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THE MECHANISM OF THE DECOMPOSITION
OF CHLOROFORM

By

Juro Horrurr, Kozo Tanase and Kazunori TANARA
(Received March 10, 1955)

Since Liepic” showed in 1832 that chloroform decomposes in aqueous
potassium hydroxide, the reaction has been investigated by a number
of authors® in aqueous and alcoholic alkaline solution and the end
products were confirmed to be carbon monoxide, formate and hydrogen
chloride., GreurHEr® among them suggested on the basis of these
results that chloroform was of configuration CCl,-HCl and hydrogen
chloride removed by alkali to give carbon ‘dichloride, which in turn
hydrolysed to carbon monoxide or formate, :

HorruTt and Sagamoro have later found that hydrogen is exchanged
between chloroform and aqueous solution rapidly in c¢omparison with
decomposition.”

The present authors have now observed the decomposition rate at
100°C at different pH and neutral salt concentrations. The mechanism
of decomposition was deduced from the results of the experiment
incorporated with those of chlorine exchange between chloroform and
solution reported in the foregoing paper® and of the recent observation
of hydrogen exchange by Kawxexo and Saro® under similar conditions.

§ 1. Experimental Procedure

One or 1.5 cc chloroform was sealed air-free together with 5cc to
10 cc aqueous solution of known pH with or without addition of neutral
salt or solid hydroxides in a quartz tube of 23~28 cc capacity, shaken
briskly at 100°C for a recorded time, the quartz tube opened, about
5 cc solution pipetted out and analysed for the decomposition rate at
different pH in several different ways as below.
(i) The pH of the sample was determined at room temperature by
means of Brckman pH meter or of pH indicator. The amount of de-
composition and pH at 100°C were worked out from the results as
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described in §2 for different contact time and thereafter the rate at
different pH values was determined.

(i) The rate was determined as described in §2 by measuring the
amount of liberated chloride ion by titration of Monwr’s or VoOLHARD’S
method or by colorimetry according to Ursumi”® of ferrie thiocyanate
liberated by chloride ion in the presence of mercury thiocyanate and
iron alum. The associated pH-change at 100°C was determined either
(ii.a) by caleulating it from known solubilities of solid hydroxides
present or (ii.b) by pH measurement at room temperature by means
of BecrMaN pH meter or of titration with standard oxalic acid solution
as detailed in §2, '

Chloroform sample was the preparation as that used in the previous
experiment.® -

Solution of different pH used was simply distilled water or the
latter to which was added a proper quantity of aqueous sodium
hydroxide or sulfuric acid or solid hydroxides Ca (OH), and Mg (OH),,
for retarding pH-shift due to decomposition. Neutral salt added was
sodium chloride or sodium sulfate.

§2. Decomposition Rate at Different pH

Admitting that a chloroform molecule yields, as it decomposes,
three chloride ions, the decomposition rate V, reckoned to unit volume

of solution is expressed as,

_ 1 d4[Cl-

Vo= o 44O @
where 4[Cl-] is the increment of chloride ion concentration [c- ] in
solution due to decomposition and ¢ the time of contact.

In the case of (ii) in the foregoing section when [Cl-] was directly
observed, d4[Cl-}/dt was determined simply ag the quotient of 4[Cl-]
over t; associated range of pH at 100°C in the respective case of
(ii.a) or (ii.b) was calculated, as described below respectively under
the same heading from the known solubilities of solid hydroxides or
from pH at room temperature.

In the other case (i), when pH alone was measured, [Cl] and hence
V, was determined indirectly as described under heading (i), neglecting
the formate evolution by decomposition; this neglect is confirmed
valid by the result of (ii.b) as shown in §3.
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The Mechanism of the Decomposition of Chloroform

(i) We have because of electric neutrality of the solution,
4[C1-]1+[0OH~] = [H*+]+1 ‘ ’ (2.2)

where [OH-] or [H*] is normal concentration of hydroxide or hydrogen ion respectively
and I the excess of total concentration of cation over that of anion, exclusive of [H+],
[OH-] and 4[Ci-]; T is identified, for instance, assuming the complete dissociation, with
the concentration of sodium ion for the sodium hydroxide solution or with negative value
of sulfate ion concentration (in normal) for the solution acidified by sulfuric acid, irrespective
of neutral salt added which contributes nothing to I. The I is taken to remain constant
during the progress of decomposition in the case of (i) when definite amount of strong
electrolytes alone is present in solution.® Rewriting [OH-] or [H*] in (2.2) into respective
ratio of activity a®H™ or aH* to activity coefficient SfOH= or fH* and introducing the
thermodynamical dissociation constant,

Ky = gH*gOH- (2.8)
we have,
K oH" ‘
g poir= ~ g = I=4IC1°] (2.4)
or before contact in particular,
K]z a.H+ )
aH+f0H— - fH+ =1 (2 5)

The I was determined from pH-observation at room temperature by successive approxi-
mation as below ; it was first calculated from the observed pH or aH* by putting fH*=
JOH" =1 in (25) and in K, in it the values at different room temperatures given in the
Table; ‘

R [
Temperature 12

15 O 3
°C l 1 }
i
CKAx10-1 | 035% ‘ 0.46 *%) ’ 0.59 **) i 07 #0104 %0

appropriate ionic strength x was now worked out from the value of I incorporated with
known concentrarion of neutral salt, if any, equating a®% or Ki/a®™ respectively to
[H+] or [OH~-]; the fHT and f9H~ were now computed according to the limiting 1aw,
~ loguf ™" = —loguyon™ = PRI o (2.6)
where T is absolute temperature, D the dielectric constant, calculated according to the
empirical formula of DRUDE?»
D = 88.23—0.4044 £ +0.001035 ¢2

*} If formate were evolved by decomposition, I would include the negative value of
formate ion concentration in alkaline region, whereas none of it in acidic one because
of its weak dissociation, so that I would increase as the solution shifts from alkaline
to acidic region along with the progress of decomposition.

*%) HEYDWEILLER, Landolt-Boérnstein Tabellen II. p. 1164.
#%%) Interpolated from the values observed by HEYDWEILLER.
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Using the value of fH* or fOH~ thus obtained, I and henceforth # were computed again
according to (25), equating a®*/f¥* or Ka/aH*fOH" now to [H+] or [OH-] respectively.
This procedure of successive approximation was repeated until I-value remained practically
unvaried by the repetition. »

The difference I—4[Cl-] after contact was worked out from a®*, observed then at

_room temperature, putting first fHY = fOH™ =1 ags above; 4[Cl-] was determined from
the approximate value of I—4[Cl-] thus obtained and the final value of I obtained above,
and included in the calculation of x. Successive approximation was then carried out quite
similarly otherwise. ‘ ‘

The I—-4[Cl-]-value at 100°C was obtained by multiplying that at room temperature
obtained above by the ratio a=0.96 of the specific volume of water at room temperature
to that at 100°C. The d4[Cl-1/d¢ and henceforth Vi of (2.1) were now calculated from
I—4[Cl-] at 100°C according to the identity,

dd[Cl-] _ d(4[C1-]1-1) _dlog|4[Cl-}-T| 4[Cl-]1-T
dt dt dlogt t
taking advantage of the constancy of I and the greater relative rate of variation of
4[C1-]1—1 compared with that of 4[Cl-].

The pH of solution at 100°'C was now determined by solving quadratic equation (2.4)
with respect to aH*, putting into it K»=48x10-1%® and I—4[Cl-] obtained above at
100°C and fH* = fOH" .yglue at 100°C calculated by (2.6) on the basis of u obtained above
‘multiplied by «.

(ii.a) We have in this case for I of (2.4),
I =[Met*+] = gMe*+/ fHe++ ‘ (2.7)

by definition assuming the complete dissociation of hydroxide into bivalent metallic ion and
hydroxide ion. Hence we have by (2.4),
K ot

iT*f O’ - fE
The pH or aH* before contact is calculated by (2.8) putting 4[Cl-] =0 in it, equating [Me*+]
to the known concentration C of the saturated solution, neglecting perhaps safely aP*/fH*
-term and working out fHT=jfUH~ by (26) on the basis of C.

In this case activity product, )
aMe* ¥ (gOH" )2 = § (2.9)

e+t

= [Me++]— 4[CI-] = }‘2 1 —4[C1-1 (2.8)

is kept constant instead of I or [Me*+] due to the presence of solid phase. The S is
calculated from the above value of a®*, K, given before and f¥e** worked out similarly
as fOF~ by the limiting value, writing (2.9) according to (2.3) as,

S = fMet+[Mo++]- ( aIgh"')-

The pH at 100°C after contact is now caleulated for known value of 4[Cl-] by successive
approximation as follows. We have by (2.8) and (2.9), )
H+ H+)2
Kn a S’ s (2. 10)

;H+f0;— Fat = fHeTTR e

*) NOYES and KATO, Landolt-Bérnstein Tabellen II. p. 1164.
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The Mechanism of the Decomposition of Chloroform

Putting first in (2.10) those values of fH*, fOH~ and yMe** gbtained above for 4[Cl-]=0,

aH* and hence a®H~ and aMe** are determined by (2.8) and (2.9). The concentrations
[Me*+] =aMe**/fMe*t+ ate. are computed using the above values of fMe*+ ete. and, from
these concentrations and the given 4[Cl-], the ionic strength is now determined; activity
coefficients are recalculated by the new value of ionic strength and thereafter the above
calculation is repeated until """ varies practically no more.
(ii.b) The I at 100°C is calculated from pH before contact similarly as in the case of (i)
by (2.5). The I-—-4[Cl~] at 100°C is now determined as the difference between the I at
100°C thus determined and 4[Cl-] directly observed by titration or by colorimetry multiplied
by a; from which ¢"* or pH at 100°C worked out similarly as in the case of (i). In the
case of highest concentration of alkali (ca.4 N.of runs 1 and 2, Table 8) when the ionie
strength of alkali was determined by titration, pH was not calculated allowing for the
ionic interaction because of expected unreliability but given conventionally as the classical
value or the quotient of K, over the titrated concentration of alkali.

