2-4660 

7590 9792-7 2 . 59, 2.90 2.5376 

8370 85510 2.26 2-53 2-5969 

9120 75295 1.99 2.23 2.6517 

9900 69962 1.83 2-05 2.6882 

lo650 61323 1.61 1.80 2-7447 

11400 52382 1.37 1.53 2-8153 

12150 48497 1.26 1.41 2.8508 

13230 45599 1.20 1.34 2-8729 

'i 14250 34883 0.91 1.02 2.9914 
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RUN 77 

Initial concentration CHU 

Initial concentration NaOH 

Temperature 

Volume after neutralisation 

: 0.0100 M01.1.1 

: 0.1527 mol. 1-1 

: 36 t 0.1 oc 

: 1.065 ml. 

Time 

.., 
(Sec. ) 

Peak 
Area 

Cone n CHU 3 (a-x) 
3) (m x 10 

(a-x) co=ld. 
to 1 ml 
(m x 103) 

-loglo (a-x) 

90 322117 8.50 9.05 2.0434 

870 332295 8.78 9.35 2.0292 

1560 319540 8.43 8.98 2-0467' 

2280 299740 7-90 8.41 2.0752 

3090 285842 7-53 8.02 2-0958 

3810 274521 7.23 7.70 2.1135 

4530' 24,01631 6-59 7-02 2.1537 

5220 236241 6.25 6.66 2.1765 

5940 226369 5-99 6-38 2.1952 

6720 211993 5.61 5.97 2.2240 

7440 206012 5.47 5-83 2.2343 

17610 127860 3-38 3.6o 2-4437 

1.8570 121780 3.21 3-42 2-466o 

19380 115632 3*04 3.24 2.4895 

20160 111260 2.95 3.14 2.5031 

20880 101847 2.69 2.86 2.5436 

. 
21570 94782 2.50 2.66 2-5751 

22350 92420 2.43 2.59 2.5867 

23250 87898 2.31 2-46 2.609.1. 

24000 80953 2.13 2.27 2.6440 



286 

RUN 78 

Initial concentration CHU 3: 0.0091 mol. -1 

Initial concentration NaOH : 0.1020 mol. 1.1 

TI emperature : 36 t 0.10C 

Vol=e after neutralisation 1.065 ml- 

Time 
(see. ) 

Peak 
Area 

cone n CHU 
(a-x) 

33 (m x 10 

(a-x) co=ld. 
to 1 ml. 3) (m x 10 

--loglo (a-x) 

4440 304271 8.01 8.53 2.0691 

5250 289885 7.65 8.15 2.0888 

6150 278982 7-35 7-83 2.1062 

7050 265763 7.00 7.46 2.1273 

7830 254792 6-73 7.17 2.1445 

8670 241932 6.40 6.82 2.1662 

9810 239510 6-35 6.76 2.1701 

lo620 221303 5.86 6.24 2.2048 

11490 218262 5.78 6.16 2.2104 

12450 2oo668 5.33 5.68 22.2457 

13410 198058 5.24 5.58 2.2534 

14430 186365 4.94 5.26 2.2790 

15300 178800 4.73 5.04 2.2976 

16170 173876 4.69 4.99 2 . 3019 

17160 1660164 4-42 4.71 2-3270 

18030 154772 4.08 4.35 2-3615 

18840 150267 3.98 4.24 2.3726 

19590 148717 3-93 4.19 2-3778 
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Initial concentration 

Initial concentration 

Temperature 

RUN 79 

CHU 3: 0.0110 M01.1.1 

NaOH : 0.0511 mol-17-1 

Volume after neutralisation 

36 t 0.1 oc 

1.065 ml- 

Time 

, 
(see. ) 

Peak 
Area 

Cone n CHU 3 (a-x) 
(m x 103) 

(a-x) corrd. 
to 1 ml. 

(m x 103) 
-loglo (a-x) 

-- 6o 383728 10.16 10.82 -1.9658 

870 376245 9.97 10.62 1-9739 

1710 368597 9.75 10-38 1-9839 

2460 346654 9.16 9.76 2.0106 

3270 352270 9.31 9.92 2-0035 

4020 338778 8.95 9.53 2.0209 

4740 332352 8.78 9.35 2.0292 

5550 313268 8.27 8.81 2-0550 

6300 309327 8.16 8.69 2.0610 

7080 283683 7.49 7-98 2.0980 

7770 302510 7-99 8-51 2-0701 

8880 287786 7.59 8.08 2.0926 

10710 284339 7.50 7-99 2.0975 

11400 270502 7-11 7-57 2.1209 

12210 256531 6.77 7.21 2.1421 

12960 247478 6.53 6.95 2.1580 

13740 242183 6.41 6.83 2.1656 

14460 226923 6. oo 6-39 2.1945 

15270 225575 5-98 6-37. 2.1959 



288 

RUN 80 

Initial concentration CHU 3: 0.0097 mol-l 

Initial concentration NaOH : 1-3025 mol-1-1 

Teýnperature : 36 t o. 1 0C 

Volume after neutralisation : 1.28 ml. 

