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191. The Decomposition of Inorganic Cyanates in Waler.
By I. A. Keymp and G. KOHNSTAM.

The simultaneous formation of urea and carbonate from aqueous solutions
of ammonium, barium, or sodium cyanate has been studied near 80° and 80°,
The ionic strength was virtually constant at 0-25, and [OH~] ranged from
4 x 107 to 2 X 1073, The rate of reaction was given by

— d[NCO-]jdt = [NCO-}(k,/[NH*] + ky' + kyTH;0'] -+ ks THCO,])
= [FINCO](k,[NH,] + &;[OH=] - &k, -+ k[COz-])

where the first term accounts for urea formation and the others are responsible
for the production of carbonate. A first-order decomposition of urea to
cyanate sometimes contributes slightly, and must be taken into account when
considering the overall reaction. These ratc equations permit an explanation
of earlier observations, and other evidence indicates that they can be expected
to apply whenever the pH is greater than 2. Borate ions and triethyvlamine
‘do not affect the rate specifically.

The Bronsted relations for acid and base catalysis apply to & and &/,
respectively, but general acid or base catalysis is not observed. 1t therefore
seems likely that all the reactions involve nucleophilic addition to cyanic acid
in the rate-determining step, with formation of carbonate occurring vie
carbamic acid or the carbamate ion. This mechanism is subject to the
restriction that the addition complex resulting from this nucleophilic attack
must be capable of forming urea, carbamic acid, or the carbamate ion by
proton transfer and bond rupture. Any reactions of these complexes with
water or hydroxide ions appear to be too slow to prevent return to the initial
reactants. This accounts for the absence of catalysis by borate ions, tricthyl-
amine, or cyanate ions in the reactions of cyanic acid.

INORGANIC cyanates decompose in aqueous solution to form urea and carbonate. When
it is borne in mind that reactants and products will be partly present as their conjugate
acids or bases, the reactions may be represented by the stoicheiometric-equations

NCO- + 2H,0 === COg2- + N, . {i) NCO- o NH === CO(NH,), . (i)

The kinctics of the formation of urea in aqueous solutions have frequently been
studied.:2 The reaction is of the first order with respect to ammonium and cyanate ions,
but this has only been established over a limited pH range, as all the work was carried out
with solutions of ammonium cyanate. According to Wyatt and Kornberg 3 the rate
coefficients previously reported for the reaction in water are appreciably in error owing to
neglect of the concomitant production of carbonate. Many workers have assumed that
the reaction involves the combination of ammonium and cyanate ions in the rate-
determining step, and the results of kinetic investigations have often heen empleyed to
test theories of ionic reactions; 24 the good agreement between theory and experiment
was acuepted as confirmatory evidence of this ionic mechanism. It was, however, pointed
out long ago 3 that thc observed kinetics are equally consistent with reaction between
ammonia and cyanic acid (these are in equilibrium with ammonium and cyanate ions) and
it has since been shown that purely kinetic evidence cannot distinguish between the ionic
and non-ionic reactions as both will show the sanie salt effect, and the same sensitivity to
changes in the dielectric constant of the solvent.® This problem has been discussed in
detail by Frost and Pearson,? who drew attention to the analogy between this reaction and
the formation of substituted ureas from organic isocyanates, and regarded the non-ionic"
mechanism as the more probable.

* Throughout this paper the term carbonate is used collectively, and refers to all forms in which
carbonates may be present, i.e., carbonate ions, hydrogen carbonate ions, carbonic acid, and carbon

dioxide. Similarly, cyanate refers to cyanate ions and cyanic acid, and ammonin to ammonium ions
and ammonia.



(calculated from the conventional form of the absolute rate equation for reactions in
solution 14) are.given in Table 1.

TABLE |. Kinetic dale for reaction at ionic strength 0-25.
(Each rate coefticient is the mean from the results of » different reaction mixtures.)

" Rate coefficicnts E AS *
60-10° 80-10° 60-10° §0-10 {kcal.) (cal. °x-)
20 3 1250 7 922 7 23-3 . — 407
20 b 0-992 261 t 11-3 —17-8
G — 269 } — — —
10 2 1-060 & 867} 24-6 — 145
10 3 2-204 T 6-88 13:3 — 569
1 3 0-47 t 2-33 t 14-6 — 882
10 2 270 091 1 15-2 —32-5
10 2 292§ 1-187 T 16:1 —28-
10 2 0-389 1 1479 1 154 — 320
1 In sec.”! mole! |. T Insec™ L.

k," is probably more reliable than %, as the latter involves the dissociation constant of
cyanic acid which has only been determined at temperatures appreciably lower than those
of the present investigation.%1%15 TFollowing previous workers,® we assumed it to be

* 2 X 107, irrespective of temperature, and though this may lead to errors in &; it does not
affect the reliability of the rate equations, as any such errors are cancelled by similar errors
inTHNCO]. Other possible errors in the rate coefficients are discussed in the Experimental
section (p. ), but these are probably not very important, as consistent results were
obtained under a wide variety of conditions. In any one run the average discrepancy
between the observed value of U and that calculated from the mean rate coefficient given
in Table 1 was never greater than 39, and usually less. This is illustrated below for a
typical run (a similar comparison for the carbonate concentration, C, has also been included ;

the appropriate rate equations are-given on p. ).
Run 18, initially 0-0496M-NaNCO - 0-0017m-NaOH ; temp. 60-10°,
1072 (scc.) ... 0 86 193 314 665 1109 1399 1633 1740 2005 2278 2541 2632
w‘U{ohs. - - = — = b 18 24 35 41 52 59 71 75
cale. ... — @— @ — 1 6 17 27 38 41 52 63 7l 74
100C obs. ... 3 8 15 21 52 96 129 1589 171 204 231 261 271
cale. — ‘8 14 21 48 91 128 153 164 1us 235 252 260

Previous work in this tield was carried out with solutions of ammonium cyanate. In
water, Wyatt and Kornberg 3 found that &’ was appreciably lcss than previously reported, ¢
and ascribed this observation to the neglect of carbonate formation in the earlier studies.
This is now confirmed; at 70° and zero ionic strength * our values and theirs agree within
the limits of cxperimental error, and the assumption of negligible carbonale in the
decomposition of ammonium cyanate leads to a ‘“ rate coefficient ”” which is in good agree-
ment with the earlier, erroneous values (this can be rcadily verified from the data for
Run 1, Table 4). The resulting percentage error in %,’ is virtually the same at 60° and 80°.

and the activation energy should therefore not he affected by il negiect of carbonate
formation; we found I = 24:0 kcal. at zero ionic strength; Svirbely and Warner ®

reported 23-3.
In the decomposition of urea solutions at 60° signilicant amounts of .carbonafe were

formed before the cyanate concentration, Cy, hecame stationary. This s illustrated
below. :

Run 24, initially 0-1990M-urea; temp. 60-10°.

1072 (sec.) ...... 0 245 8646 1173 1753 2013 2561 2880 3719
10:Cy ...... ST 22 29 45 48 50 48 48 47 42
105C ...l 30 49 77 Lol 156 183, 233 262 356

* Rate coefficient at zero ionic strength &° = kf.[f,f., where % is the rate coeflicient corresponding -
to thic activity cocfticients f. The subscripts a and b refer to the ‘' reactants *’ (the specics whose con-
centrations appear in the appropriate kinetic term), and x refers to the activated complex which is
assumed to carry a charge equal to the.sum of the charges of the *‘ reactants.”




these observations can be explained, but as the predicted value of C was always greater than
that observed, there is no evidence for the direct formation of carbonate from urea. This is
in agreement with the views of other workers.®

Our rate equations for carbonate formation account for others which have previously
been found to apply over more limited ranges of pH. Thus, in strongly alkaline solutions
equation (3) reduces to dC/dt = k;'[NCO-], a rate law which has already been proposed
for such systems.®1? The earlier rate coefficients at 100° are in good agreement with our
extrapolated value of k', and the activation energies are within 1 kcal. At 0°, k; agrees
closely with the rate coefficient found for the first-order decomposition of cyanic acid ; 1
the activation energies differ by less than 1 kcal. At 70° our value of k&, is less than
that reported by Wyatt and Kornberg,® who assumed that only the term involving
this parameter is concerned in the production of carbonate from unbuffered solutions of
ammonium cyanate. - We did not find this to be the case, but these authors stressed the
approximate nature of their result.