It might be expected from (2.4) that the rate of variation of 4[Cl-]
and hence V, are upper bounds to the respective actual values, inasmuch
as the limiting law (2.6) gives the lower bounds to the activity coefficient,
neglecting its variation with pH, and on the other hand that V, cal-
culated eclassically putting f™'=f°2"=1 gives a lower bound to the
actual value, admitting that f%* or f°%~ does not exceed unity at
moderate ionic strength. The two values might hence indicate the
range within which the actual one lies.

§3. Experimental results

Table 1 or 2 shows the results of decomposition followed by method
(i) of §1 by means of Beckyan pH meter and pH indicator either with
or without addition of neutral salt respectively. Each series in the
Tables includes several parallel runs initiated with the same quantities
of chloroform, aqueous solution and of the same addition shown respec-
tively in the second to the fourth columns in either Table but of
different time of contact shown in the fifth column, where zero of time
in particular corresponds to the initial condition.

Next columns give pH at 100°C calculated according to §2 from
values at room temperature given in parenthesis and the room tempera-
ture of observation. The last column shows I—A[Cl-] in normal at
100°C computed according to §2 from data in the foregoing columns;
I—-4[Cl-] at t=0 is I itself. The pH observed by Beckmay pH meter
was preferred in the above calculation to that by indicator when the
both were available.
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Tansre 1 Decomposition of Chloroform in Aqueous Solution
at 100°C Followed by Beckman pH Meter and pH
Indicator. Neutral Salt Absent,

{

Quantity of \ Time | pH |
Chloro- {Aqueous of ‘ Room | - I-4[Cl-]
Series | form Solution| Additions | oy .. . |Beekman — pp
’ ge- | oC pH : Temp. N
at Room'at Room Indicator
| Temp. . Temp. min. Meter
1 10 0 6.11 — 25 ‘——1.53><10‘7
6.68) -
” ” 9 5.76 — 5 —1.44%10-6
1 None (5.82)
” ” 29 5.13 — ” —~T7.12x10-56
5.18)
» ” 59 3.88 — ” —1.27x10-#
(3.88) {
. | 10 0 10.07 — 25 6.31x10-%
! (11.75)
| » » 0.25 9.76 - | 3.09%10-%
2 NaOH (11.45) | :
” » 0.50 8.36 — ; » 1.2410-+4
{10.05) i
” ” 1 6 58 — * 1.80x10-¢
(8.20)
110 0 211 208 | 18 |~9.18x10~
(2.08) (2.05)
” » 256 2.11 2.05 19 —9.18 X103
(2.08) (2.02)
.o ” K 2420 1.96 1.88 »  |—1.32%10-2
8 HaS04 (1.93) (1.85) .
» ” 9430 1.73 1.63 ” —232x10-2
(1.70) (1.60)
Lo ” 17240 — 1.43 » —4.83x10-2
| (1.40)
1 10 0 6.26 — 19 3.33x10""
(7.75)
” » 1 6.14 — ” —5.19%x10-%
4 NaOH (6.95)
i3] }2] 9 5.65 —_ » _215>< 10‘6
| (5.65)
” ” 60 4.27 — »” —b5.16x10-%
4.27 :
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Quantity of ' Time ’ pH
Chloro- |Aqueous Beck Room | I-4[Cl-]
Series form Solution| Additions | Contact | o° man pH
H . Temp. N
at Room cc. 1 b Indicator P
Temp. a’}‘gggm | min. “ Meter '
} 1 10 0 4.30 — ‘ 14 r—4 82x10-%
(4.30) |
} ” » | 17 3.83 i |—1.42x10- -1
| |
b [ H7SO4 (3'83> ‘
Lo ”» 240 3.12 — n - —T7.28x10~%
% (3.12) \
» ” 1740 2.50 — ” \ —3.04x10-3
\ ) (2.50) :
1 10 0 | 1081 — 12 ‘ 4.37x10-2
(1295) ,
” » 0.42 10.32 — » ‘ 1.50x 102
\ (12.50) : .
» ” 0.83 8.48 — »” 2.11x10-4
6 NaOCH (10.65)
” » 2 6.59 — ”» 2.37x10-6
: (8.70)
» » 11 6.11 — » |—2.46Xx10-7
(6.70)
15 10 0 — (211:][8) 18 [—7.683x10-°
» ” 20 - 3.70 ’ —1.92x10~4
(3770)
” s . 60 — 3.556 » —271x10-#
7 H.SO (8.55)
» ” ! 270 — (g.%g) » | —7.63x10-4
» ” 1070 — 2.85 17 |—1.35x10-3
(2.85)
” » 2990 — 2.25 »  [—5.40Xx10-%
‘ (2.25) J
15 10 0 — (2%8) 20 [— 7.63x10-3
» » g 60 — 3.65 » ‘_ 2.71x10-4
8 H:S0,4 (3.55) |
” » 1200 — 2.70 17 \— 1.92x10-3
(2.70) |
|
15 10 0 8.49 — 20 1.44x10-4
(10.33) ‘
9 . S o | T | - > | 2210
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} Quantity of Time pH
Chloro- I1Aqueous of km. Room | I-4[Cl-}
Series | form Solution Additions | .o Beckman pH
ce. ce. pH Temp. N
at Room|at Room Indicator
] Temp. | Temp. min. Meter
1.5 10 0.61 6.86 — 20 3.837x10-6
(8.70)
» » 1 6.41 — ” 8.37x10~7
(8.10)
15 | 5 0 7.50 — 2 | 150%10-3
| (9.35)
I 0.50 7.5 — » 8.45x10-6
J i (9.10)
10 ”» i ”» NaOH 0.76 (gg% — ” 143x10-%
oo m 1 6.34 — » 1 6.02X10-7
(7.96) (
N 25 6.05 — » | —8.65x10~7
r (6.40) \ ¥

Tasre 2 Decomposition of Chloroform in Aqueous Solution
‘ at-100°C Followed by Beckmax pH Meter and pH
Indicator. Neutral Salt Present.

l

Quantity of Time | pH ! J
Chloro- |[Aqueous of | 1 - Room | I-4[Cl-]
Series | form. Solution| Additions . Beckman pH
\ Contact i
ce. | ce pH ) Tem N
at Room at Room Indicator p-
Temp. ‘ Temp. min. Meter
1.5 10 0 — 4.21 18 —-1.35x 104
(4.15)
” 3 20 _ 4,16 » “]..5].)(].0_4
| .80, + (4.10)
»w ” 60 — 401 » |—2.18x10-1
1 | 0.354N 395)
wo| NaCl 270 — 3.51 » —675x 10~
| (3.45)
noL 1200 - 2.96 » o |—239x10-°
% (2.90)
1 5 | 0 10.78 — 19 4.66x 102
(12.57)
» » 0.42 10.66 — 22 3.79x10-2
_ NaOH + (12.48)
0 ” ‘ > | 0.062N 042 | 1062 — 20 | 321x10-2
NaCl - (12,50)
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Quantity of Time pH
i Room | I—4[Cl-}
Chloro- 'Aqueous
Series | form [Solution| Additions of Beckman pH
ce. | ce. Contact PH | 1ndicator| Temp. N
at Room“at Room . Meter
Temp. | Temp. min. |
1 5 | 0.84 9.48 ’ — | 215 | 232x10-3
(11.30) ]
, » 2 6.74 l ~ 22 ‘ 3.87x10-6
(8.50)
| o» » | 12 6.17 ’ — 21 | 802x10-8
| ) ﬂ (7.20) |
1 5 0 506 | 0 — |17 |— 1.67x 10
\ ; (681 | |
A 9 551 | — » | —333x10-6
; 1 } | 65
s, | 0.01N- 25 a2 | = » o |—215x10-5
‘ | I NaCl (4.70) !
o 40 417 | — » | —~7.63x10-3
1 \ \ (4.15)
. 70 3.98 — v —1.18x10~4
| l | 396) |
|1 5 0 414 — | 20 |—-818x10-5
(4.12) |
» ” 20 4.03 — » |—1.08x10-4
4 ;| B8O+ 60 (;.gg) V 1.63%10~+
0.01 N - (3:82) ’
» » NaCl 80 3.62 — »  |—271x10-4
(3.60)
» » 270 3.27 — »  |—6.06x10-4
(3.25)
1B 0 423 |  — * 14 [~696x10-°
J 1 (4.20) |
L | SO 20 4.08 — 17 |-984x10-5
| ‘ ) (4.05)
5o ‘ 001N- 60 3.90 | 14 [|—~1.49x10-4
\\ \‘ Na-S0; (3.87) | '
T 270 3.40 —~ | 1 |-4mxio
; J (8.37) ;
1 5 0 579 | — | 20 |-156x10-°
(5.85) }
. » 10 5.50 ’ —~ | » |-350x10~0
(6.50) | \
6 ” » | GOIN- 24 483 | — | » l-175%x10-°
N 32804 (4.80) ) ‘
” ” 40 4.17 — I l-799x10-5
4.13) | \
» » 80 395 | — | » |—133x10-¢
(392 | 1




Tarre 3 Decomposition of Chloroform in Aqueous Solution at 100°C
Followed by Monr’s and Voruarp’s Method of Titration.