Time 
(see. ) 

Peak 
Area 

Conc n. CHU 3 (a-x) 
(m x 103) 

(a-x) co=ld. 
to 1 ml 

(M x 
j03) 

-loglo (a-x) 

120 278244 7-33 9-38 2.0278 

.. 
930 216849 5-74 7-35 2.1337' 

, 
1740 179180 4-75 6. o8 2.2161 

-2580 149015 3.94 5.04 2.2976 

366o 110532 2.94 3.76 2-4248 

4410 89047 2.36 3.02 2-5200 

. 5220 72494 1.91 2.44 2.6126 

5970 60945 1.6o 2-05 2.6882 

6720 49400 1-30 1.66 2-7799 

. 7500 37856 1.00 1.28 2.8928 

8250 30723 0.80 1.02 2.9914 

9210 24765 o. 65 0-83 3-0799 
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RUN 81 

Initial concentration CHU : 0.0100 M01.1.1 3 
Initial concentration NaOH : 1.2733 mol. l. 

Temperature : 36 t o. 1 0C 

Volume after neutralisation : 1.35 ml- 

Time 
'(see. ) 

Peak 
Area 

Conc n CHU 3 
(a-x) 

(M x 103) 

(a: ýx) 6 orr d. 
to 1 ml. 

(M x 103) 

-loglo (a-x) 

90 272688 7-19 9.71 2.0128 

810 210807 5-57 7-52 2.1238 

1620 169202 4.47 6-03 2.2197 

2370 133743 3-52 4.75 2-3233 

3,420 100770 2.65 3-58 2-4461 

4170 78084 2-04 2-75 2-5607 

4890 63537 1.68 2.27 2.6440 

5670 47382- 1.24- 1.67 2-7773 

6390 41828 1.10 1-49 2.8268 

72ýO 33135 0-87 1-17' 2-9318 

7980 23341 Mo 0.81 3-0915 

8760 16219 0.42 0-57 3.2464 

96oo 12440 0-32 -0-43 3-3665 



290 

RUN 82 

Initial concentration CHM 3: 0-0104, mol-l-. 
1 

Initial concentration NaOH : 0.9687 mol-17-1 

Temperature : 36 t o. 1 0C 

Volume after neutralisation 1.28 ml. 

Time' 
see. ) 

Peak 
Area 

Cone n. CHU I 
(a-x) 3 

(m x 103) 

(a-x) co=lcl. 
to 1 ml. 

(M_ x . 103) 

-loglo (a-x) 

60 326512 8.68 11.11 1-9543 

930 23142-7 6.12 7-83 2.1062 

11740 188608 4-99 6-39 2.1945 

25180 13962-7 3.69 4-72 2-3261 

3ý60 117650 3-10 3-97 2-4012 

4290 93627 2.47 3-16 2-5003 

ý979 74798 1-97 2-52 2-5986 

6210 55987 1-49 1.91 2-7190 

7020 45403 1.19 1-52 2.8182 

78ýO 33732 0.89 1-14 2-9431 

23650 0-70 0.90 3-0458 

9960 21330 
1 

0.55 
1 

0 -70 3-1549 
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RUN 83 

Initial concentration CHU 3: 0.0103 mol-1-1 

Initial concentration NaOH : 1.4332 mol. 1.1 

Temperature : 36 t 0.1 oc 

Volume after neutralisation : 1-41 ml- 

Time 
(sec. ) 

Peak 
Area 

Cone n 
-CHC1 3 (a-x) 

3 (M x 10 

(a-x) corr'do 
to 1 ml- 3 (M x 10 

-loglo (a-x) 

90 263594 6.96 9.81 2.0083 

780 213433 5.65 7-97 2.0985 

1500 161919 4.26 6-03 2.2197 

2370 126108 3-32 4.68 2-3298 

3210 99012 2.60 3.67 2-4353 

3990 71636 1.88 2.65 2-576a 

4740 60637 1.6o 2.26 2.6459 

5520 46452 1.22 1-72 2-7645 

6540 32751 o. 86 1.21 2.9172 

-7320 25419 o. 66' 0-93 3-0311 
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Initial concentration 

Initial concentration 

Temperature 

RUN 84 

CHU 3: 0.0110 mol-1-1 

NaOH : 1-3540 mol-17-1 

: 36 t 0.10C 

Volume after neutralisation : 1-40 ml- 

Time .' (sec. ) 
Peak 

Area 
C onc'ý CHM 3 (a-x) 

(m x 103)--- 

(a-x) co=1d. 
to 1 Ml. 