The third term in equation (3) has not been proposed before. It is, however, supported
by the results of Masson and Masson,® who found carbonate formation from sodium cyanate
to be autocatalytic (about 65% of the carbonate is present as hydrogen carbonate}, strongly
accelerated by *“ NH,CO,~ " ions and weakly by carbonate ions (small amounts of hydrogen
carbonate result from the addition of these ions to water). Their observation of first-order
carbonate formation from barium cyanate is consistent with our observation that the pH
only varies between 7-72 and 7-92 over the course of the reaction at 60° ({HCO;™] is very
small in this system), and their smaller first-order rate coefficient for the initial carbonate
formation from sodium cyanate is now seen to arise from the greater pH of this system
(cf. Run 14, Table 2). '

Lister 10 found that in strongly alkaline cyanate solutions containing added carbonate
ions

dC/dt = ky[NCO-] + k”[CO42-]
This is now seen to result from the experimental conditions employed. Initially [NCO~] ==
[OH-], and this near-equality holds throughout the reaction. As [HCO,;~] < [CO4%7]
at high pH values, equation (3) can easily be shown to take the form

dACjaAt = k/[NCO-] 4 k'K [CO2~]

under these conditions.* Lister found 105%" = 1-1 sec.”! at 100°; we calculate 10%%,'K; =
17 at this temperature and ionic strength 0-25. 1In view of the large and variable ionic
strength of the earlier work, this is regarded as satisfactory.

The combination of our results with those observed in more acid }? and alkaline
solutions %10 thus shows that equations (3) and (4) account for the rate of carbonate
formation from cyanates and cyanic acid, provided the pH is greater than 2.

Discussion

Catalysis by Acids and Bases.—The rate laws for the decomposition ol cyanates can be
written in the form

— dCydt = {NCO-J[(k,)*NHM + (51° 4 (5)°F,0% + (#)1HCO) . . (3)
= (HNCOMA (NH} + k%OH-} + £° + £CC2 3 . - - . . (6)

where the braces { } refer to activities, and the superscript ° to zero ionic strength.

It seems likely that the first-order terms represent reaction with water, and equation (6)
can then be considered to imply reactions of cyanic acid with bases. The rate coefficients
increase with increasing base strength and, the activity of water being taken as unity, the
* best ”* Bronsted relation for base catalysis 20 can be written in the form

logy, (B°fg) = — 1-447 + 0-3764 log,, (plad) - - . . . . . (DO

where £° refers to a base of strength 1/K,, K, is the thermodynamic dissociation constant
of its conjugate acid, ¢ the number of centres in the base which can accept a proton with

* The kinetic term k[H,0*][NCO-] is extremely small.



with about the same accuraey as equation- (7). predicts.£°, and it can similarly be shown that
the reactions of cyanate ions are not subject to general acid catalysis.

Reaction Mechanism.—The observed kinetics suggest that the four reactions which
contribute to:the decomposition of cyanate involve either a cyanate ion er cyanic acid in the
rate-determining step. As each set of rate coefficients follows the Brénsted relation, it
seems likely that the reactions oceur by the same mechanism irrespective of whether they
yield urea or carbonale, and: the absence ol general acid or base catalysis indicates that the
reagents do not act by virtue of their ability to-donate or accept protons. The connection
between nucleophilic activity and base strength 2 allows us to consider another general
reaction: mechanism, nucleophilie additien to cyanie acid, which. permits rate coefficients to
followr the Brinsted relation- for base catalysis, and it scems probable that this mechanism
is operating, in the- present reactions. This view can only be advanced tentatively at
present. It is based on the- possibly fortnitous observation that four rate coefficients
follow the Bronsted relation, and further work is necessary before it can be finally accepted.
On thie other hand, our interpretation is consistent with the present findings and also with
those of other workers (see-next paragraph).

Nucleophilic attack on cyanic acid will occur at the carbon atom, the point of lowest
electron density, and the reaction with ammonia can therefore be visualised to occur in the
following manner : 25

A — " —
HN=C=0r HN=C=—0Q HN=C=0 HN=C=0
e . or —_—
+ NH, +NH, + NH, NH, + H*
(n (I1)

A rapid proton transfer [prototropic change in (I), or proton addition to. (II)] then yields
urea. Confirmatory evidence for this scheme is supplied by studies of the formation of
substituted ureas. As expected, the rates increase with increasing base strength of the
amine %28:27 and with increasing capacity for attracting electrons by substituents in aryl
isocyanates.*” The addition complex resulting from nucleophilic attack by water or
hydroxide ions (I1I or 1V) can similarly be expected to undergo rapid proton transfer
yielding carbamic acid, and this acid will break down into carbonate as soon as it is formed.

HN==C=:0 HN=¢=:0 HN=C==0 HN==C=0
+OH, H NCO +NEt,
(LII) AIV) (v) (V1)

It seems likely that this ability of the-addition complex to form the product, or a species
which is readily converted into it, by simple proton transfer is an essential requirement for
reaction. Equation (7) predicts a significant catalysis of carbonate formation by cyanate
ions and triethylamine (cf. Runs I' and' 20, Table 4), but this was not observed. Steric
factors do not oppese the formation of the addition complex (V) or (VI), but this complex
can only be converted into carbamic acid. or a carbamate ion (which would also readily
yield carbonate at our reaction temperatures) by « further reaction with water or hydroxide
ions (cf. Baker ef al.28). Proton:transfer can be expectedito.occur much more rapidly than
reaction with the suivent or its anions, and it seems. reasonable to suppose that the
intrinsically unstable addition complex has a much greater chance of acquiring a proton

H,N—C=0r H.,N—(I:zo
o i

viny -G 0i- HO—]L'—OH (VII)
o

before it reverts to. the initial reactants than of forming a.bond with oxygen, either before
or after protonation of the imino-group: This view provides an explanation of the
catalysis. by carbenate ions and: the: absence of a measurable reaction with borate ions,
altheugh such- a. reaction is predicted by equation. (7) (cf. Run 21, Table 4). In the



amounts of one base from another. Allowing for all the added substances employved, we can
therefore write .

X = 2C + Cy 4 [NHy), + [NEt,]; + [OH-]; — [HCOy~ T
where the subscript i refers to the concentrations of added spécies before their participation in
acid-base cquilibria.

Tubes containing samples of the reaction mixture were cleaned, broken under 200 ml. of
ncutral! acetone, treated with excess-of standard hvdrochloric acid, then a further 200 ml. of
neutral acetone, and titrated with standard sodium hydroxide (lacmoid). Good end-points
were obtained if the water content of the titration mixtures was kept low; the acid was therefore
made up in 709, (v/v) acetone, and the alkali added from a microburette. The accuracy was
0-49%, at 2C -+ Cy = 0-004, and better at higher concentrations. :

(b) Determination of C. Except in solutions of barium cyanate, C was evaluated by similarly
determining the basicity, Y, of a sample from which the cyanate had been removed by precipit-
ation as the silver salt :

¥ = 2C + [NH}i + [NEtg]), + [OH-}; — [HCO, ],

5 ml. of approx. 0-In-silver nitrate, containing ammonium nitrate (40 g. 1.!) to prevent the
precipitation of silver carbonate, were added to a sample of the reaction mixture, which was made
up to 25 ml. After being shaken, some of this mixture was centrifuged and 5 ml. of the super-
natant liquid were removed. The basicity of this solution was determined as before, after a few
crystals of sodium chloride had been added to precipitate the silver ions present. Cyanate
was not completely precipitated by this method, and the necessary correction was found by
carrying out similar experiments with a solution of approximately the same cyanate con-
centration and with the same solution after it had been diluted five-fold. The quality of the
end-point in the final titration could be improved by using less ammonium nitrate, and this was
done when the reaction mixtures contained relatively small amounts of carbonale. The method
could be employed up to C = 0:035M; its accuracy, which was independent of Cy, was 5% at
C = 0-001mM, and better at higher concentrations.

In the decomposition of barium cyanate, virtually all the carbonale was precipitated as the
barium compound—the correction for the carbonate in solution is discussed on p. . Here,
C was determined by dissolving the washed precnplt'\te from three samples in excess of hydro-
chloric acid and back-titrating with alkali.

(c) Determination of Cy. In the early stages of the decomposition of urea solutions, C was
too small for reliable estimation by the methods described above. It was therefore more
convenient to evaluatc Cy. The method was essentially that proposed by Werner,3 and the
absorption coefficient of the cupric cyanate-pyridine complex in chloroform was examined at
690 mp, a Unicam S.P. 500 spectrophotometer being used. Nitrate ions interfered slightly,
and the "' blank cell *' was therefore prepared from a solution of the same [NO,~] as the solution
under test. The accuracy was 5%, at Cy = 0-001»m, and better at higher concentrations.

When the reactant was barium cyanate, Cy was determined directly from the supernatant
liquid by the method described in (a).