Quaﬁtit of . 7 - N/100 AgNO; titer w ce.- i+
Y - Time of pH at 100C for lcc. Aquaeous Solution Deconfl{};(ézltlon
Chloro- [Aqueous After Contact *®
Runs! form Solution Additions | Contact | Before | After — 7 ly=l.aw 1
ce. ce. . Method 737100 ¢
at Roomiat Room min. Contact | Contact Moht’s | Volhard’s |Average . .
Temp. | Temp. mol/lit. min.
1 0.7 4 NaOH 1 12.8 ® 115 ® | Titration 230 215 223 T.1%x10-1
(14511) | (13.898)
2 ” » » 2 12.8 ® Titration 270 264 267
, (14.511)
3 1.5 5 Sat. Ca(OH)s ; 1 10.49 10.20 Solubility | 6.8 6.8 22x10-2
4 » s Sat. Mg (OH). 10 847 7.76 Solubility | 0.55 0.55 0.55 1.8x10-4
5 » » H.S0, 6130 0.1 0.1 Beckman 0.95 0.95 50x10-7
0.1 ©.1)
.6 1 10 H.S0, 256 2.11 211 »” 0.069 0.028 0.048 6.0x10-7
(2.08) (2.08)
7 ” »o ” 2420 2.11 1.96 » 044 0.39 0.42 5.5x10-7
J (2.08) (1.98)
8 » » i » 9430 2.11 1.73 » 1.46 1.34 1.40 4.8x10-7
\ (2.08) (1.70)
9 ” » | ” ’ 240 4.30 3.12 ” 0.10 0.090 0.096 1.3x10-%
! (4.30) (3.12)
10 ” ”» " ” 1740 4.30 2.50 ” 0.34 0.28 0.31 5.2x10-7
i ) (4.30) (2.50)
11 ” 4 HaS0,-+ 6200 (1.89) (1.78) ” 1.1 1.1 5.Tx10-7
4 N NaCl
12 » » H°SO,+ 2000 (2 00} (1.96) ” 0.38 0.38 6.1x10-7
| 52N Na:SO; |

“Titration”: Determination of pH at room temperature given in parenthesis by titration with standard oxalic acid
solution with phenolphthalein as indicator.

s18f1ogn) U0 f 2PN;ISUT YoUDESAY 2y JO JouULNOf
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“Beckman”: Determination of pH at room temperature given in parenthesis by means of Beckman pH meter.
“Solubility”: Calculation of pH at 100°C from known solubility of solid hydroxides as in the foregoing paper [Ref.5)].
a : Ratio of specific volume of water at room temperature to that at 100°C.

*)

pH classically computed as the negative logarithm of the quotient of K»=1.000x10-* at room temperature or

K»=48x10"" at 100°C divided by the titrated concentration of alkali or the latter multiplied by « respectively.
Figures in the parentheses correspond to the accuracy of titration.
**) Corresponding titer before contact was found by both the methods less than 0.01 ce.

Tasre 4 Decomposition of Chloroform in Agueous Solution at
100°C Followed by Colorimetric Method.

. Quanfitl Of, o ) o I,)E‘I ,af’,, 10070*)/ Corresponding Conen. Decomposition Rate
Chloro- 1S§qluepus Additi Time of ; Af m of Standard KCI Voo L.Bm 1
Runs focrgl 0 gg}on itions Contact Before ter Solution™ mg KClit. 4T g eEst
a'tr gggn a,’{‘ elr{n(;)o'm min. Contact | Contact after Contact mol/ lit. min,
1 1 5 None 10 5.5 5.2 15 64 x 10-7
(6.5) (5.2)
2 ” I H.:SO; i 4.1 3.6 15 6.4 x 10-6
4.1) (3.6)
3 » ” None ” 5.6 5.3 1.5 64 x 107
(5.8) (5.3)
4 » » H-S0, ” 42 3.9 15 6.4 x 10~
4.2) 3.9 :
5 » ” » » 4.6 4.3 7.5 3.2 x 10-6
f (4.6) (4.3)

B: a of Table 3 times the fraction of Cl-weight in KCL

¥) - Method of pH-determination is exclusively that of Beckman pH meter of Table 3.
**] Corresponding concentration before contact was found far less than 1 mg/lit. by the same method.

L0 Jo407Y) fo uorpsoducoosq ay3 fo wsiuvyospy oy
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The log,V, calculated from I—4[Cl-] in Table 1 or 2 according to
the foregoing section is shown in Table 5 or 6 respectively against
several round pH and log,,V, of each series is shown in Table 5 by a
full line in Fig. 1. The dotted line in the same figure shows “lower
bound” of series 6 or its classical value calculated assuming f¥ =
SfOP2 =1 according to §2. The latter “lower bound” lies below the
appropriate full line, i.e., the “upper bound” in accordance with what
. was expected in the foregoing section, whereas both the “bounds” of
other series fall in practically with each other locating perhaps the
actual value there.

Fig. 2 shows log,, V, of Table 6 observed with addition of neutral
salt by a full line for each series. Dotted line there shows the average™
of log, V, without addition of neutral salt for comparison; series 6
of Table 1 was excluded from the average but shown separately by
full line denoted by [6], the neutral salt formed by the neutralization
of alkali amounting in the latter case to as much as 0.09N, even more
than 0.062N of added neutral salt of series 2 of Table 2. Curves
[6] and 2 are seen almost to fall in with each other. The curve with
maximum denoted by 8 and 6 shows the coincident results of the
respective series with addition of NaCl or Na.SO, of the same normality.

Table 8 shows the result of decomposition followed by titration
according to (ii. a) and (ii. b) in §1. Column “pH at 100°C” shows pH
before or after contact and methods of its determination; they are the
calculations from values at room temperature in parenthesis determined
by titration with standard oxalic acid solution or by Brckmax pH meter
and the caleulation from known solubilities of solid hydroxides added.

Next column shows the titer w ce of N/100 AgNO, solution for
1 cc sample of aqueous solution after contact by MouR’S or VOLHARD'S
method and the last column the decomposition rate calculated from
averaged w multiplied by « to allow for volume expansion from room
temperature to 100°C. The result is shown in Fig. 1 by circlets each
at the middle of pH range, if it varied.

Table 4 gives the result of decomposition colorimetrically followed.
The last two columns show concentration m in mgm KCl/litre of
standard KCl solution found colorimetrically just to coincide with
the chloride ion concentration of the solution after econtact and
the decomposition rate calculated from m multiplied by a factor

*)  Average of logioVa given in Table 5 for every pH. It is hence the geometrical mean
with regard to Va.
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TaBrLe 5

~logw Ve  mol/l.min.  Additions absent.

H |

Series) ;| 45 | 3 4 5 6| 7| 8| 9| 10
pH ;

14 6.12 . . .
16 6.19 . . .
18 - | 639 621 - . . .

2.0 . 625 606 - . .
2.2 . . . . . | 618 618! - .
24 . . . . . 62| 625 -

26 . . . . 622| - | 628 628 - .
28 . . . . . | 624! . | 632|632 -

3.0 . . . . . | 618, - | 620|629 -

3.2 . 1 616| - | 628 628 - .
3.4 . . . . | 620! . | 606 606 - .
3.6 . . . 1602 - | 607|607 - .
38 . . . - | 58| . |578| 578 - .
3.9 . - |57 - | 562 562| - .
40 554 | - . . | 569|573 . | 580 530 -

42 570 | - . . | bol| - . . . .

44 587 | - . . | 615/ - . . . .
46 6.14 | - . . |63 - . . . . .
48 635 | - . . | 6%2| . . . - . .
5.0 6.55 | - . . | 668! - . .