(M x 103) 

-loglo (a-x) 

- 

6o 292234 7-71 10-79 1.9669 

, 
750 229018 6-05 8-47 2-0721 

1500 177760 4-70 6-58 2.1818 

2340 139057 3.66 5-12 2.2907 

3180 105723 2-78 3-89 2-4101 

3990 76652- 2.00 2.80 2-5528 

4890 57663 1-51 2.11 2.6757 

5790 44783 1-17 1.64 2-7852 

ý3PO 28374 0-74 1-04 2-9830 



293 

RUN 85 

Initial concentration CHM 

Initial concentration NaOH 

Temperature 

Vol=e after neutralisation 

: 0.0106 mol. 171 

: 1.1555 mol-1-1 

: 36 t 0.1 0c 

: 1.83 ml. 

Time 
(see. ) 

Peak 
Area 

Conc n cHcl 3 (a-x) 
3 (M x 10 

(a-x) co=1d. 
to 1 Ml. 3) (M x 10 

-log 10 
(a-x) 

6o 303375 8.00 lo. 64 1-9730. 

840 239255 6-33 8-42 2-0747 

1830 174355 4.60 6.12 2.2132 

2640 139084 3.66 4-87 2-3125 

3360 115298 3-03 4-03 2-3947 

4170 92472 2-45 3.26 2-4868 

4890 74925 1-97 2.62 2-5817 

5640 59088 1-55 M6 2.6861 

6390 48084 1.25 1.66 2-7799 

7140 37138 0.97 1.29 2-8894 

8010 31037 0.80. 1. o6 2-9747 

8820 23371 Mo 0.80 3.0969 



294 

RuN s6 

Initial concentration CHM 3 0.0099 M01.1.1 

Initial concentration NaOH 0.8949 mol-1-1 

Temperature 36 t o. 1 0C 

Volume after neutralisation : 1.26 mi. 

Time 
(sec. ) 

Peak 
Area 

Concn. CHC1 3 (a-x) 
(M x 103) 

(a-x) co='. d. 
to 1 ml (M x 

ý03) 
-loglo (a-x) 

6o 290881 7.67 9.66 2.0150 

870 227432 6. ol 7.57 2.1209 

1740 170880 4-52 5.70 2.2441 

2550 139217 3.67 4.62 2-3354 

3300 113396 3-00 3-78 2-4225 

4020 92524 2.43 3. o6 2-5143 

4770 75267 1.98 2.49 2.6038 

5460 59236 1.56 1.97 2-7055 

6360 
1 

45738- 
_1.20 

1.51 2.8210 

7500 35674 0.94 1.18 2.9281 

8580 26158 o. 69 0.87 3.0605 
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RUN 87 

Initial concentration CHU 3: 0-0097 =01-171 

Initial concentration NaOH : 1.1996 mol. 171 

Temperature : 36 t o. 1 oc 

Volume after neutralisation -: 1-33 ml- 

Time-- 
(sec. ) 

Peak 
Area 

Cone n 
-CHC1 3 (a-x) 

3) (M x 10 

(a-x) co=ld,. 
to 1 ml 103) 

x 

-loglo (a-x) 

60 279704 7-38 9.82 2-0079 

810 189370 5-00 6.65 2.1772 

1650 152579 4.02 5-35 2.2716 

2610 115434 3-03 4-03 2-3947 

3540 83241 2.19 2.96 2-5287 

4320 66333 1-74 2-35 2.6289 

5010 49956 1-31 1-77 2-7520 

5730 40937 1.07 1-44 2.8416 



296 

RUN 88 

-1 Initial concentration CHU 
3: 0.0096 mol. l. 

Initial concentration NaOH : 0.5975 mol-1-1 

Temperature : 36 t o. 1 0C 

Volume after neut: ralisation : 1.18 ml. 