Calculation of Comncentrations.—The various species present in a reaction mixture are
concerned in the usual acid—base equilibria, and their concentrations can be calculated from the
analytical results if [OH~] and the appropriate equilibrium constants are known. [OH~] was
abtained by the following method. 1In the first place it is assumed that reactants and products
are in the form in which they appear in equ'xtions (i) and (ii), and that any other substances are
present at their “* added "’ concentrations, 7.¢., before their nmhcmatlon in any equxhbrld The
following reactions must then be considered :

NCO- + H,0 === HNCO + OH- . . . . . . . (i)
NH# 4 OH- == NH, + H,0 . . . . . . . (iv)
CO#~ + HO==HCO;~ +OH- . . . . . . . (v)

CO2~ 4 2H,0 =>=H,CO, + 20H- . . . . . . (vi*

H,CO, === CO,(g) + H,0 S )
HO + HO==>=H,0* + OH~ . . . . . . . (viii)
NEt, + HO === Et;NH* + OH- . . . . . . (ix)
HBO, 4 OH- === H,BO,~ +H,0 . . . . . . . (x)

BaCOy===~ Bat+ + CO2>~ . . . . . . . (xi)
* All dissolved carbon dioxide is assumed to be present as carbonic acid. ;



Jig’, k', and k;’-were determined by the following method. Tntegration of equation (2) gives
a=(C—Cy—h/B)y =k — ks3]y
i ! :
where § = / [H,0*][NCO-1.dt, y = f [NCO-].df, and 3 — / [HCO,~}[NGO 1.dA.[H,0%]

is small in Run 13 {cf. Table 3), and provisional values of %,’ and k,’ were obtained from the
results as the intercept and slope of the straight-line plot of (C — Cg)/y against 8/y. These,
in conjunction with Run 1, gave a provisicnal value ef £,’; = in Run 13 could thus be determined,
and hence improved values of k,” and k;’ which, in turn, led to an improved value of £,’. A
repetition of this procedure did not alter the rate coefficients. When sodium cyanate was the
reactant, the kinetic term in [H,0*] had only a small effect on the rate of carbonate formation,
and %, and &, were determined from the results of such reaction mixtures with the aid of the
value of £, from Run 1, The mean values of these rate coefficients were then employed in the
calculation of k,’ from the observations on systems containing ammonium cyanate as the initial
reactant.

The rate coefficients £ were obtained from the corresponding values of 2’ and the equilibrium
constants.

The most likely errors in £ and %’ arise out of the ionic activity coefficients which were
employed. These were calculated from the equation proposed by Davies, which is only
accurate up to an ionic strength of 0-1.¥ Any such errors would, however, not be great, and it
also seems that they largely cancel each other; our values of &, and %,” agree very closely with
those of Wyatt and Kornberg,? who used the same equation but did not work at ionic strengths
greater than 0-1. It can easily be shown that, although the ionic strength decreases over the
course of some of our reactions, this decrease is not large enough to cause significant errors in
rate coefficients calculated on the assumption of constant ionic strength.

We are indebted to the Derbyshire Education Committee and the Governing Body of
University College, Durham, for maintenance grants (to I. A. X.).
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* This equation leads to 0-700 for f, at 60°. The use of this figure instead of 0-705 does not alter
the values of %’, and the change in % is never greater than 1-5%,.
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(a)

CHAPTER I

HISTORICAL

Introduction

Probably one of the most outstanding advances in chem—
istry was the discovery by Liebig and Wohler (1-7) that
ammonium cyanate decomposeé on heating to form urea and that
the reaction is reversible. This synthesis of the "organic"
urea from substances of "inorganic'" origin was largely réspons—
ible for the destruction of the "vital force'" theory of organic

chemistry. The general chemistry of the cyanates is reviewed

by Williams (8).

By the year 1910, it was gené:ally recognized that the
modes of decomposition of cyanates in aqueous solution could
be divided into three main classes:

(&) Ammonium Cyanate decomposes quantitatively to form
urea, with the_possibility that a very small side
reaction.forming carbonate may also be present.

(b) Sodium Cyanate decomposes to.form both carbonate

and urea, the former product pirredominating.

Cab ]
N ®

Barium Cyanate decomposes to form urea and carbeonate
in almost equal proportions.

Lewis (9) recognized that during the decomposition of

" ammonium cyanate, urea is not the ultimate product but that

urea decomposes in agueous solutions to form carbonate and,

at equilibrium - reached ond¥m a iong time atiordinary




temperatures - the species present is almost all ammonium
carbonate,

Despite the lack of knowledge concerning the nature and
behaviour of strong electrolytes, early investigators d4did
establish the general principles of the kinetics of the decom-
position of ammonium cyanate, as will be shown in the next
section.

It is now generally accepted that cyanates decompose in

aqueous solutions according to the stoichiometric equations:

+

CNO~ + SH,0 &= CO0,~ + NH,° .. .. I, 1

3

cNO~  + NH,' = CO(NH I, 2

2)2; LI ] LN

In solutions of initially pure sodium cyanate, urea is
formed by reaction between ammonium ions, produced as shown
in egn. I, 1, and unchanged cyanate, as in eqn. I, 2.

In the following review of the investigations into the
kinetics and mechanism of these two reactions, the work will
be considered under the following headings:

(a) The decomposition of smmoiiium cyanate to form urea,

| and the reverse reaction. -
.(b)' The carbonate formation from cyanates.

Such a division is not ideal by any means, since, as
has already been stated, some carbonate may be formed during
ammonium cyanate decomposition and some considerable urea

formation accompanies the hydrolysis of cyanates to carbonate,
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It is, however, convenient when writing a literature survey,
to keep to these divisions, since in the past, the tendency
has been to consider the decompositions of sodium and ammonium

cyanates separately, rather than as a whole.



(b)

Urea formation from ammonium cyanate and the reverse reaction

In the early part of this century, J. Walker and his
co-workers (10-14) extensively examined the formafion'of'ﬁrea
and alkyl urea from ammonium and alkyl ammbnium cyanates.

During the decomposition of ammonium cyanate in aqueous
solution, Walker (10) recognized that a small proportion of
carbonate bi-product is formed, estimating it at about 4% of
the total cyanate decomposed, although any possible-effect_of
the carbonate on the kinetics of the decomposition.was ignored
in the subsequent calculations. From the effect of added
cyanate ions, émmonium ions and ammonia on the rate of
decomposition, it was concluded that the reaction is Bif.
molécular between ammonium andicyanate ions, the alternative
possibilities of ammonia and cyanic acid, or two undissociated
ammonium cyanate molecules, being considered unlikely.

Good second order rate constants were obtained in”any .
one run but the value of the constant increased with increas-
ing dilution and decreased in the presence of added eIéctro-
lyte. To~day, this would be accepted as reasonable‘in view
of known effects of ionic strength on activity coefficients
of ionic species; but these authors tried to accbunt for this
by-assuming incomplete ionization of ammonium cyanate.ﬂ An .
investigation of the reaction in aqueous alcohol U§2)

attempted to account for this by writing the rate equation:



rate = koL2 [NH4+][CN0-']

where the degrée of ionization, ol , was determined conducto-
metrically by the usual method,_it belng assumed that the
effect of solvent change on N of ammonium cyanate was the
same as for :diethylammonium chloride.

Rate constants determined by'this method were indepen;..
dent of the dilution and thus appeared to confirm their earlief
interpretation. Present day views on the nature of strong
electrolytes assume complete ionization and Miller (26) has
pointed out that Walker's value of ol corresponds closély toz'
the value of the mean ionic @&ctivity coefficients of a i - 1.
electrolyté and, hence, his results are not inconsistent with |
what would have been expected on the.basis of more modern
theories. -

 The eq@ilibrium constant of the éystem urea-ammonium- -
cyanate was also determined 5y these authors at 30°C. and
10600. from which it is deduced that the heat of the peacticn_
is gbout 5,000 cals. A calorimetric determination of the heat
of reaction by J. Walker (15) gave a value of 7,500 cals,

The rate of decomﬁosition o1 ammonium cyanéte in aqueoﬁs
alcoholic.éolution is accelerated by.increasing the alcqhoiigw-
conteﬂt'of the.soivent. This wés thought to be due to an
increaéed rate of reaction of the ions, more than counter-

balancing the decrease due to the smallier ioni;ation.of

-5-



" was pointed

ammonium cyanate under these conditions. Nowadays, such a
result would be expected when a reaction vetween two ions,
leading to a decrease in the ionic charge in the transition
state, takes place in a medium of lower dielectric constant.
A comparison of the rates of decomposition. of some alkyl
ammonium cyanates with ammonium cyanate showed no increase'in

rdate for the monomethyl salt but a doubling of the rate for

the dimethyl compound.