5.2 676 | - . . 684 - . . . .
5.4 701 - . . | 69| - . . . .
5.6 719 | - . . 706 | - . . . .
5.8 01| . . -T2 . . .
6.0 723 | - . . 05| - . . . . g9
6.1 . . . . . el - - . | 685
6.2 . . . . . .o 722 . . . | 644
6.3 . . . . . - | 686 - . . 626
6.4 . : - 651 - © | 600 538
6.6 . | 560 . - 59| - 568 5.8
68 . | 520 . . | 5551 - 530 | 521
7.0 .| 490 . 519 - 498 ' 495
72 . | 454 . . | 489 . - | 474 480
74 . | 431 . . - | 43| . .| 449 -
76 . | 408 - . . - 1419 - | - | 417, .
78 . | 38| - . . . | 30! . . | 397] .
80 366 | - . . - 34| . . 138! -
82 343 | . . . | 351 - . | 344 .
8.4 320 | - . . . | 398 . . . .
8.6 303 . . 310/ - . . .
8.8 . 279 | - . - 287 | - . . ‘ .
9.0 262 | - . . |26l . . . .
9.2 238 . . | 240/ - . . .
9.4 . | 292 . . . .21l . . . .
9.6 202 - . . . 195 - . .
98 19| - . . . il . . .
10.0 . . . . .| 154 . .
102 . . . . . | 13| . . .
104 . . . . . 13! . .
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TaBrLE 6
—logwVs  mol/l. min.  Additions Present.

pH Additions | NaCl NaCl ‘ NaCl NaCl NasSOs | Na:SO;
14 - . . . .
16 . . . .
18 . . .
2.0 . .
2.9 . . . . .
2.4 . . - - .
26 . . . . .
28 . . . . .
3.0 622 P .
3.2 6.21 . 6.04 .
34 6.18 . 6.07 6.27
3.6 6.18 . 6.10 6.26
3.8 6.17 . . 6.19 6.31 .
4.0 6.24 6.37 6.20 - 6.32 6.42
42 . 6.11 . 6.05
44 . 5.75 . 5.73
4.6 . . 5.76 . 5.75
48 . . » 6.01 . 6.05
5.0 . . 6.34 - 6.27
5.2 . 6.64 . 6.62
5.4 . 6.84 . 6.80
5.6 . . 7.11 . 7.09
5.8 . . . . .
6.0 . . i . .
6.2 . 7.50 ! . .
6.3 . 7.06 . . .
6.4 . 6.75 . . .
6.6 . 6.19 . . .
6.8 . 5.62 . .
7.0 . 5.20 . . . .
7.2 . 481 . . .
7.4 - 4.58 . . . .
7.6 425 . . . .
7.8 3.92 . . . .
8.0 . 3.64 . . . .
8.2 . 3.42 . . . .
84 . 3.20 . . . .
8.6 - 2.98 . . .
8.8 - 277 . . .
9.0 2.55 . . . .
9.2 2.33 . . . .
94 . 2.11 . . . .
9.6 . 2.08 . . . .
9.8 . 1.85 . . . .
10.0 1.72 . . . .
10.2 . 1.64 . . . .
104 . 151 - . . .
10.6 . 1.46 . . . -
10.8 . . . . . .
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B = %% for the volume expansion as well as for the weight frac-

tion of Cl in KCl. Each run of Table 4 is illustrated in Fig. 1 by
a short horizontal line drawn over the range of pH-variation at the
height of logy, V.

Table 7 compares 4[Cl-] directly determined by titration of
chloride ion and that ecalculated from associated pH before and after
contact, from data given in Table 3; 4[Cl"] of run 1 in Table 83,
conducted at high pH, was equated, according to (2.2) neglecting [H*],
to the decrease of [OH™] determined by titration; 4[Cl-] of other
runs in acidic region was that obtained in the successive approximation
described in (i), §2 from pH before and after contact; those runs
of too small pH-shift were not quoted in Table 7. All concentrations
there are referred to room temperature.

Tasre 7 4{Cl~] by pH-Measurement and by Direct Titration

No. of 4[C1~] by pH-Measurement 4[Cl-] Titrated
Table 3 | I N |I-4[CF] N| 4[CI'] N Mohr's Method Volhard’s Method
1 szmw | om®» | 248 . 230 | 21
7 r ~9.56x10-% | —1.32x10-2 ( 0.0036 [ 0.0044 0.0039
8 | —956x10-%  —232x10-2 00136 | 00146 ‘ 0.0134
9 | —482x10-5 —728x10~1 | 00007 ‘ 00010 | 0.0009
10 | —482x10-%  —3.04x10-3 ‘ 0.0030 |  0.0034 ‘ 0.0028

*) ] or I—4[C1~] in this case practically equals [OH-] titrated before or
after contact respectively according to (2.2), [H+] being negligible in the
strong alkaline solution.

Table 7 shows that the decomposition rate may be followed practi-
cally by pH-variation neglecting formate evolution as in §2, although
runs except 1 in the Table qonducted in acidic region, have not much
to do with the validity of the neglect™®, the error due to formate being
suppressed there at any rate.

Fig. 1 shows that values of log,V, by different methods agree with
each other in general features, although not quite quantitatively. The
log,V, in general features is almost constant independent of pH at lower
values As pH increases, it begins to rise from a break at 3.2 pH with

*) Cf. foot-note ® on page 149.

—161 —



Journal of the Research Institute for Catalysis
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Fig. 1 Decomposition Rate of Chloroform Without Addition
of Neutral Salt. (100°C).
followed by pH, corrected for ionic interaction;
associated number refers to series in Table 1.
-------- followed by pH, not corrected.
® ” by titration.
E— ” by colorimetry.

an inclination near +1 up to a maximum, beyond which it descends
t0'a minimum with an inclination near —1; from there on log,V,
rises rather acutely toward larger pH with an inclination initially
greater than +1 but falling with increasing pH gradually down to + 1.

Fig. 2 shows on the .other hand that the effect of the neutral
salt is imperceptible at pH below the first break, whereas a definite
depression between the break and maximum, an exaltation between the
maximum and the minimum and again a’depression above minimum.

§4. pH-Dependence without Neutral Salt Effect

It has been admitted in the foregoing paper” that chlorine exchan-
ge proceeded homogeneously in the interior of aqueous solution on the
basis of the result that its rate is appreciably affected by pH-variation
and that the addition of quartz powder made practically no difference
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I
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—= pH
Fig. 2 Decomposition Rate of Chloroform with Addition
" of Neutral Salt (100°C).

———— Ratein the presence of neutral salt; associated figure
refers to series in Table 6, [6] to the 6th series of
Table 5 and two circlets to the results of runs 11
and 12 of Table 3.

———————— Average of logio Ve without addition of neutral salt.

(@] Titration.

in its rate as shown by runsg 16 and 17 in Table 3 in the foregoing
paper® . both conducted just under the same conditions except the
addition of quartz powder in 17.. It is seen from both the runs that pH
“decreases by just the same amount from 11.07 to 10.58 during the same
contact time, which shows that the quartz powder does not affect the
decomposition rate. :

It will similarly be admitted that the decomposition proceeds homo-
geneously in the interior of aqueous solution along with the above
result as well as with the observed appreciable pH effect on its rate.

The observed neutral salt effect on the decomposition rate cannot
be due to that on the reverse rate of decomposition, inasmuch as the
decomposition rate, for instance at pH 4.5, increases from 8.5x 1077 to
2x107% mol CHCly/min. lit. soln. by 0.01 N NaCl or 0.01 N Na,S0, addition
as seen from the results of series 3 and 6 of Table 2 shown in Fig.
2, whereas the exchange rate, which gives the upper bound to the
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reverse rate,” remains 2x10-°mol, CHCl;/min. lit. soln.** at most,
throughout.

The alternative is the effect through the forward rate. This cannot,
however, be the mass effect of chloride ion or that due to the inclusion
of chloride ion in any of the forward steps, since the decomposition
rate varies but little from chloride concentration 0.01 N to 0.35 N as
seen from series 1, 4 and 5 of Table 2 shown in Fig. 2 and moreover
it is equally affected by 0.01 N Na,SO, as mentioned above.**®

The remaining possibility of the effect would be that of ionie
interaction due to the neutral salt. On this basis the discrepancies
between different series in Fig. 1 may be correlated with the observed
neutral salt effeet and henceforth the observated pH-dependence may
be idealized at its absence or at its constant amount, if any, to get
the pH-dependence ready for later analysis.

Consider the series of alkaline solution without addition of neutral
salt. Hydrochloric acid liberated by decomposition does not practically
vary the ionic strength of the solution but simply replaces hydroxide
ion with chloride ion of the same amount, so long as pH lies sufficientide
high above the neutral point.

The ionic strength begins to increase across the neutral point (6.11
accoring to the above K,-value), resulting in depressing the log, V,
versus pH curve downwards in accordance with the observed neutral
salt effect there. Moreover the whole curve lies the lower, the higher
the initial pH is. The discrepancies between curves in pH region above
the neutral point in Fig. 1 are generally in conformity with this
conclusion taking into account the inaccuracy associated with the
measurement of short contact time especially at the beginning.

The log,, V, curve at constant or zero ionic strength should hence
have inclination in the neighbourhood of neutral point more. or less

*) Reverse process of decomposition contributes definitely to the exchange [the flowing
in of chlorine atom from solution to chloroform in one direction. Cf. §2 of the
foregoing paper], but since the exchange may result otherwise as actually concluded
in the foregoing paper, the observed exchange rate must be upper hound to the
reverse rate.

**) Exchange rate observed in the foregoing paper was averaged at 58x10-7 [CI-] mol
Cl/min. lit. One third of the latter rate or that referred to chloroform molecule
must be compared with the decomposition rate given in the text. Since [Cl-] attains
practically to 0.01 first at addition of 0.01 N NaCl, whereas it remains far smaller
without it or at the addition of 0.01 N NasSO,, we arrived at data given in the text.