Time 
(sec. ) 

Peak 
Area 

CO n 
. no * CHU 3 (a-x 

3) (m x 10 

(a-x) corrld. 
to 1 ml 3) (m x 

ýO 
-loglo (a-x) 

90 27636o 7.29 8.6o 2.0655 

810 258801 6-83 8. o6 2-0937 

1710 211799 5.6o 6.61 2-1798 

2460 184128 4-88 5-76 2.2396 

3240 162682 4-30 5-07 2.2950 

3990 138638 3.66 4-32 2-3645 

4800 111862 3. o6 3.61 2-4425 

5550 99679 2-52 2.97 2-5272 

6270 81608 2.14 2-53 2-5969 

696o 76040 2.00 2-36 2.6271 

7710 63747 1.68 1.98 2-7033 

8730 53150 1-39 1.64 2-7852 

9240 
. 
46781 1.23 1-45 2.8306 



297 

RUN 89 

Initial concentration CHM 3: 0.0098 mol. l. 1 

Initial concentration NaOH : 1.0894 mol-1-1 

Temperature : 36 t 0.1 0C 

Volume after neutralisation : 1-32 ml. 

Time 
(sec. ) 

Peak 
Area 

Conc'ý CHU 3 (a-x) 
3 (M x 10 

(a-x) corr'd. 
to 1 ml. 3) (M x lo 

-loglo (a-x) 

go 289106 7-79 10.28 1.9881 

840 217528 5-76 7.6o 2.1192 

1530 181564 4-80 6-34 2.1979 

2280 137761 3.62 4-78 2-3206 

3000 108066 2.84 3.75 2-4260 

3720 90800 2-40 3-17 2-4989 

4470 70759 1-87 2-47 2.6073 

5190 53336 1-40 1-85 2-7328 

5910 45741 1.20 1-58 2-8013 

666o 36295 o. 96 1.27 2.8962 



298 

RUN 90 

-1 Initial concentration CHU 3: 0.0091 mol. l. 

Initial concentration NaOH : 0.40 mol-1-1 

Temperature : 41 t 0.1 0C 

Volume after neutralisation : 1.15 ml- 

Time 
-, (see. ) 

Peak 
Area 

Concrý CHM 3 (a-x) 
3) (M x 10 

(a-x) corrId. 
to 1 ml. 3) (x x 10 

-loglo (a-x) 

6o 309325"'* 8.16 9-38 2.0278 

840 245027 6-48 7-45 2.1278, 

1620 188968 5-00 5.75 2.2403 

2370 163602 4.28 4.92 2-3080 

3090 131451 3-48 4.00 2-3979 

3840 104750 2-77 3-19 2-4962 

4560 87910 2-31 2.66 2-5751 

5910 63035 1.66 1.91 2-7190 

66go 47431 1.25 1'. 44 2.8416 

7920 36338 0-95 1.09 2.9626 

8880 28012 0-72 0.83 3-0809 

9840 22005 0-57. o. 66 3-1805 
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RUN 91 

Initial concentration CHU 3: 0.0094 mol-1-1 

Initial concentration NaOH : 0.80 mol. 1.1 

Temperature : 41 t 0.1 0C 

Volume after neutralisation : 1.24 ml- 

Time 
(sec. ) 

Peak 
Area 

Concý CHU 3 (a-x) 
3 (m x 10 

(a-x) corrId. 
to 1 Ml. 3) (M, X 10 

-loglo (a-x) 

6o 277126 7-30 9-05 2-0434 

390 236484 6.26 7-76 2.1101 

96o 175146 4.63 5-74 2.2411 

1170 136275 3.6o 4-46 2-3507 

1680 119585 3-15 3-91 2-4078 

2400 83193 2.19 2-72 2-5654 

3240 53204 1-39 1-72 2-7645 

4200 33675 0.88 1.09 2.9626 

49ý0' 23033 Mo 0-74 3-1308 

5730 14807 0-39 0-48 3-3188 



300 

HUN 92 

Initial concentration CHM 3: 0-0093 mol-1 

Initial concentration NaOH : 0.40 mol-17.1 

Temperature : 30 t 0-1 0C 

Volume after neutralisation : 1-15 ml- 

Time 
(sec. ) 

Peak 
Area 

Concý CHM 3 (a-x) 
3) (M x 10 

(a-x) corrld. 
to 1 ml. 3) (M x 10 

-loglo (a-x) 

90 275745 7.28 8.37 2-0773- 

1320 290669 7.67 8.82 2.0545 

2460 255395 6-75 7-76 2.1101 

3480 220249 5-84 6-72 2.1726 

4800 228049 6.02 6.92 2.1599 

5850 199745 5.28 6.07 2.2168 

6900 193783 5-12 5-89 2.2299 

8070 184652 4-90 5.64 2.2487 

go6o 176623 4-77 5-49 2.2604 

10080 162884 4-30 4-95 2-3054. 