The principal conclusion of J. Walker's work is, then,

thét the reaction is ionic:

NH+

This was criticized in 1912 by Chattaway (16),_who‘con-
sidered-that the mechanism of the reaction is:
HCNO + NH;== HNC (OH)NHZ—\_—_* CO(NHz)'z

i.e., addition of ammonia to the carbonyl group of cyanic acid

‘@8 occurs in aldehyde-ammonia formation. This type of mechan-

ism was considered by J. Walker to be unlikely, since the

addition of ammonia to solutions of ammonium cyanate causes no

--appreciable acceleration in the rate of urea formation. How-

ever, in an gppended note tc this Paper by D

ut that this non-ionic mechanism is not inconsis-

o

tent with the experimental results of J. Walker in view of the

known equilibria between ammonium ions and ammonié anqbyanate

-6-



ions and cyanic acid: i.e., the rate equation

Rate

k[NH4*][CNo‘]

can be written

Rate = E—gﬁ—fﬁ [NH53[HCNO]
o [, *][0n"]
where KB = [NHE]
x < L[E][cNo"]
A - [HCNO]'
Ky = (H10H]"

Normend and Cumming'(17) represent the decomposition of

cyanic acid in two ways, depending on the experimental conditions.

(a) In acid solution:-

NO= 4 - omt 4 —
CNO + 2H + H20 = NH4 + CO2

(b) In neutral solution:-
2CNO + 2H  + H 0 = CO(NH2)2 + CO,

i.e., proceeding via cyanate ions in each case.
Yet another mechanism was proposed by Werner in 1913 (18).

This author stressed the importance of the two possible forms
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of cyanic acid, HOCN and HNCO. Ammonium cyanate was assumed

to be a true cyanate which dissociated according to the equation:

NH OCN =—— NH

4 3+ HOCN

‘whilst urea was formed by the interaction of ammonia with

isocyanic acid:

NH, + HNCO == CO (NH

3 2)2

The rate of ureg formation thus depends on the tautomeric
equilibrium between the two forms of cyanic acid,;a-rise in
temperature favouring the iso form of the acid. During the
decomposition of pure cyanic acid, it was observed that the
proportion of urea to ammonium cyanate formed, increased as
the temperature of reaction was raised. This was considered
a strong argument in favour of this scheme.

Nowadays, it is very difficult to accept such a mechanism
which does not treat ammonium cyanate as a strong electrolyte.
Furthermore, it is now generally accepted that cyaﬁic acid '

‘exists almost complétely in the iso form (see p.4% )-although
the presence of a small quantity of HOCN cannot be absolutely
ruled out. Admittedly these conclusions refer to the pure. |
cyanic acid but there is little reason to suppose different
behgviour in aqueous solution. At the same time, it is worth
noting that whén this mechanism was proposed, the Arrhenius
equation for the temperature dependence of rate constants . .

~8e




was already 20 years old.
E. E, Walker (19) suggested that the rate constants of
the reaction in various aqueous solvents could only be com-

pared if they were calculated on the basis of equal water

-concentrations in each medium. His reason for suggesting this

is obscure, and, in any case; the rate thus calculated should
be aero in non-agueous solution, a conclusion: which was not
confirmed experimentally by Ross (20) Ross reported a con-
tinuous increase in rate in changing the solvent from 90%
aqueous alcohol tn choulute alcohol. Obviously, water cannot
be-involved-in the rate determining stage, (or necessarily,
any stage), in the ufea formation fﬁpm cyanates.

' E. E. Walker, howevér,rreportéd that during thé.decom-
positioh of ammonium cyanate in aQueous solution, as much as
10% carbonate bi-product is formed = much mbre.thaﬁ previously
reported. An attempt to allow for this side reaction was made:
when éalculating the rates of urea férmation (cf. D 33).

Moelwyn Hughes (21) quotes results of Doyle (22) in which

'second order rate constants 1ndependent of dllution ‘are re-

ported. This was considered as evidence for the collision

of two unionised molecules of ammonium cyanate. It is diffi-

cult to see WT" this should be the case, or even how the re-

. sults. were obtainbd; since the_dependence on dilution,of the

second order constant has been clearly demonstrated, both at

- that time and more recently.



The theory of the influence of neutral salts and dielec-—
tric constant of the media on the velocity of reactions in
solution has been developed from the Debye-Hliickel theory by
Bjerrum (23) and Christiansen (24). These theories have been
applied by a number of workers to the kinetics of urea forma-
tion from cyanates.

Miller (26-28) and per co-workers examined the rate of
transformation . of a numﬁer of cyanates in various aqueous
alcoholic media. They showed the dependenée of rate on dilu-

tion, assuming that the reaction is ionic as in eqn. I, 2, to

be in accordance with the predictions of the Br8nsted eqn. (29)*
and, at high dilutions, with thé limiting Debye-Hiickel theory.

_Morg recently, many American authors (30-37) have examined
the transformation of ammonium cyanate in various agueous ﬁedia.
Thgy show that the effect of dilution and dielectric constant
(affecting the forces between the two reactiné iéns).on the
rate of reaction, is in accordance with predictions, assuming
'that the reaction is ionic. For a complete survéy of this,
aee Amis {(20) and Waruer (25). |

The two importaht points apparent from this work are:

(=) Both Miller and the American authors considered

carbonate formation to be sufficiently small to be

% The Br8nsted egn, assumes that the reactants form an inter-
mediate complex, which 1s treated as a normal molecule in .
equilibrium with the reactants:

. A + B & X— Products

-10-




negligible over the reaction ranges examined.

(v) The extent of the agreement between the predicted

and observed effect on the rate and Arrhenius parameters

of the reactioﬁ of variations in ionic strength and die-

lectric constant of the media, was considered to show con—

clusively that the reaction is ionic as expressed by

egn, I, 2.

However, Weil and Worris (40), re-stated (cf.-Chapman (16)
p. 6) that the agreement between the kinetics of the reaction
and expected salt effects, etc., for ionic reactions do not
conflict with a non-ionic mechanism in any way.

The rate equation: |

aloreal ¢ (wm,*1[cwo™}

can be written d{Urea]

Tt = k' [NE ][HCNO]
_ g
kot K £
where kU - -I—C-U-—K.—&‘w—l—

, r
anad I{A = |':

H
—
+
—
O
24
I
e
H
P
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Both reactions would show the same primary salt effect. Thus,
on the basis of the kinetic evidence, the rate determining
stage of the reaction could involve either ionic or non-=ionic.
species,

The kinetics of the reverse reaction, cyanate and carbon-—
ate formation from urea, have not been examined in any detail
in this investigation, but certain general points are essential
Tto the interpretation of the mechanism of carbonate and urea
formation from cyanates.

The kinetiés of urea decomposition were investigated by
Fawsitt (41) and Burrows and Fawsitt (42), who found that the
rate of decomposition of urea in both aqueous and agueous
alcoholic solution was first order in urea. The reaction is

' acpelerated.by small concentpations of mineral acid, but‘with'

" the addition of 1aréér concentrations the rate reaches a

virtually constant limiting value, These authors, theréfore;

proposed that the decomposi%ion proceeds:

CO(NHy), == NH," + CNO~

0 — ma,¥ + co,”

- CNQ: + 2H 4 3

2

the 1imiting rate corresponding to a point at which the decom-
position of the cyanate is very rapid, the decomposition being

controlled by the slow hiydrolysis of the urea to cyanate.

Werner (43), however, attributed this maximum velocit&

-12~
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to the equilibrium:

co(rmz)z + HCl == CO(NH2)2HCI i

only the free urea decomposing to form cyanate. (In.this
respect, it would be interesting to kndw whether or not the
maximum rate is dependent on the urea concentration, but as
far as is known, these data are not available). Ingold (67,
P. 786) has suggested that the similar maximum in the rate of
amide hydrolysis with strong aciclsx is attributable to a decrease
in the activity of water at high acid concentrations.

The addition of strong alkali to urea also inereases the
rate of hydrolysis, but here in a regular mannér with increas-
‘ing alkali concentration. Fawsitt considered this to be é diré.

ect hydrolysis of urea, not by way of an intermediate cyanate,

but Werner writes the reaction:
CO(NHy), + NaOH &= NH, + NaCNO + H,O

. A— 5 .
NaCNo + ZH,0 & NH, + NaHCO,

. A X /
still with intermiediate cyanate. The precisqhourse of the

alkaline hydrolysis of urea does not seem to have been estab-

lished with any certainty. :
Davis and Blanchard (44) showed that the products of the

decomposition of various substituted ureas are in accordance

5'Tﬂ!rea is the amide of carbamic acid.

13-




with a primary dissociation to cyanic acid and an amine:

06H5NHCONH"2€=====i CéH%NE%' + HNCO

T e = NI
HNCO «+ 06H5NH2fr—- Cs_lsNHCONH2

. 3 - P S ¢ 4
C_.6H5NHCQNH2 = CBHBNCO + NH5

06H5NCO + 'C‘6H5NH2= C.6Hf'5NHCONHC'6H5

A1l these possible products were found.