®*%) Cf. §5 of the foregoing paper.
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smaller than that observed. This conclusion is supported by the similar
observation at 0°C, yet to be published,” in which log, V, could be
determined accurately by the same method in different small pH-ranges
separately at approximately the same ionic strength, beasuse of smaller
rate of decomposition. It has thus been found that log, V, at higher
PH increased with almost +1 inclination.

2

ol

_2. \\\
S
N
£ 6|
Tl () Decomposition

-8}

C|'Exchange
6 2 4 6 8 1o 12 14
Fig. 3

On this ground it might be reasonable to idealize the experimental
result as shown in Fig. 3 by a broken line “Decomposition” consisting
of broken straight line (1), (2), (8) and (4) with inclination 0, 1, —1
and 1 respectively in the absence of varying neutral salt effect and to
analyse the general features thus expressed in order to deduce the
mechanism of reaction.

“H-Exchange” in Fig. 3 shows for comparison the rate V, of hydrogen
exchange recently observed by Kaxego and Sato and “Cl-Exchange”
shows that Vi, of chlorine exchange of the foregoing paper both occurr-
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ing under the same conditions as that of “Decomposition”. Both
“H-Exchange” and “Cl-Exchange” just cover the observed pH range
respectively, although observed points are not plotted in the Figure.

The V. found proportional to [Cl~] in the foregoing paper was taken
at 0.01 N [C1-]; “Cl-Exchange” in Fig. 3 hence gives the upper bound
to the chlorine exchange rate under the condition of decomposition
measurements without neutral salt addition made at [Cl-] around 0.01
N or less, from which the idealized figure was deduced.

§5. Postulates and Convention

Theory of steady reaction is developed below for analysis of the

above experimental results on the basis of postulates (A) and (B) below,
(A) Over all reaction (termed simply reaction in what follows) is the re-

sultant of o series Z of consecutive steps U's® 1=1,---, n; the initial complex™™
o7 and the final complex™™ o6F of every step I, except 61 and 8L, include each
one intermediate,* ™ which is handed down from 7., to oI, whereas & and
OF haue no such intermediate.

Total number n of the steps is taken as at least 2.

It is understood that the chemical equation,

5" = "

of the reaction is written so that the chemical potential px3* of the
left 4* is greater than that x3* of the right 6% i.e,,

pet > s (5.1)
such as,

CHCl;+ H;0 = CO+3HCl (5.2.a)

CHCl;+2H,0 = HCOOH + 3HC] (5.2.b)

for the chloroform decomposition and that its coefficients are so nor-
malized that the reaction is identical with the resultant of Z.

" Defining the absolute activity 91® of any set & of particles inclusive
of 8% and 5% as, ‘

RT log 91° = p? (5. 3)

*) The same notation is used for each step itself as well as for its number Z-series in
what follows. .
**) Initial or final complex of a step means the set of particles involved in the step at
the state respectively before or after its occurrence.
*%%) Molecule or ion of short life formed intermediately in the course.of reaction.
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the present convension is stated as,

a0 > " 5. 4)

The forward or backward rate %, or ¥, of a step [ in homogeneous
fluid is in general expressed as,®

- 3L . 3F
5=k, b, =k, (5. 5. I) (5. 5. F)

where the common factor %, to 3, and %, depends on the composition of
the assembly in which the reaction is going on and in general even on
the amount and hence on the activity of intermediates. It is postulated
in what follows that,

(B) k; is independent of the activity of intermediates.

§6. Steady Reaction in General

Several fundamental conclusions will be deduced below from post-
ulates in the foregoing section.

o’ :
I=1 — ’Qla
(I = T 6.1)

~
I
-

A complete set of 8)’s and that of &} 's should include the same number each of those

molecules and ions according to (A), inclusive of intermediates, which are involved in the

*) .The forward and backward rates # and ¥ reckoned to unit volume are given as,
BT @ o KT Q¥

Wt PR R
for a step in a homogeneous fluid [Cf. HORIUTI; Jour. Res. Inst. Catalysis, Hokkaido
Univ. 1, 8 (1948), §24, Eq. (24.87) and (24.8.%); suffix 1 to ¥ and % in the original is
omitted here], where @3* is the partition function of the critical complex &* [Cf. Eq.
(24.5) ibid,] ; the p? is the BOLTZMANN factor of #3 [Cf. § 7, ibid,] or the reciprocal
absolute activity according to (5. 8), so that we have (5.5) with common factor k to &
and ¥, i.e.,

D=k

ki=« s Q%  or ki = k.o f3%

where,

kio=« LZL Q" and  fiF = QdYQ3®
is the statistical mechanical expression for the activity coefficient of the critical
complex 8% of the step and Q2" the particular value of Q3" at infinite dilution of
components of variable concentration [Cf. §28 ibid,].
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reaction but neither consumed nor generated after all, because each of them should appear
in 8!’s and in &’s just the same number of times. The fraction on the left of (6.1) is

hence reduced to that on the right.

(II) Steady reaction rate Vj is given according to (A) and (5.5) as,

8l 57+
VS:kz(msl_{)Isl) l:1,2,~-,n (6.2. V)
where suffix s denotes the particular value at the steady state, whereas,
51 81 51?' BF
' =N, Ugm=19A"" 6.2.1I) (6.2. F)

are respectively definite, irrespective of the activity of intermediates
according to (A) in a definite composition of the homogeneous fluid with
regard to stable molecules and ions.

(I1I) Ve>0 ‘ (6.3)
inasmuch as the assumption, '
Ve 0

leads according to (6.2.V) and (6.1) to the conclusion,
0 o™ < 1

in contradiction to (5.4), because,
k>0,1=1,2, --,n

by definition.

5 4
(IV) % = ﬂ% - (6.4)
9z w

v I F I ¥ )
where 913,; or 9]5,5 is respectively the particular value of N°? or N°7 subject
to the condition,

913{:915{ l:l,,J_l’J+1”n (6.5. 91)

e,J e

-
QIf_i or 9]3,’; being respectively of fixed value according to (A), i.e.,

1
1

=g, =gl 6.5.1) (6.5. F)

Condition (6.5.9) states that all steps but j-th one are in equili-
brium in accordance with definition (5.8) of absolute activity.
Eq. (6.4) is derived readily from (6.1) and (6.5.91).
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s T Fa I I Fag Fad
(V) ’9]:,3'(>1) - '?]ea,fi(>l) = 9]5,5 ’ Qlea,é'(<l) = Qlf,lj’(<l) = ?]:,g (6' 6' I) (6' 6' F)

This relation follows from (A), (B) and (6.5) since the activity of the intermediate
Y34 .
included in &7 or &7 is the only variable factor in Qlallror in N3 respectively at constant

activities of stable molecules and ions according to (A), and hence uniquely determined by
first [ equations or last n—I+1 ones of (6.5.91) according as I<[j or I>>j respectively, accor-
ding to (B) irrespective of the activities of the rest of the intermediates. -

5t 37 st
(VD) QL,EU;;) _ 919,12{;#):91 _ 6.7)
oo,  Noflen A |
This relation which follows immediately from (IV) and (V) means
that 913% remaining Invariant in the region §=I or j< of j respectively,

z R ) )
increases by a factor 9I° / 9°" as j passes from the latter to the

former region and that the same is true with 9.4
1 =l O ‘ ’
Vi) —— =3 - 6.8.8
Vi) p=Zy (6.8.8)
where,
I F ) )
Viw =l (U0 —9101) 1 (6.8.1)
We have, .
gics 915511

. 1 1 . :

inasmuch as the only variable factor of 91:; or of ngl , which makes difference between
, » ' .

them, is the activity of the intermediate commonly implied in 9%7-1 according to (A), and

CLF
hence, equating Qlfé—l to 9[32:11 according to (6.6. I),

¥ I
9idz-1 g1
s Tre,l—1
£, = I = 51 (6. 9.'1)
H 2z
i AL

We have on the other hand by similar reasoning,

. ¥
gt Al
Ky = T T T
A A
T L F
and henceforth equating 91:5 _, to 91;’5 according to (6.6.F),

7 ¥
91271 Qi1
'8 e, l—1
: z
Ag Al
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Defining K:, {=0,:--,n as,
=1

Ky=Ki=1 Ki=s,sK, =L, (6.10. K)
we -have from (6.9) and (6.5) ,
T 1 WP F
Koult=oti,  Rmatn =gl (6.10.1) (6. 10.F)

and henceforth according to (6.2.V), (6.8.7) and (6.9),
I F 1 7 » 7
ve ¥l ki (wi-a¥) kK, ad--K, 9l
2 =
z
2

= T F = I = I F
Ver gt gt g (90i-9%) a¥ -k, 0

Summing up and remembering (6.2) we have,

1=n LH H 37 57 L 37 1
Vs AL — A . Nt — Ko g? o K2 N2~ K, Ny

=1 - F'
T Ver gpi g g 9 —k, a0n 97 —K 9%
- P @ a-n
s 37 3r, 3 57 3
Ko fi-1—K, 03 K, 93»2—K,_ 9l K, gr-1—K0°n
¥ N ot of N + 51 3 F
wPi-K, un 9’1 —K, 9" 9°1 —K, 9"
(1) (n—1) (n)
=1 (6.11)
which proves (6.8). .
(VILI) Ve > Vs (6.12)
This relation follows immediately from the foregoing one, which states,
1 1
>
Vs Veu

" inasmuch as all V,,’s are positive according to (5.4), (6.4) and (6.8.0).
(IX) As one of V,, (I=3) decreases leaving all other V..’s (I==j)

I F I o F .
constant, 92¢ or N3 (I=1,---,n) approaches N’} or 9.} respectively.