12000 143778 3-80 4-37 2-3595 

12990 134074 3.53 4. o6 2-3914 

14010 123150 3'. 25 3974 2-4271 

15120 119064 3-13 3.6o 2.4437 

16050 107334 2.83 3.25 294881 

17490 96523 2-54 2.9ý 2-5346 

18690 95356 2.51 2.89 2-5391 

19590 88947 2-34 2.69 295702 

20580 82309 2.17 2-50 2.6021 



301 

RUN 93 

Initial-concentration CHU 3: 0.0098 M01.1.1 

Initial concentration NaOH : 0.80 mol. l. 1 

Temperature : 30 t 0-1 0C 

Volume after neutralisation 1.24 ml. 

"'Time'"' 
(sec. ) 

Piýak- 
Area 

n CHU 3 
a-x) 3) ým 

x 10 

(a-x) co=ld. 
to 1 ml 

(Y Y__ý03) 

-log, () 
(a-x) 

9,0 2ý9ý_94_ 7-90 9.80 2.0088 

1110 272941 7.20 8-93 2-0491 

2100 -236005 
6.24 7.74 2.1113 

3210 201910 5-34 6.62 2.1791 

4170 183104 4-84 6. oo 2.2218 

5220 155930 4-11 5-10 2.2924 
1- 

6300 147039 3.88 4.81 2-3.179 

7320 126340 3-33 4-13 2-3840 

9000 108525 2.86 3.55 2-4498 

10290 81486 2.13 
. 
2.64 2-5784 

11310 79881 2.10 2.60 2, -5850 

122 1 40 72013 1.90 2.36 2.6271 

13140 65740 1-72 
ý2.13 

2.6716 

14880 54702 1-44 1.79 2-7471 

15870 46184 1.21 1-50 2.8239 

16830 44014 1-15 1.43 2.8447 

17790 38768 1.00 1.24 2.9o66 

19650 33168 0-87 1.08 2.9666 



302 

RUN 94 

Initial concentration CHCl 3: 0.0099 mol. l. 
1 

-1 Initial concentration NaOH : 0.80 mol. 

Temperature : 25 t 0-1 0C 

Volume after neutralisation : 1.24 ml- 

Time' 
(sec. ) 

Peak 
Area 

Concý ClIC1 3 
a-x) 3 ým x 10 ) 

(a-x) co=ld. 
to 1 ml 3) (m x ;0 

-loglo (a-x) 

90 288951 7-53 9-34 2.0297- 

990 281212 7.43 9.21 2-0357 

1980 260301 6.88 8-53 2.0691 

2940 258037 6.8o 8-43 2.0742 

3870 240059 6-35 7-87 2-1040 

4890 227012 6. oo 7-44 2.1284 

5940 211225 5.59 6-93 2.1593 

696o 199147 5.27 6-53 2.1851 

7860 187438 4.97 6.16 2.2104 

9720 176919 4.67 5-79 2.2373 

10590 158721 4.20 5.21 2.2832 

114 90 154465 4-oa 5. o6 '2.2958 

12390 144450 3-81 4-72 2-3261 

13260 136904 3.61 4-48 2-3487 

'14280 125988 3-32 4.12 2-3851 

15240 119881 3-16 3.92 2-4067 

16170 116487 3-00 3-72 2-4295 

17250 111014 2-93 3.63 2-4401 



303 

RUN 95 

-1 Initial concentration CHU 3: 0.0100 mol. l. 

Initial concentration NaOH : 0.40 mol-1-1 

Temperature : 25 t 0-1 oc 

Volume after neutralisation : 1-15 ml- 

Time 
(see. ) 

Peak 
Area 

Conc n CHU 3 (a-x) 
3) (M x 10 

(a-x) corrid. 
to 1 ml 3) (M x 

;0 
-loglo (a-x) 