Krasil'shchikov and Nefedova (45) investigated the rate
of cyanate formation from urea. They showed that the reaction
followed a unimolecular law, the rate constanto decreasing
with increasing urea concentration. ‘"Plots of the negative
logarithm of the rate constant as a function of the activity
of urea are linear.

Dirnhuber and Shiiltz(46) showed that cyanate is formed

from urea by hydrolysis at ordinary temperatures (below 38°C.)

but only very slowly,
In & recent investigation, Mukaiyama and‘Matsumaga'(47)

examined the rate of urea decomposition in fatty acid solvents,

and found that that the rate was first order, increasing with

; a rise in acidity of the solvent. A maximum rate of decom~

position, with 1.5 moles of sulphuric acid, was reported,

analogous to that found by Fawsitt in aqueous solution. They

e g




considered a cyanate to be formed as an intermediary in the
reaction.

The equilibrium between urea, carbon dioxide, ammonia
and water was studied by Lewis and Burrows (9) at 132°C. |
They showed that, at equilibrium, only carbonate is present
in appreciable quantities (a¢'77°C. between 0.9 and 1.1% urea
only; no detectable cyanate).

There would, then, seem to be no certain evidence that
urea does decbmpbse wholly via cyanate under normal conditions.
It was considered desirable in our investigation to confirm
that direct carbonate formation from urea was negligible com-

ﬁared with the carbonate formation from cyanate.

-15—



(e)

Carbonate formation from cyanates

The first kinetic examination of the decomposition .of
éodium and potassium cyanate in aqueous solution was that of
I. and O, Masson (48). These authors found that both urea
and carbonate were formed during the decomposition, which they

represented by the stoichiometric equations:

- 3 =
CNO + 2H20 S 4 + CO5

NE," 4+ ONOT == CO(NHy),

i.e., ammonium ion produced during carbonate formation is

intermediate in the urea formation.  The ratio of urea to .

carbonate formed was approximately CQnstént throughout the |

decomposition, .0.33. ' _
The course of the reaction indicated aﬁtocatalysia of

the decomposition, and these authors considered that the

11}

"NH;CO& ion was largely responsible, although the COS= ion
showed some catalytic effect. Re-interpretation of these
conclusions suggests that the bicarbonate ion is probably the
species involved,.

Normand and Cumming (49) showed that the only products

from the decomposition of alkali cyanates in the presenée of

mineral acids are ammonia and carbon dioxide, the reaction
being very rapid even at ordinary temperatures.
Werner (50) interpreted the mechanism of the decomposition

=16~



in terms of his hydrolytic dissociation theory (see p. 7).

He congidered the decomposition of metallic cyanates to be:
KOCN + H,0 &= KO + (HOCN = HNCO)

HOCN + H20'v——— NH5 + 002

HNCO + NH5€==£ CO(NH2)2

As‘has already heen explained, this can no longer be
maintained in the light of recent inﬁestigations of the struc-
. ture of cyanates, which show that alkali cyanates are ionic
in character, and that the existence of the enol form of the
acid is doubtful. (See p.6%1). .

Fearon and Dockeray (51), on the other hand, considered

the keto acid to be more susceptible to hydrolysis:

’ d — - .__ kY
HNCO. + H,0 == CO o+ H0 T HO, + N,

reaction was considered likely, since during the decomposi-
tion of N/5 cyanic acid at 5 - 7°C., greater concentrations
of carbamate were shown to be present than could be accounted

- for on the basis of equilibria with the ammonium carbonate

formed:

-17—




. | . _
B0 + NE,CONH, === 2NH," + CO,~

THufel, Dinwald and Wagner (52) examined the hydrolysis
of metallic cyanates in strongly alkaline solution. They
calculated first order rate constants which;, although cqnétant
in any one run, decreased with increas;ng alkall concentration.

They proposgd a kinetic equation: o

@Egis,] = k, [E*}cvo™] + xjlemo™] .

The small decreasing_contribution from the first term corres-
ponds to the dependence of the first order constants on alkéli
concentration. |

Cyanates which form insoluble carbonates, i.e., barium
calcium and lead cyanates, decompose Somewhat differently,
however. Cumming (53) reported that the decomposition of lead

cyanate can be quantitatively represented by:

Pb{CNO), + 2H,0—— PbCO., + CO(NH,),
2 ) Rt 2/2

2nd congidered that there wasa no-evidence for a cyanate.intéf-
mgdiate in the urea formation. I. and 0. Masson, howewer; in |
a kinetic investigation of the decomposition of calcium and
barium cyanates in agueous éolution, considered the reaction:
'to'proceed by way of a slow hydrolysis of cyanate to émmqniﬁm'

and carbonate ion, followed by rapid regction between cyanate

-18=~



and ammonium ion to form urea. The products of the reaction,
urea and carbonate, were shown to be formed in approximately
equal amounts - not as in the decomposition of sodium cyanate.
The main conclusions that can be drawn from the work |
relating to carbonate formation from cyanates, prior to this
investigation, are then:
(1) The rate of carbonate formation is increased by
increasing acidity.
" (2) The reaction is autocatalytic, bicarbonate ion
probably being the species responsible.

(3) Carbamate may be an intermediate in the reaction.

=190



(d) Conclusions

Treating the problem of the decomposition of cyanate

as a whole, the position at the commencement of this ihves—

tigation was as follows:

(a) The bimolecular nature of the transformation of ammonium
cyanate into urea had been clearly established, although'
the question of wheﬁher the reaction was ionié or non-
ionic was still unsolved, there being no conclusive
evidence either way. _

(b} Various workers reported differing amounts of carbonate.
formed during ammonium Cyénéfe decomposition (E. E.
Walker reported approx. 10%, Svirbely and Warner reported
negligible carbonate). - |

(¢) The kinetics of cérbonate formation from sodium and
barium cyahates had_only been investigéted in oﬁtliﬂe.
while the nature of the autocatalytic decomposition o:_
sodium cyanate had not been established and the kinetics
of carbénate formation (if any?) during gmmdnium cyapate_
decomposition were gquite unknown. |

(a) The kinetics of urea formation.frcm metéllic cyanates

| had not been examined.
'The aim of this investiéation was tb try to answer theése .
quéstions, i.e., to treat the decomposition as a whole éhd

investigate urea and carbonate formation from ammonium, sodium

-20-



and barium cyanates.

Shortly after the commencement of this investigation,
results were published by Wyatt and Kornberg (54) pointing
out the very serious consequences'bf fhe neglect of carbonate
formation during ammonium cyanate decomposition.

Since the completion of this work, the results of an
investigation of the decomposition 6f cyanates éhd cyanic
acid hés been reported by Lister (110).

'The decomposition of.éolutions of cyanic acidvboth with
and without added acid was examined, the reactions proceeding

gqualitatively according to the equations:

- L ow ot : _a
HNCO + HBO — . 002, +; NHZ»

r vyt .. i -
HNCO . + 2H20'——9 NH& + HCO5
Rate constants for the first order decomposition of cyania
acid and the second order reaction-of'cj&pic acid ahd hydrdgen
ions are reported. ' |
The decomposition of alkali cyanates in strongly alka—
.line éQlution was féund;tO’progeed_in accofdance with the »
- rate eguation: '
& _ - =
at = k, [CFOT] + kj[co,7]
’An_examinaﬁiOn of the effects of addéd'ﬁorate and acetate
ions showed that the-catalytic action represented by the second

- term of the.equaﬁion is specific to carbonate iomns,
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CHAPTER II

THE XINETICS OF UREA AND CARBONATE FORMATION

(a) Introduction

The decomposition of cyanate ions in agueous solution

-can be represented by the stolchiometric equations:-

cNO™ 4+ 2&'2;0"-——*' co.,~ + wmm,t .. .. I, 1

NH+

P CNO~ = CO(NH2)2 ce e I, 2

The kinetics of these two reactions are discussed in this
Chapter; full details. of the runs carried out are given in
pages 132 et seq..

The decompositionfof ammonium, sodium and barium cyanate

has been examined, in some cases with the addition of small
amounts of sodium carbonate, sodium bicarbonate, ammonia,
hydroxyl ion, triethylamine and boric acid. All runs were
carried out in sealed tubes to prevent loss of cafbon dioxide
which is formed from the products of reaction in the more acid
solutions, the volume of gas and liquid phases Eeing made
approximately equal. |

| In order to permit the use of concentration units in the
rate equations, all runs were carried out at the same, virtu-
ally constant, ionic strength. This was achieved by using an
initial cyanate concentration not greater than 0.05 M. and

adding sufficient potassium nitrate to bring the total lonic

Y




(b)

strength to 0.25. Under these conditions the largest varia-
tion of ionic strength encountered throughout any one run was
10% (NH&CNO run) corresponding to a 2% change in the activity
coefficient of a‘univalent ion. In the majority of cases,
where additions to the cyanate solutions had been made, the
variation was even less than this,

The analytical methods employed and the calculation of

the concentration of the various species present are discussed

_ in the appropriate Chapter (IV). Rate constants were calcu—

lated from the rate equations by graphical integrations.