The l-th term (=1, -,n) in the second member of (6.11) denoted by (1) gives Vi/Ve,:
as stated there. As one of V./'s ({=j) decreases, the term tends to 1, while others to 0,
inasmuch as all terms are positive according to (6.3) and (6.12) and their sum is 1 accor-
" ding to (6.8.s).
The sum of the first I—1(<j) terms,

I i
APk, gyt

I F
ati-K, 9n
; sl 3 CH
or its numerator %1 —K, U i-1 should hence tend to zero, so that ;-1 tends to

Az /K, which equals 9371 according to (6.10.7) and (6.6.1).

€, (>t
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Rewriting the same numerater by (6:9.7) and (6. 10. K) as,
r I
BRSO
we see similarly by (6.10.7) and (6.6. ) that ngf tends to 9185§(>l), as Ve,; does to zero.
x i Va4
It may be shown similarly that 521;; or 521?} approaches respectively 91853; or QIflj for
F<l so that the above proposition (IX) holds.

(X) If two intermediates in Z-series are identical with each other, all
1/V,,, terms in (6.8.8S) of steps, which intervene between the two, vanish.

Let ¥, I'+1,--l”/ be steps which intervene between any two identical intermediates. The

&, is now, according to (6.9 I), the activity of the set of particles to be added to &, to form
I=77" ,

8.1 . The product 1« = If L in accordance with (6.10. K) is hence the activity of the
=1 -1

whole set of particles required to be added to 3. or &5, for forming 57 _; , as &} and &

: F . -

consist in general of the same set of particles, K- ngl’—l in (I’)-term in the summation of
¥ . . «

(6.11) is now identical with K. ,HQIZZ", inasmuch as the intermediate in &.._; handed down

to 8/ according to (A), is identical with that included in 8%, by the present premise. It
1=y
follows that the sum >
. f=1 Ve,
since Ve,/’s and Vi are respectively positive according to (6.8) and (6.12), every term in-

cluded and hence the corresponding term in (5.8.S) should vanish individually as stated in
the above proposition (X).

vanishes as seen from the second member of (6.11). But

§7. Rate of Proton Transfer

We now postulate that,
(C) Any step involving proton transfer is of the three types,

AH+SH ——— A~ + H*S'H (7.1. 1)
SH+ B — & +H'B (7.1.1I)
AH+SH+B —> A~ + HY + H*B (7.1.1II)

where AH or B is BRONSTED’s acid or base respectively, SH the substrate,
which turns into H*S'H, 8~ or HS' respectively and S a set of particles
into which S of SH in general converted; AH is of two kinds, H,O and H;0",
and B similarly OH- and H.O respectively exclusively, two acids or two bases
concurrently taking part in (71.1) in bringing about the identical change in
SH. '
Step (7.1.1) ete. will be denoted by I ete. respectively and one of
these steps represented by I°. ' ' o '
The sum of concurrent forward rates #(I") or that of concurrent
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backward rates #(I") of I" is expressed as,
(1) = kDA™, wI)= F(X) QU5 Q08 /9.0 (7.2.3) (7. 2.%)

k(T) = {k(l, H.0) + k(I, H,0*) g{zo} g0 (7.2.%)
FID=kADAT, 510 =kADAE A% (7.8.5)(7.8.9)

(IT) = {]C(II, OH-) %20 +R(IL, Hgo)}sﬂéo (7. 8.K)
B(IIL) = KDY,  (ILL) = k(L) 9™ (7.4.3) (7. 4.5)
k(LT :»{k(III, H.0, H.0)+ k(1L H,0%, OH") + K(III, K,0*, H.0) 9{:2

+k(I11, H,0, OH") ?)Ef’l (o) 7. 4. k)

where 9IF* is the absolute activity of H,0* and k(I, AH) or k(II, B) or
k(111, AH, B) represents respectively the particular value of k, of step
I caused by particular AH or B or by particular combination of AH
and B indicated in parenthesis.

The above expressions are derived as follows. The forward rate 3 (I, H:0) or (I, H;0t)
of T involving acid H,O or HiO+ respectively is expressed according to (5.5.I) as,

3 (I, H:0) = k (I, H:0) 9[Fa O9ISH

% (I, Hs0+) = K (I, H;O+)E+SH
which gives the total forward rate, #(I)=%1,HoO}-+8(L, HsO+) of (7.2.9). The corresponding
backward rate #(I, H:0) or # (I, HyO+) is similarly given by (5.5.F) and (7.1.1) as,

% (I, H:0) = k(I, H:0) QS HYOR -

# (I, HsO*) = k (I, H;O+) QUE+SHYH,0
the conjugate base of acid H:0 or HiO* being respectively OH~ or H:0. The total backward
rate is now obtained from the above two equations as given by (7.2.%) taking the equilibrium
relation,

gH* QOH- = (g[H,0)2" : (7.5)
of the dissociation of water into account.

Egs. (7.3) and (7.4) may similarly be derived.

(XI) We see that, 5(I") or (I") is expressed with the common Sfactor
K(I") just as in the case of (5.5) although different acids, bases or their combi-
nations concurrently take part in the step and that k(I')y is independent of
any intermediate’s activity by (1.2.k) elc., inasmuch as it s the case with
the individual ks involved according to (B).. All conclusions ayrived at in §6
remain valid for Z including I' among its constituent steps, the part of 6% or
k, in $6 being formally assigned to SH or k(I") respectively.
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§8. Rules for Analysis

Several rules are now deduced for the sake of later analysis of
experimental results from the foregoing general theoretical conclusions
and following assumptions a) and b) particular to chloroform decom-

position.

a) Chloroform decomposes through Z-series of (A), including I".

b)

Only one chloroform molecule is included in the initial complex

of the first step of Z but none in initial or final complexes of all other

steps.

It follows from a), (6.4) and (5.3),

i)

3t ¥ , )
Aq.:> 9.} 1=1,2,---,m (8.1)

el »

admitting that,

R

5L 3
"o o> ¢

Sfor the chloroform decomposition (5.2) under the present experimental conditions.
- F
The V., may hence be written according to (6.8.]) neglecting 9]3} as,

V.= 9% (8.2)
or particularly for steps of proton transfer according to (7.2), (7.8)
and (7.4) as,

Vo (I') = k(M) , =111l (8.3)
where, |

T (D), = k7, + K% ot | (8.4.1)

E(ID), = K, + kQ% ja™* (8. 4. 1I)

T (D), = kg p,p + K5 QM + KOR™ Jai* (8. 4. IIT)

and k7, etc. are quantities respectively proportional to & (I, H,O) ete.

of I'-type steps now included in Z as I-th ones; they have, besides
%2 or (917:°),* an unimportant conversion factor for reducing absolute

activity 9% or 91"* to usual one a® or a"* respectively normalized to
concentration at infinite dilution as their factor, and are respectively
constant independent of ™" or of ionic strength, in so far as & (I, H*)
ete, in (7.2), (7.8) and (7.4) as well as a™:° are constant. They are
assumed respectively constant in analysing the idealized pH dependence
of Fig. 3 obtained from direct experimental results by eliminating the
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effect of ionic interaction as far as possible to deduce the mechanism;
k%, ete. will later be allowed for the variation due to the ionic inter-
action according to the relation,

by =/ fO° (8.5)

in accounting for the deviation of the direct experimental results
from the idealized one on the basis of the mechanism.

ii) 95" s proportional fo YIFs (JEH) M (AN) <, i.e.,

91y oc QIOHCLs (QH*)=ar (91017 es (8.6)

where h, or ¢, is the total number of protons or chloride ions discharged by chloro
form molecule in the initial complex of the first step, as it converts into SH,.
Eq. (8.6) is deduced as below. The first [—1 steps of Z, which provide SH: from fhe
single chloroform molecule, ought to be respectively in equilibrium with regard to condition
(6.5.91) associated with the definition of 521:31. Let their resultant be expressed in the for.m
of the chemical equation, .
CHCls+8-% = SH?+ A HyO* + ¢Cl~ + 8B (8.7)
where 3L or 8% is the remainder of molecules or ions on the left or right of the “chemical
equation”, which includes none of CHCl;, H;O+ and Cl- according to a), b) and the above
premise. The reaction of the latter chemical equation being in equilibrium because of the
equilibrium of constituent steps, we have the absolute activities of its left and right equal
to each other or (8.6).
It follows now from (8.6) and (b) that,
iii) V., is proportional to N°"'s and hence Vs too according to (8.2) and
(6.8.8), ¢. e., the decomposition proceeds in first order with respect to chloroform.
HINE'D and SAUNDERS'™ have shown that the decomposition was first order with respect

to chloroform in 6625 aqueous dioxane and in 95% alcohol, which seems to support the
above conclusion and hence the underlying assumptions a) and b).