90 315727 8.32 9-57 2.0191 

690 319037 8.42 9.68 2.0141 

1950 305097 8.10 9.32 2.0306 

2820 294320 7.77 8.94 2-0487 

3690 286432 7.55 8.68 2.0615, 

4680 281357 7.44 8.56 2.0675 

5640 272597 7.19 8.27 2.0825 

6510 259479 6.85 7.88 2.1035 

7320 248500 6.57 7-56 2.1215 

8160 247849 6.55 7-53 2.1232 

8970 240216 6.36 7-31 2.1361 

10140 230539 6.10 7.02 2.1537 

11010 221899 5.88 6-76 2.1701 

11820 212462 5.62 6-46 2.1898 

12660 198138 5.24 6-03 2.2197 

13620 189661 5.01 5.76 2.2396 

14790 197099 5.22 6. oo 2.2218 

15720 184569 4.90 5.64 2.2487 

16620 177266 4.66 5.36 2.2708 

17640 177137 4.65 5-35 2.2716 

18480 165311 4.37 5-03 2.2984 



304 

RUN 95 (cont) 

Time 
(see. ) 

Peak 
Axea 

Concý'CHC1 3 (a-x) 
3) (m x 10 

(a-x) corr'd. 
to 1 ml 3) (m x ;0 

-loglo (a-x) 

19620 162244 4.29 4-93 2-3072 

, 20910 156747- -4-13 -4-75 
2-3233 

21780 147878 3990 4.49 2.3478 

--22920 147191-- 3-88- -4-46 2.3507 

23700 140881 3.72 4.28 2.3686 

24480 136669 3.61 4.15 2-3820 

ý5560 131778 3.49 4-01 2-3969 

26520 126319 3-33 3-83 2-4168 

27360 124400 3.29 3-78 2.4225 

28200 115341 3-03 3-48 2.4584 

28980 115092 3.02 3.47 2.4597 
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96 

Initial concentration CDC1 3: 0-0083 mol-1 

Initial concentration NaOD : 0.80 mol. l. 1 

Temperature 36 t 0.10C 

Volume after neutralisation 1.24 ml. 

Time 
(sec., )' 

Peak' 
Area 

Concý CHM 3 (a-x) 
3) (M x . 10 

(a-x) corrid. 
to 1 ml. 3) (M, x 10 

-loglo (a-x) 

6o 248374 6-56 8-13 2.0899 

1080 181514 4.80 5-95 2.2255 

2130 126527 3.34 4.14 2-3830 

3360 80347 2.12 2.63 2-5800 

4440 60564 1.6o -1.98 2.7033 

5460 44192 1.16 1*-44 2-8416 

6780 27831 0-71 0.88 3-0555 

7860 2o672 0-54 0.67 3-1739 

8880 15417 0-39 0-48 3-3188 

10296 10251 0.27 0-33 3-4815 



3o6 

RUN 97 

Initial concentration 'CHCl : 0-0133 mol-1-1 3 
-1 Initial concentration NaOH : 0-40 mol-l- 

Temperature : 36 t 0.1 0C 

Volume after neutralisation 1.15 ml- 

Time 
(sec. ) 

Peak 
Area 

Concrý CHM 3 (a-x) 

(M x 103) 

(a-x) corrld. 
to 1 ml. 
(M x 103) 

-loglo (a-x) 

6o 4262 11-36 13.06 1-8841 

540 4130 11.02 12.67 1-8972 

1020 3750 10-03 11-53 1.9382 

1410 3557 9-52 10-95 1.96o6 

1800 
. 

3301 8-84 10-17 1.9927 

2160 3198 8-55 9-83 2-0075 

2550 2921 7-80 '8-97 2-0472 

2940 2841 7.60 8-74 2.0585 

3360 2723 7.29 B-38 2-0768 

3720 2436 6-52 7-50 2.1249 

4170 2401 6.42 7-38 2.1319 

4530 2136 5.75 6.61 2.1798 

4920 1891 5.10 5,87 2.2314 

5280 1865 5-00 5-75 2.2403 

5640 1684 4-50 5-18 2.2857 



307 

RUN 98 

Initial concentration CHU 3: 0.0182 mol. l. 
1 

Initial concentration NaOH 0-40 mol-1-1 

Temperature 36 t 0.10C 

Volume after neutralisation 1.15 ml- 

Time 
(see. ) 

Peak 
Area 

- 

n Cone. CHM 
(a-x) 

-3 (m x 10 

(a-x) co=ld. 
to 1 ml. 