Results

The three cyanates used (sodium, ammonium and barium
cyanate) lead to different relative amounts of the two pro-
ducts, urea and carbonate., Illustratiéns of this, taken from

typiéal runs, are given in Table II, 1 below.
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Table II, 1 60°c. I=0.25

0.05 M. Cyanate % decomp. |{ Urea] c* nggél

20 0.009 {0,0022] 4.1
Ammonium Cyanate 40 0.021 (0.0032( 6.6
- 60 0.026 |0.,0043| 6.1

20 0.0034(0.0060| 0.57
Barium Cyanate 40 0.0086 0.0104 0.83

60 0.01%3/0.0172| 0.88.

20 |0.0022{0.0083{ 0.27
Sodium Cyanate 40 0.0044|0.,0120| 0.37
60  |0.0073|0.0240| 0.30

Sodium-cyanate
*

; S I 20 0.001%(0.010 | O.11
0.0075 M. triethylamine .

C = Total carbonate formed per unit volume

[co,=] + [moog"] + [mgoo,) + [oo,) gas;

([H,c0] includes dissolved Co,)

oan




A graph showing the carbonate produced as a function of time
(Figs. 2 and.sj*hlso shows that the three cyanates behave in
a different manner and the pH range covered during decomposi- -
tion depends on the particular cyanate (fig. 1).

The range of hydrogen ion concentration covered by the
reaction mixtures employed 1s thus xo’”Laxlorll'and it can
be seen that apparently the ratio of urea to carbonate formed

decreases as [H')] decreases.

It has been found that under all these experimental

conditions:
(a) The rate of urea formation is represented by
Q[—g-fcﬁ-] = kU[1¢H4_*"][c1\r.o"] - kp[Urea] .. .. 11, 3
(p) The rate of carbonate formation by
d.C - ' b ol P - = [ =
= = ky[E'][cmn0T] + kg [HCO,"1[cN0™] + i lcwo”]

II, 2
The average values of the constants found in this investiga-
tion are listed in Table II, 8, together with the correspond-

ing values of the Arrhenius parameters calculated from

ok = B - E)/RT

' The kinetic equations will now be considered in detail.

.ir_"['oucwma. pages #\ and ‘Q'_Z._.- . ._ L -
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(¢c) The Kinetics of Urea Formation

(i) Rate Constants

As already has been stated, the rate of urea formation

.is given by
di{ Urea . - -
"L'Ef'l = kUENH4+][CN0 ] - kR[Urea] .. II, 1

The value of the constant for the reverse reaction, kR’
is obtained from a study of the decomposition of pure urea
solutions as described on p. b .

Vaiueé for kU for some of the runs are listed in Table
II, 3, fogether with the hydrogen ion concentration. range

. during each run.

It has been the aim of this investigation to determine
the: value of each constant over as wide a range of experi-
mental condltions: as possible. Consequently, urea constants
have been determined not only in pure ammonium cyanate solu-

7 1078, but in

tions at a hydrogen ion concentration of 10~
solutions with added carbonate and ammonia. "There has been
some tendency in the past to consider the decomposition of

aﬁmonium and. sodium cyanates separately. but here, the urea

formation during the decomposition of sodium c¢yanate and

barium cyanategE are examined also, confirming that the same

*'Ammonium ions formed as in eqn. I, i, react with unchanged
cyanate as in eqn. I, 2.
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rate law for urea formation holds as in ammonium cyanate
solutions.

Values of kU are listed over a pH range of 7 - 10, the
fraction of total ammonium [NH4+]'+ [Nﬂa] present as NH4+
varying from 0.98 - 0.02. The results are in satisfactory
agreement over this range.

The‘usual spread from the mean value of kU.in any one
| ammonium cyanate run is 4%. The values derived from the sod-
| ium cyanate decomposition are of a considerably lower order of
accuracy, since the small urea concentration (not more than
0.011 M.) is calculated as the differenée between two much
larger quantities (ef. p.92) and a small error in either of

the analytical determinations leads to an appreciable error

in urea concentration. In any one run, the usual spread from

the meaﬁ value of kU is + 12%; the mean values, however, agree

within + 5%.

(ii) Barliier work |
Although the formation of urea from ammonium cyénate in

wétef has been frequently examined (e.g., Svirbely aﬁd Warher

(32)), a direct comparison of our results with those of other

workers is impossible except for the data of Wyatt and
Kornberg (54) which was published after the beginning of this
investigation. This arises out of the fact that most of these -

workers considered only the reaction:

- .+ o
CFO™ + NH, == CO(NH,), X I, 2
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and ignored carbonate formation by reaction I, 1.

This was originally justified by reporting negligible
carbonate formation® but thie conclusion cannot be maintained
in view of the,resﬁlts of Wyatt and Kornberg (54), and of this
investigation, where it was found that for 96% decompbsitibn
of 0.05 M. ammonium cyanate, approximately 15% of the produéts
were in the form of cafboné;e. |

If reaction I, 2, only is taken into consideration, we
haﬁe:

[urez] = [cwo™] 0 = ['civo‘-’] ; [NH4+] = [cwo™] %

where subscript "o" refers to initial concentrations. (Of
course, neither of these assumptions is actually justified).

Hence the rate equation:

alreal _ y *{mw,*lcro™]
recduces to

- g.l\tm ] = kU“el [CNO"]& . . e iL, 8.

where kﬁ*'is the "rate constant" calculated on the assumption

of no carbonate formatiodn, a conclusion which has already been

® , R ’ L
Analysis for carbonate was carried out by adding Ba{NC.)

Jaor
At the pH prevailing in Ammonium Cyanate runs, however, %ogt
- .of the carbonate is present as HCO and H CO5 and precipi- -
tation would not occur or be incomplete.(THis“has been.confirmed
by experiments here.) (Cf. also Wyatt and Kornberg (54))..

¥ pH of the solution is such that virtually all ammonia is
present as NH, " if no carbonate is formed. C
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shown to be inadmissible. A calculation of kﬁf from the re-
sults of this investigation shows that, due to a partial can-
~cellation of errors, this quantity is sensibly constant in _
any one-run. This 1s demonstrated in Appendix I and has also
been pointed out by Wyatt and Kornberg (54).
and k

Table II, 4 below, (the "true"

[
U U?
rate constant) for a nunber of ammonium cyanate runs:-

shows values of k

Table II, 4 60°C. I = 0.25
;gg? Détails of’con@ition§-_ _ Ky kU’
1./0.05 M. NH4CN0 no additions |o.o75 | 0.097
2. o " 4 approx. 0.005 M. Nazcoaéo;ovs 0.074
s Woow o w o 0.006 m.",f- 0.073 | 0.071
; W o "M " 0,007 M. NHg: (0,074 | 0.078

It can be seen that ka-depends on the concentration of
added carbonate and ammonia, while RU is constant. Fﬁ;thep—
‘more, the disagreement between kU and kuf is most serious ‘in
fhe reaction mixture containing'no'added substances, the véry
conditions lnvestigated hy earlier workers.

- In order to compare our ka values, which are obtained at
an ionic strength of 0.25, With those of other workers, the
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method employed by Svirbely and Warner (32) was used. These
workers applied the Br8nsted equation (29):

where k° is the rate constant. at zefo idnic strength.;nd fa?
fb and fx.are the activity coefficients of the reacting species
and activated complex respectively, at an ionic strength which
leads to é rate constant, k.

The activated domplex is assgmed to have a charge equal
to the sum of the charges of the reacting species, i.e., zero,
and hence its activity coefficient was taken as'unity: fa
and fb’ the activity coefficients'bf the univalent ions, were
calculated here by means of the Davies' Eguation (95).

Values of (kU* )o obtained in this investigation are com—
pared ﬁith those of Svirbely and Warner in Table II, 5 below,
at 80°, 60° and 40°c.

Table Il:) 5

‘Rate constant (gm. mol'l. L. min-l) 80%. | 60%. | 40°c.

. ( 30 Svirbely and Warnef. - 0.202 0.0222 |
| (3 |

[ This investigation 1,55 | 0.196 | 0.0217
|(ky)® - This investigation 1.27 | 0.149 | 0.0161
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It can be seen that, when they can be compared, (kU'"“)o
values are in godd agreement and differ by 24 - 27% from the
values of (kU)o} irrespective of temperature. This means that
Arrhenius activation energies suggested by Svirbely and Warner
are in agreement with those found in this investigation
although their values are calculated from erroneous rate con-
stants.