It follows on the other hand from (8.6) that,

(iv) 9155 4s inversely proportional to ()™, which completes according
to (8.4) the pH-dependence of V. ,(I").

Fig. 4 shows the pH-dependence of V, ,(I") thus obtained, by broken
line, from which it deviates upwards by log 2 at most in the neighbour-
hood of each break, where two terms on the right of (8.4) nearly equal
each other. Fig. 4, (III,) or (III,) shows the pH-dependence of V,,(I")
in the case when k,z on the right of (8.4.III) is sufficiently large, so
that k£(III), remains practically constant for a certain pH-range, or not,
respectively. ‘

;*7 Cf. foot-note on page 167.
— 174 —



The Mechanism of the Decomposition of Chloroform

an

D

— Log Ver

— log Vel (I
o
W
(o}

| K\

[ (Ia)
% ﬁg=+| %
: :
g’ h=0 g"
fo ==i
—pH — pH

Fig. 4 pH-Dependence of logioVe,:(I")
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. We will denote the step of different I" and h; by I’(h,) as I(+1)
or III,(0) and the appropriate V., by V., (I,h) as V.,(,+1) or
V. .(111,,0). _

It follows now from (6.12), (6.8.S) and (XI), §7 that,

v) if ome of the V, s is sufficiently small compared with oll others, it
practically equals Vs, or, in other words, | becomes the rate-determining step.
and that ©f some of them, g in number, nearly equal to each other, are suf-
Siciently smaller than the others Vs equals practically one g-th. each of them.

Lowest. V,, may be taken approximately V, under any condition,
if we are contented with the order of magnitude in the neighbouphood
of the points, where a few V,,’s approach each other; along with this
approximation, we might call in what follows more or less.conventio-
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nally, step [ of lowest V,,, the rate-determining step.

It follows from this approximation, that,

(vi) pH-dependence of Vs may be grophically synthesized from those of
V... by drawing log V, , vers. pH diagrams together on one sheet and reserving
lowest line only as giving Vs or V. ; of the rate-determining step j af every
pH,

Further conclusions are drawn with regard to Fig. 4 and to the
above method of synthesis as below :

vil) wupward convexity inclusive of maximum of Vs corresponds fo the
change of the role of determining the rate from one step to another;

viii) straight or upward concave part inclusive of minimum corresponds
to the same rate-determining step prevailing thereabout, and as seen from
Fig. 4,

ix) the minimum, in particular, corresponds uniquely to III,(0) deter-
mining the rote ;

x) 4f step l leads the rate-determining step j in Z-series or 1< j, it has
Jorward and backward rates balanced with each other and equal to V, , accord-
ing to (IX), (6.5.91), (5.5) and (8.2), whereas if 1> j, then the balanced forward

and backward rates reduce to QIGR/ 93" times V... according to (VI), 4. e., to an
extremely small value compared with' V, , according to (8.1).

xi) Such step as intervening between identical intermediates is never
stgnificant in the above synthesis, inasmuch as the appropriate term 1/V,, in
(6.8.8), through which the step substontially enters the latter synthesis, is
missing according to (X).

§9. Analysis of Experimental Results

We will proceed to analyse the experimental result illustrated in
Fig. 3 by means of rules prepared in the foregoing section identifying
V. with Vg now in accordance with (a).

It is first concluded that the rate-determining step around the
minimum is a step of type III,(0) acording to (ix), which switches over
into some other one across the maximum according to (vii) and that
the latter persists over pH values below that of the maximum according
to (viii) and Fig. 3. The rate-determining step at higher or lower pH
values as well as its number in Z-series will be denoted respectively
by III or Y. 4

We will first discuss the case when III leads Y in Z-series. Let
C be the step, in which the first chlorine atom of chloroform is dis-
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charged into the solution in the form of a chloride ion. If C leads Y
in Z-series, steps {<C are all in equilibrium and occurring back and
forth respectively at rates V,,---,V,, -, V,. according to (x), over the
pH-range where Y determines the rate. Since chlorine atom picked
up by the reversal of C is brought back into chloroform at a rate of
the lowest value of V,,, -, V., * and the latters are all greater than
V,r according to (vi), it follows that chloride ion exchange proceeds
more quickly than the decomposition determined at V, . This con-
clusion contradicts the experimental result shown in Fig. 8 that the
decomposition rate exceeds considerably the chlorine exchange rate.
Admitting that chlorine is discharged from chloroform, if at all, only
in the form of chloride ion, it follows that CCl;-skeleton of chloroform
i handed down unchanged to the initial complex of Y.

Step III implies on the other hand the exchange of hydrogen, whose
contribution to the total hydrogen exchange rate is similarly equal
to or less than the lowest of the V, s of all steps from 1 to IIL*®

If III happens to be the first step of Z, V,u; itself would be the
lower bound to the observed hydrogen exchange rate, inasmuch as it
may be effected through other channel as well. This lower bound is
illustrated by dotted line, i. e., by the elongation of the branch of III at
lower pH in Fig. 8. The observed hydrogen exchange rate as seen
in the Figure lies definitely below it. It follows that III has at least
one step preceding in Z-series.

It has been concluded above that the CCl;-skeleton of chloroform
must be kept unchanged throughout steps down to the initial com-
plex of Y, but the basis for this conclusion does not exclude the
possibility of the skeleton picking up some chloride ion to form the
initial complex of III, without affording the latter a position equivalent

*} Let a, be the fraction of chlorine atoms in the initial complex of C, which have come
from solution directly without once getting into chloroform, x.-; that of the step
preceding C and so on; x; must then be assigned to zero.

We have now,

Ve,c(l—xc) = Ve,c-l (fUc“ch—]) T=orerrreeee =Ve,2 (IU:—;—-’CZ)
l=c 1
- van= Y Ey

for the rate with which chlorine atoms introduced in CCls-skeleton by the reversal of
C are flowing steadily in one direction from solution to chloroform. It follows that
the latter rate is at least approximately given by the smallest one of these Ve,/s.

*%) The contribution is of course nil, if the hydrogen atom introduced in III is removed
by any step prior to IIL
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to that of constituent chlorine atoms. If it did, however, the activity
of the initial complex of III and hence its rate must be proportional
to a certain power of the activity of chloride ion according to (8.6)
in contradiction to the experimental result. The same experimental
result excludes the possibility of any chloride ion similarly attached to
the skeleton on the final complex III, since, if so, then the chioride ion
must be included in its initial complex, it not attached to the skeleton;
this leads to the same contradiction.

The skeleton must moreover keep the same number of protons
attached to it as that of chloroform, when included in the initial com-
plex of IIT of IIL, (0)-type according to (iv) and Fig. 4, (III,), as well
as when included in its final complex, the step itself being a simple
exchange of one proton. It follows that the constituent set of particles
of the original chloroform molecule, and those of initial and final compl-
exes of III are kept the same with each other throughout. Any two of
them can not, however, be identical with each other according to (xi),
in so far as III and at least one step ahead are kinetically signifi-
cant. It follows now that we are dealing with at least three isomers,
which is hardly conceivable for so simple a molecule as chloroform. Ex-
cluding this case, we now turn to the alternative one, when Y leads

III in Z-series.

§10. Case when Y < III

It is similarly deduced as in the foregoing section that CCl;-skeleton
of chloroform is kept unchanged down to the initial complex of III. The
foregoing step Y is, one of the types I(4-1), 1I(0), IIL,(0), III,(+1) and
III,(+1) according to Fig. 3, Fig. 4 and to the foregoing section. Steps
III, (0)-, HI,(+1)- and III,(+1)-type are excluded similarly as in the
foregoing paper® on the ground of the appropriate F**/k°% -value.®

I(+1) and II(0) are now two possible alternative types of Y. The
initial complex of a step of I(+1)-type must be the bare skeleton as
indicated by +1. There must then be at least one step preceding, which
releases the proton of chloroform. The third isomer of chloroform is

*) Along with the assignment of Y to IIIa (0)-type, we have to attribute its break at 3.2
PH to the point at which kap=kPH " /aH* and the other break at which kaz=k"E qH"*
to pH lower than the lowest pH 0.1 of observation. It follows that kam=kH~ x10%2,
kaB>KERT % 10-91 and henceforth logi kE7/KOH~ < 8.8 which is extremely lower than
the range 11.1~7.6 deduced from the literature in the foregoing paper, or 10.4 obtained
directly for III. IIla(+1)- and IITu(+-1)-type are excluded just in the same way as

IIIa(0)-type is.
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now obviated only by assigning the preceding step to the first step,
Y to the second and III to the third, inasmuch as the initial complex
of III must necessarily be an isomer of chloroform as deduced simi-
larly as in the foregoing section.

Both the first and the second steps are now in equilibrium in the
pH-region, where III determines the rate as concluded similarly to the
argument in the foregoing section. The second step picks up a proton
but it has nothing to do with hydrogen exchange between the original
chloroform and solution, inasmuch as the intermediate in the final
complex of the second step is that in the initial complex of III or is
an isomer according to the above. It follows that the contribution to
the observed hydrogen exchange is solely due to the first step. The
latter being of type 11(0), its rate V,, varies with pH as II(0) Fig. 4.