(m x 10) 

-loglo (a-x) 

6o 5861 15.65 18.00 1-7447 

750 5371 14*33 16-48 1-7830 

1200 4978 13-30 15-30 1-8153 

156o 4659 12-45 14-32 1-8441 

2010 443'8 11.86 13.64 1.8652 

2610 3917 10-38 11-94 1.9230 

3030 3472 9.28 lo. 67 1-9718 

3690 3436 9.20 10-58 1-9755 

4980 3133 8-35 9.6o 2.0177 

4530 2987 8.00 9.20 2-0362 

5010 2801 7-50 a. 63 M640 

5430 2614 7-00 8-05 2-0942 

5880 2481 6.63 7.62 2.1180 

636o 2250 6.02 6.92 2-1599 

-6780 2165 5-80 6.67 2.1759 

7140' 2135- 5-75 6.61 2.1798 

7860 1779 4-77 5-49 2.2604 



308 

RUN 99 

Initial concentration 

Initial concentration 

Temperature 

CHU 3: 0.0056 mol. 1.1 

NaOH : 0-40 mol-1-1 

: 36 t o. 1 oc 

Volume after neutralisation : 1-15 ml- 

Time 
(sec. ) 

Peak 
Area 

n Cone. CHM 
(a-x) 3 

(M x 10 

(a-x) corrld. 
to 1 ml. 3) (n x lo 

-loglo (a-x) 

90 1637 4.40 5.06 2-2959 

450 1701 4.55 5.23 2-2815 

810 1667 4-47 5.14 2.2890 

1140 1471 3.97 4-57 2-3401 

1530 1448 3.88 4.46 2-3507 

2160 1286 3.45 3.97 2-4012 

2610 1252 3-35 3.85 2-4145 

3180 1204 3.22 3.70 2-4318 

3570 1026 2.77 3-19 2-4962 

3960 891 2.42 2.78 2-5560 

4350 -904 2.45 2.82 2.5498 

4800 858 2.33 2.68 2-5719 

5400 773 2.06 2-39 2.6216 

5820 728 1.99 2.29 2.6402 

6330 693 1.88 2.16 2.6655 
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RUN 100 

Initial concentration CHU 3: 0.0092 mol. 1.1 

Initial concentration NaOH : 0-40 mol-1-1 

Temperature 36 t 0.1 0C 

Volume after neutralisation -1-15 ml- 

Time 
(see. ) 

Peak 
Area 

n Cone. ClIC1 
(a-x) 

(M x 103 

(a-x), corr'd. 
to 1 ml. 

(M x 103) 

-loglo (a-x) 

60 2792 7-48 8.6o 2.0655 

450 2778 7.45 8.57 2.0670 

840 2633 7. o6 8.12 2-0904 

1260 2404 6.41 7-37 2.1325 

-1860 2154 5.77 6.64 2.1778 

2280 1991 5-32 6.12 2-2132 

2760 1856 5-00 5.75 2.2403 

3150 1714 4.59 5.28 2.2774 

3540 1624 4-35 5.00 2.3010 

3960 1510 4.06 4.67 2-3307 

4380 1478 3.99 4-59 2-3382 

4860 1381 3.70 4.26 2-3706 

5280 1296 3.50 4.03 2.3947 
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RUN 101 

Initial c oncentration CHU 3: 0.0115 M01-1-1 

Initial concentration NaOH : 0-0375 mol-1-1 

10 Temperature : 41 t 00 C 

Volume after neutralisation 1006 ml. 

Time 
(sec. ) 

Peak 
Area 

Conc n 
-CHC1 3 (a-x) 

(M x 103 

(a-x) corrid 
to 1 ml 

(M x_; 03) 

-loglo (a-x) 

90 4918 13-12 13-91 1-8567 
'480 '4412 11-79 12-50 1-9031 
960 4154 11.18 11-85 1.9262 

1350 3421 9-15 9.70 2-0132 
1770 3587 9.6o 10.18 1.9923 
2190 3478 9-30 9.86 2.00.61 

-2640 3310 8-85 9-38 2.0278 
3420 3092 8-25 8.75 2.0580 
3870 2884 7.70 8.16 2-0883 
4470 2787 7.49 7.94 2.1002 
5940 2555 6.84 7.25 2.1397 
6840 2463' 6.57 6.96 2.1574 
7350 2338 6.26 6.64 2.1778 
7830 2300 6.15 6.52 2.1858 
8310 2184 5.85 6.20 2.2076 
8850' 2190 5-88 6.23 2.2055 
9330 2137 5.75 6.10 2.2147 
9810 1852 4-98 5.28 2.2774 

10290 1960 5.24 
. 
5-55 2.2557 

10890 1950 5.23 5.54 2.2565 
11310 1874 5.02 5-32 2.2741 
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RUN 102 

Initial concentration CHM 3: 0.0100 mol. 1.1 

Initial concentration NaOH : 0-0375 mol-17-1 

Concentration KNO 3: 0.01 mol. l. 1 

Temperature : 41 t 0-1 0C 

Volume after neutralisation : 1.06 ml. 