As Svirbely and Warner utilize their results to discuss
ionic reactions in terms of the Br&nsted-Christiansen—Sca@chand
theory (565, 56), it can be concluded, at this stage, that the
conclusions of these authors cannot be maintained if they dé-
pend on the values of rate constants, but thét they may be of
importance when only the activation energies are involved.

Similar objections'apply'to the results of other workers
(e.g., J. Walker (10)). Admittedly, E. E. Walker.(:hg) ob—

. served and allowed for carbonate formation in his investiga-

tion but he assumed all ammonia to be present as NH4+. This

will not be the case at the pH prevailing in such systems_and
his rate constants will, therefore, be too high.

Reference has alréady been made to the work of Wyatt and .
Kornberg (54) who also examined this réaction in'the absence
of any added substances. These authdrs allowed fpr the car-
bonate formation in the calculation of their kU values, but,

as they themselves point out, their results are not_particularly



accurate for the following reasons:-

(1) The analysis of their reaction mixtures was carried
out by a gasometric method which made the accurate
determination of small changes in carbonate content
difficult.

(2) Their rate constants represent instantaneous values
obtained from the slope of the [Urea)] -time curve
at various points.

They estimate their error in kU values to be + 10%. It

must also be pointed out that these authors sampled their

" reaction: mixture by pipetting and this occasional opening of

the reaction vessel might have resulted in 1985 of gaseous.
carbdn dioxide af'the beginning of a run where the pE is at-
its lowest wvalue. |

Mosf of this work was carried out at 7090. where they

-1 1

report (k,.);o values of 0.4%1 - 0.47 gm. mol. ~. L. min~~. The
19} : .

corresponding value from this 1nvestigatioh is 0.44, (calcu-

' lated from values at 60°Cc. and 80°C.), i.e., the agreement is .

good.

(i11) Arrheniue Parameters

The Arrhenius parameters for the formation of urea have

. already beenfquoted (Table’II,z). It is wqrth noting that

" the value of these quantities depends on the temperature

interval involved: e.g.,




40° - 60° 60° - 80°
(EA)U 22.9 (k.cal.) © 23.3 (k.cal.)

'In view of the accuracy of individual rate constants

(see p. 2%), the small number of runs at 40°C. and 80°C., and
the fact that the calculations involve a knbwledge of equi-—~
librium constants, which in some cases have been extrapolated
from values at a lower temperature, it may well be that the
variation is fortuitous. On the other hand, the experimental
err&r is estimated to be such that this variation is only Jjust
within its limits and may, therefore, well be genuine.

: f.Similar variations were reported by Svirbely and Warner
(32), who considered that the temperature dependence of (EA)U’
-togéther,with the experimentally observed "salt effects', pro-—
' vided good evidence that the stoichiometric equation: H
.NH .

. * CNOT — CO(NHb

J2

also represented phe nature of the kinetic procéss, i.e., an.
ionic mechanism. They argued that, as a result of the des-—

truction of the formal electronic charges as the system passes

the dielectric constant of the medium. Hence activation
energy will vary with temperéture due to variation of the die-
lectric constant of the solvent medium with temperature.

Application of the Christiansen-Scatchard equation and work

35—




with iso-dielectric solventsi‘gave good agreement between the
observed and calculated values of the activation energy..

Although the rate constants of these authors have been
'criticised, it was pointed out at the same time that activation
energlies obtained in pure water are in agreement with bhese
of this investigation. No data have been obtained here for
mixed solvents, which these authors used extensively, but it is
surprising that the dielectric constant, a ﬁaéroscopic prop-—
erty of the_solvent medium, should affect the short range
forces between two oppositely chargeqions as they pass into
the activatedistatél This objection beqomes even stronger in
mixed solvents. In: this connectipn, Eyring and Ri (67), in a
discussion of the nitration of benzene with NO,* as the attack-
ing agent, were able to treat thensystem on the assumption
.'that forces between charged particiles under-these conditioné

wére controlled by-a dielectric constant of unit value.

At preSeht, the ionic mechanism proposedé by Svirbely and
Warner (32) cannot be regarded as by ény means certain, but
even if this mechanism opérates, the positive temperature co-
éffigient of the energy of activation is open to an alterna-
tive explanation. On the basis of Eyring's rate equation (58)
it can be éhown.that

;EEA_
at

EZSolvents - usually alcohol-water mixtures - chosen in such
a way that they had the same dielectric constant at all
temperatures investigated. —36=



where.Cp’;, the heat cgpacity of activation, represents the
difference in heat capacity between the activated complex and
.initial reactants. The ionic mechanism requires a decrease
"in electronic charge as the activated complex is formed, thus
implying a decrease in solvation, i.e., fewer solvent molecules
will have their motion restricted, and hence a larger amount
of heat can be absorbed.

Thus if the temperature dependence of EA is genuine, it
can beé accounted fbr in a qualitative manner by the assump-
tion of an ionic mechanism for this reaction. On the other

‘hand, 1f" this ionic mechanism is not operating, it may be

that e#en a.genuine temperature dependence of the present EA

* values is due to the existence of a nunber of pre-equilibria

involving AH® values with large temperature coefficients.

-3 -




(a)

The Kinetics of Carbonate Formation

(1) The Kinetic Equation

It has already been pointed ouf that in all rgactionl
mixtures investigated, the raté'of'carbonate formation can
be represented by the‘equation:-
£ = kl8*)cmo7] + kg[HCOL"1[CNOT] + Xk [owo™] .. 1II,2
This equation contains thrée unknowﬁ constants, but their
values may be determined by utilizing the fact that the rela-
tive contributions of the three terms depend on the particular
cyanate éxamined-(See Chap. VI). Thus: |

(a)  The first tepm uéually mekes negligible contribution
in runs involving sodiﬁm cyanate.

(b) The second term only mékes a small contribution in
runs involving ammoniuﬁ cyanate and no added sub-
stances, and obviously no contribution at all in the
presence of Ba++ ions where the greater part of the
céfbonate formed ig precipitated as barium cafbonate;

These poihts are iiiusiruied in Table II, Te.

Values of the rate constants are given in Table II, 8,

- for a number of the runs. Itlié'WOrth_noting at this stage

that the agreement between the values of any one rate constant

for diffefent runs ie not as good as the corresponding agree-

ment in the case of-km. " This is a consequence of the mode of



Table ITI, 7 60°c. I =0.25

Contribution to total carbonate of each mechanism

Carbonate concentration
0.05 M. % due to ® 1 4
' . contribution
NHépNO Eeaction 1st term|2nd term v5rd term ofnte?m |
| (ky) | (ko) (ky) :
Run 1 15 |0.0005 |2 x 10~ |8 x 107° 84 .
25 |0.0011 |6 x 10™ |o0.00016 | w9
60 |0.0020 |0.0003 |0.0005 £
. 70 |0.0022 |0.0007 |©.0008 60
|0.05 .
NaCNO |
Run 1% | . 10 |0.00014 |0.001%  |0.0020; | 4-5
16 10.00021 (0.0026 |0.0034 3
40 |0.00032 |0.0090 }0;0062. 2
70 0.00038 10.0169 0.0085 15
L

® The carbonate concentrations quoted are those formed
after the arbitrary zero time, i.e., 16 mins. in the
case of Run 1 and 168 mins. in the case of Run 13.
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calculation of the rate constants; (full details in experi-
mental section). Values of kC and kw were obtained from the
slope and intercept of a straight line calculated from the
experimental results, and kH from the relatively small amounts
of carbonéte formed in ammonium cyanate runs.

Runs carried out in the presence of barium ions have not
been included in Table II, 8. Full details of these runs can
be obtained by reference to Run 19, where, although large
amounts of carbonate are accounted for by the first térm of
equation II, 2, the results cannot be used to obtain a reliable
value of kH since calculation of [H+] requires a knowledge of
the total ammonia present in solution. This quantity has a
low value in such systems, and can only be obtained as a dif-
ference between two very much larger quantities. Consequently,
rather than calculate values for kH’ the results of éuch runs
are expressed as a comparison between total carbonate calcu-—
lated on the basis of eqn. II, 2, and that found experimen-
tally. The good agreement is taken as confirmator& evidence

of the values assigned to the rate constants.
following considerations.

The rate of carbonate formation from sodium and ammonium

cyanate solutions can be compared in Figs. 2 and 3. The
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approximate hydrogen ion concentrations of thiese solutions are

listed below.