The observed pH-dependence of Fig. 3 sufficiently verifies the sta-
tement that the hydrogen exchange is due to the first step.

We consider now the case when Y is of type II(0). The Y must
be the first step of Z, in so far as the third isomer of chloroform is
excluded in accordance with the above, and it, being of type II(0),
must give rise to hydrogen exchange, whereas its contribution is V.,
at most.® As the observed rate of hydrogen exchange far exceeds
the decomposition rate as shown in Fig. 3, it must be attributed to
some other channel than the first step. Since the hydrogen exchange
rate varies with pH as I(+1) or II(0) as observed, the channel must
imply ionization of chloroform or of its isomer different from that
leading to decomposition.

The latter isomer cannot be that implied in the initial complex of
III, since hydrogen atom of chloroform is given up by Y before the
isomer involved in III is formed and hence it contributes nothing to
the observed hydrogen exchange. The above isomer of hydrogen ex-
change, if any, must be the third one.

Excluding the latter possibility in accordance with the .above, the
alternative is the ionization of the second kind of chloroform different
from that leading to decomposition. We are now inevitably led to the
possibility of the isomerism of CCl; -ion, which is hardly conceivable
any more than that of electronic configuration. Eliminating Y of type
I1(0) on this ground we are now left with that of type I(+1) alone.

*) The rate of hydrogen atom flowing into ehloroform from solution or that of hydrogen

exchange is the reverse rate of Y, which is equal to or extremely smaller than Ve,r
according to (5.5), (IX) and (i) in the respective cases when III or Y determines the rate.
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§11. Mechanism of Chloroform Decomposition
We put forward now the mechanism of chloroform decomposition
below in accordance with the conclusions arrived at in the foregoing

sections.
The first step must now be the ionization of chloroform responsible

for hydrogen exchange, i.e.,
CHCL,+B - CCl; +H*B (11.1)

and the second one the neutralization of CCly of I{+1)-type resulting

in an isomer of chloroform.
We might attribute to the latter the classical model of chloroform
molecule advanced by GeuTHeEr® along with the electronie configuration,

.Gl
H: (2152 C
:QI:

assignable to it, i. e., that HCI ¥ CCl; of carbon dichloride CCl, combined
with hydrogen chloride HCl by coordinate bond. The second step is
thus written as,
CCl; +HA ——— HCI ¥ CCl,+A- (11. 2)
Step III coming as the third one according to the foregoing sections

must be the disruption of the CCl;-skeleton, if one rules out the third
isomer. In accordance with this condition imposed upon III we might

write it as,

Cl
LT i L gl
B + HCl- C—-Cl + HA
’ Cl
|
——— > BH* + C1-C + CIH + A- (11.3)

where CIH is to dissociate subsequently. ‘

We have no experimental data to describe the further steps which
bring the intermediate CCl, down to the right of (5.2), the resultant
of them being,

CCl, + H.O = CO + 2HCI
or
CCl, + 2H,0 = HCOOH + 2HCl
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Summing up, chloroform dissociates back and forth frequently in

solution resulting in hydrogen exchange to keep up the step,

CHCL; + B - CCl; + H*B

practically in equilibrium ; CCl; less frequently picks up a proton at
Cl-, instead of at C as in the reversal of the above step, to result in
GeurHER’s isomer HCI % CCl; and the latter decomposes by simultaneous
action of acid and base to give CCl,, which converts further through an
unknown sequence of steps into the final product, the second and the
third step alternately determining the rate at lower and higher pH
respectively. : _

The correctness of the present conclusion depends on that of
postulates (A), (B), (C) and that of the absence of the third isomer of
chloroform and of the second one of CCl;.

The conclusion to which we were led is apparently not very pe-
culiar, although new in its foundation and kinetic presentation; the
first step giving trichloromethyl anion is rather of general acceptance
as discussed by Hine'™ and the third one savours much of reappearance
of Geuraer’s old mechanism, chloroform of the structure suggested by
him entering here as an isomer of the normal one well-established
at present.

§12. Neutral Salt Effect

The mechanism enables us, in accordance with (8.4), to specify the
steps respectively responsible for different parts of ‘“Decomposition”,
(1), 2), (8) and (4) in Fig. 8 as,

CCl;y + H,0* —= CCL X CIH + H,0 for (1)
CCl; + H O — CCl, %#CIH + OH- for (2)

H,0*+CCL%CIH+ H,0——— H,0+HCl+CCL+H,0* for (3)
and

H,0+CCL%CIH+0OH- ——> OH-+HCI+CClL,+H,0 for (4)

It may readily be shown that values 92 of these steps are kept
respectively constant independent of the neutral salt concentration at
constant pH* remembering that 91"°°: is kept constant at the present

*) The 915%1 is associated with the condition that the steps preceding to [ are all in
equilibrium in accordance with (XI) and (6.5); 521‘8??2‘3_ is thus fixed according to (8.6)
at QUCLHE/QH* jrrespective of the kind of acid involved in the preceding step (11.1),
while 913?320012 similarly at QI°HCs, suffix 2 or 3 referring respectively to step (11.2)
or (11.3).
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experimental condition by the presence of practically pure chloroform
phase. The neutral salt effect hence comes into play only through
the activity of the critical complex according to (8.5) in distinction
from that in case of the well known neutral salt effect dealt with
by BRONSTED.

We see immediately that the critical complex for (1) only is
neutral, whereas those for all other parts are charged either positive
or negative. This accounts for the experimental result that the neutral
salt effect is present in all parts but (1) and that neutral salt depresses
both (2) and (4) of negatively charged critical complex, while it exalts
(8) of positively charged one, although we cannot see for the moment
how the opposite sign of charge correlates with the opposite direction
of the effect.

Summary

1. Decomposition of chloroform in contact with aqueous solution of
different pH and neutral salt concentrations was followed in a sealed
quartz vessel at 100°C in the absence of air by different methods wviz.,
observation of pH-variation due to decomposition produet by means of
Becryax pH-meter or pH-indicator; direct titration of liberated chloride
ion by Monr’s or VorLuarp’s method and colorimetry of ferric thiocyan-
ate in the presence of mercuric thiocynate and iron alum. The pH of
the solution was adjusted by addition of sodium hydroxide or sulfuric
acid or solid hydroxide of calcium or magnesium for retarding pH-
variation due to decomposition and the neutral salt concentration was
adjusted by addition of NaCl or Na,SO,.

2. The results of different observations of the decomposition rate
were found consistent with each other and were in general features
as follows ; the decomposition rate V, was (1) constant 5.0 x 107" mol/lit.
min, from lowest pH 0.1 of observation up to pH 3.2, (2) increased from
the latter point up to 3.2x10-° at pH 4.0 with + 1 inclination of logy V,
against pH, (8) decreased from the maximum there down to 5.0 x10~°
at pH 5.2 with nearly —1 inclination and then (4) increased from the
minimum there steadily toward greater pH with inclination greater
than +1 but tending to it gradually. The neutral salt effect on the
decomposition rate was none in part (1) of the above-noted pH-depen-
dence, depression in (2), exaltation in (3) and again depression in (4).
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3. General theory of steady reaction was developed to deduce sev-
eral rules on the basis of postulates, i.e., (A) a single chloroform
molecule is converted by a series of consecutive steps through a sequ-
ence of intermediates into the decomposition product (B) the rate
constant of each step and its reversal is independent of the activity
of intermediate products and (C) the step involving proton transfer is
one of three types,

AH+SH —> A-+ H*SH
SH+B — §- + H*B
AH+SH+B—> A- +HY + H'B
where SH is the substrate, (chloroform or the intermediate), AH
BroxstED’S acid, B base and S an atom group into which that of S in
SH is generally converted ; AH was taken as H,O or H,O* and B as OH-
or H.,O respectively exclusively.

4. The experimental results were then analysed by means of rules
deduced in §8, incorporated with those of chlorine exchange in the
foregoing paper® and of hydrogen exchange worked out by KaNEKO
and Sato both under the same conditions, presuming the absence of
the third isomer of chloroform and of the second one of CCl;; the conclu-
sion was that chloroform was converted through a sequence of steps,

HCCl; +B — CCl;y + H*B
AH + CCl; ——> A-+ HCIXCCl,
B+ HC1$CCl,+HA ——> BH* + CCL,+ HCI+ A-

into CCl,, which was further decomposed to yield CO+2HCI] or H,CO, +
2HC] through unknown steps; the first steps was responsible for
hydrogen exchange and in cooperation with the second one, converted
chloroform molecule into its isomer HCI%CCl, i. e., HCl combined with
CCl, by coordinate bond; the second or the third step determined the
rate over the region of pH respectively below or above that of the
maximum at pH 4.0.

5. The observed neutral salt effect was adequately accounted for
on the basis of the mechanism.

The present authors wish to express their best thanks to the
Radio-Isotopes Research Committee of Hokkaido University for their
kind helps and enceuragements and to Miss. A. Morita for her sincere
assistance.
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