Time 
(sec. ) 

Peak 
Area 

n C onc . CHM 
(a-x) 

(M x 103) 

(a-x) co=ld. 
to 1 ml. 

(m x 103 

-loglo (a-x) 

120 3374 9.00 9.54 2.0205 
570 3384 ý-04 9-58 2.0186 

1020 3265 8-78 9-31 2-0311 

1500 3190 B-53 9-04 2-0438 
1980 3051 B-14 8*63 2.0640 
2490 3041 8-13 8.62 2.0645 
2970 2903 7-75 8.22 2-0851 

3450 2859 7.65 8.11 2.0910 
4020 2800 7-50 7-95 2.0996 
4620 2730 7-30 7-74 2.1113 
5280 2582 6.90 7-31 2.1361 

5380 2446 6-54 6-93 2.1593 
6360 2510 6-71 7-11 2.1481 
6870 2370 6-33 6-71 2-1733 
7530 2359 6- 0 31 6.69 2.1746 
8010 2234 5-99 6-35 2.1972 
8490 2129 5-70 6oO4 2.2190 
8970 2081 5-48 5-81 2.2358 
9480 2158 5-80 6.15 2.2111 
9990 2009 5-40 5-72 2.2426 

10440 2008 5-40 5-72 2.2426 
10950 1823 4.89 5-18 2.2857 
11580 1820 '4-88 5-17' 2.2865 
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RUN 103 

Initial concentration 

Initial concentration 

Temperature 

CHU 3: 0.0076 mol. 1.1 

NaOH : 0.0375 mol-171 

: 41 t 0.1 0c 

Volume after neutralisation 1.06 ml. 

Time 
(sec. ) 

-, 1 -1 

Peak 
Area 

-1 1 11 . 

n Cone. CHM 3 (a-x) 

- (M x 103 

(a-x) co=ld. 
to 1 ml. 
(M x 103 

-loglo (a-x) 

120 2542 6.80 7.21 2.1421 

1050 2220 5.95 6.31 2.2000 

1360 2194 5-89 6.24 2.2048 

1600 2106 5.65 5.99 2.2226 

2160 2057 5.43 5.76 2.2396 

2580 1748 4.69 4.97 2.3036 

3240 1669 4.48 4.75 2-3233 

3750 1619 4.35 4.61 2.3363 

4200 1536 4.13 4-38 2.3585 

4680 1507 4.03 4.27 2-3696 

5100 1241 3.32 3.52 2.4535 

5760 1238 3-32 3.52 2.4535 

6360 1063 2.85 3.02 2*-5200 

6750 950 2.57 2.72' 2-5654 

7170 892 2.40 2.54 2.5952 

7560' 859 2-34 2.48 2.6055 

7950 798 2.16 2.29 2.6402 
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RUN 104 

Initial concentration 

Initial concentration 

Concentration NaCl 

CHU 0-0076 mol. 1.1 3: 
-1 

, 
NaOH 0-0375 mol-1 

0.01 M01.1.1 

Temperature 
-, , :, '--:, 41 2: 0-1 -C 

Volume after neutralisation, : 1.06 ml. 

Time 
(sec. ) 

Peak 
Area 

n Cone. CHCl- 
(a-x) 3 

(M x 103 ) 

(a-x) co=1d. 
to 1 ml. 
(M x 103 ) 

-log (a-x) 10 

90 2624 7.02 7-44 2.1284 

960 2561 6-85 7.26 2-1391 

2100 2338 6.26 6.64 2-1778 

2550 2084 5-57 5-90 2.2291 

3540 2061 5-53 5.86 2.2321 

3960 2054 5-50 5'83 2.2343 

4470 1979 5-30 5.62 2.2503 

4890 1965 5.26 5-58 2.2534 

5490 1660 4-56 4-83 2-3161 

6216' 1483 4. '00 4.24 2.3726 

6870 1449 3.90 4-13 2-3840 

7530 1458 3-91 4-14 2-3830 

8610 1455 3.90 4-13 2-3840 

9390 1260 3-40 3.60 2-4437 

9960 1ý68 3.66 3.88 2-4112 

10560 1166 3-00 3-18 2-4976 

11040 1231 3-31 3-51 2-4547 

11580 1289 3-47 3 68 2-4343 
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