Table II, 6
Cyanate - [8*]
Ammonium Cyanate .o .o .. 1.5 x 10-7.- 2 x 1078
" "+ 0.005 NayCO, 5x 108 -5 % 10°
Barium Cyanate . .. .o 1.4 x 10™8
Sodium Cyanate .. .o .o 6 x 10710

It can he seen that:-
(;) There is a considerable decrease in the rate of car-
" bonate formation from ammonium cyanate with decreasing acidity.
The much more alkaline sodium cyanate solutions show éven
. lower initial rates. (fig. 2)

(2) The rate of carbonate formation from sodium cyanate
is autocatalytic (Fig.-s, curve B) and tﬁe pH is virtually
_ cqnstant over the reaction range examined. o

(3) The rate of carbonate formation from barium cyanate
is approximétely first order with respect to cyanate. Here
the pH is again constant and virtually no carbonate is present
in solution. ' ; o |

This indicates the likelihood that, the rate equation
containss- -~ - --

(1) a term involving [H*]

(2) a term involving one of the products of the reaction
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|

(%) a term involving only [CNO™].

Biéarbonate ion is, of course, a product of the reaction

"formed from interaction between carbonate and the solvent.

In runs involving sodium and ammonium cyanate, the pH'

'is such that, to a first approximation,

[nco,"] = [NH,]

It might;-therefore, appeaf that the second term in the rate

-equétion could equally well be written as:”

kC[NH5)[0No‘],

the constant having the same value as before, This ﬁossibil—
ity was excluded by carrying out runs with sodium cyanate in'

the presencé.qf small additions 6f ammonia and- bicarbonate

~ ions. (Runs 12 and 17).

The runs in the presence of barium ions'involve'relativély'

low values of [NH4+] and hence confirm that no term involving

‘this quantity contributes to the carbonate formation. This

possibility could not be entirely excluded before, as all

other runs in which the first term in eqn. 1I, '2 contributes

appreciably, also invdlvg relatively Iarge [NHéf] values.

t is interesting to note that in the reaction mixture
CAntaihing bariﬁm.ions; fhe'values of N do not reach a étationp
éfy state (cf. I. and 0; Massén, p;‘16) but tend to increase_
throughout the run; whereasnif this quantity is calculated

assuming all carbonate to be precipitated as barium carbonate,
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a value more nearly constant results. A quantitative examina-
tion of this problem (cf. Appendix II) shows that the ammonium
ion concentration calculated from the rate constants kw, kH
and kU is in good agreement with this stationafy (but incor-
rect) value for N if it assumed that all_cérbonate is precipi-
tated‘as barium carbonate. This serves as a useful comparison
between this and the earlier work of I. and 0. Masson, direct
compafison being difficult because of temperature and ionic |
strength differences.

A run was carried out in which the initiallsodium cyanate
concentration was half the usual value of 0.05 M. (Cf. Run 16),
The rats consﬁants have the usual value.and thus indicate thst
the prqﬁosed rate eqﬁation is not due-in some way to a cancel-—
lation of errors resultlng from the same initial cyanate con—
centratlon being employed in all runs. |

The addition of a nuinber of substances to the resction
mixture, particularly_in_fhe case of sodium cyanate runs, does

not affect the general result, i.e., the rate of carbonate

formation can always be represented by eqn. -II, 2 and these

substances only affect the rate by their effect on hydrogen

and “iﬂ°r-oﬁate ion concentration via the normal acid-base

equillbrla.
The follow1ng substances were investigated in this con—

nectionjy—
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Table II, 9

. Run_No. Addition
17 .o 0.05 M., Sodium Cyanate + NHa
18 .o " " " " OH  ijons
'12 .o M __— " " HCOs' ions
20 .. X " " N(CH,CH,),
21 oo - ‘ " " " HsBO5

These conclusions are of importance in view of the possi-
bility (cf. later discussion, p. 73) that the formation of
carbonate from cyanate ions is subject to general acid}or base
catalysis.» | _

| Thus all the resulta,are consistent with a postulate that
" the rates of carbonate an& ures formation are defined by
equatiqns II, L-and II, 2, resgpectively. -

- (11) Comparisons with the results of -earlier workers

I. and 0. Masson (48) examined the decomposition of barium
cé&ciﬁm'ahd sodium cyanstes iﬁ water at 70°C. Qu&nﬁitatiVe
compaiisoﬁ'is-not poésible, since these authors!did not work
'ét coﬁstant‘ionic.strength. A number of qualitative coﬁp&ri—
sons, however, can be made:

-(i) Aithougﬁ-not sﬁated as subﬁ;-ﬁheir rééults are'in

.agreement with an auto-catalytlc effect of bicarbonate

ions, as - expreseed by eqn. II” 2%,

(2) Messon reported that, during the decomposition of

1giff and 0. Masson reported that the autocatalysis was due to
the "NHZCOS-" for and to a smaller extent, the COS? ion.
_45_ ' .




sodium cyanate, the ratio of urea to carbonate formed
reached a constant limiting value of 0.33. It can be
seen that the same is found in this investigation®. (Cf.
Teble II, 1). |
(3) A quasi-étationary ammonium concentration was
" reported during the decomposition of barium and calcium
cyanate. The mean value, 0,0020 M., is in good agreement
with that found here. (Cf. Run 19).
Taufel, Wagner and Dunwald (562) examined the rate of
| hydrolysis of alkali cyanates in strongly alkaline solution.
- They calculatéd_a first ordef rate constant with respect to
cyanate which, although virtually_cdnsiant in ony one'run,
decreasod_with increasing initial hydroxyl ion cohcentration

of the reaction mixture. They proposed the rate expresgssion:

% = kl[.H+j[cNo'] + ky[CNOT]

and reported a limiting first order rate constant of 0'0028
gm. mol. "t L. min.”% ot 100°C. (The value of the- first order
‘constant at hlgh alkali concentratlon)

This is, however, 0pen to're-lnterpretation; Whereas these
authofs consider the decrease in the valuo of tho-first order
rate constant'with incréasiﬁg alkali concentration to be due
to fho_deorease in the - [H'], it can equally well-be_aocounted

.for on the basis of-eqn; II, 2 by the decrease in the small

*;I; and O, Masson considered‘this to have some fﬁndamental'

significance but this is considered fortuitous since the value
~of the ratio is dependent on additions that have been made to
the reactlon mixture: cf. Table II, 1. :
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have a slope of

fraction of the total carbonate which is present as HCO5

under these conditions.
-If this is so, the limiting first order velocity constant
reported by these authors, of 0.0028 gm. mol.-l'L; min._1 at

100°C., should be the ky of II, 2 at this temperature. As k,

extrapolated to 100°C. gives a value of 0.0031 gm.mol. L. min. +

the agreement, considering the uncertainty in ionic strength,
etec., is good. In any case, a hydrogen contribution at all
apparent at these high pH values, would predict a rate of car-—
bonate formation at a pH of 7 - 8 (in ammonium cyanate runs)
many'times that‘qbservéd.-,Their rate equation, therefore, can-—
not be accepted as being generally applicable.

Wyatt and Kornbérg (64) proposed that, in solutioﬁs of

ammonium cyanate, the rate of carbonate formation is given by:

N

Following the treatment of Wyatt and Kornberg, this rate

.equation requires a straightvline relationship between [Urea]

and 02, in any one run. At 60°C;, I =0.26, this line Should

ey kU‘ _ " where k' is the rate constant

. 10k " .
of carbonate formatiqn.

Within their expérimental érror, this is obeyed. Hoﬁever,
the tfeatment_applied to Run 1 of'thig invéstigation, is shown
in Fig. 4. The straight line is drawn such that k' = ky =
4 x 105. The initial slopé agrees well with the points plotted

since here most of the carbonate is produged by the first term
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in egn. II, 2. (See Table II, 7) but considerable deviations
later in the run are apparent. The rate equation is totally
uneble to account for the considerable carbonate formation in
the carbonate added ammonium cyanate runs. This rate equation
is therefore, not accepted, although it is correct within
Wyatt and Kornberg's experimental error.

Lister (110) has examined fhe decomposition of cyanic
acid and cyanate ions in acid and alkaline solutions rgspect-
ively. bIn the presence of strong mineral acid, the rate is

represented by:

a[HCNO]

st = klE)Eowo] .. 11, B

and in solutions of the pure acid:

d¢fHCNO] - - . y

reaction II, 4, being faster at pH)Z2.

At‘the lowest pH (7) encountered during this investigatien,
a term kH[H+][CNO-].in equation II, 2, plays an important part
in carbonate formation, (cf. Table II, 7, p. 39, Rnn-l), and

€ - ik [H*][cNOT] under Lister's conditions.
160, 8C _ . x IHoNC ' _ [E]lcwoT]
’ & - kK, [HCNO] where K, = HGRO]

whence k, from equation II, 4 should be comparable with the con-

2

stant k.K,. Lister quoted k, as 3.7 x 10™° at 12°C. The value

2

of kHKA at 12°C., extrapolated from thg rate constants and »

1
).

Arrhenius parameters quoted in Table II, 2, is 7.0 x 10—2(min;-
-48~ ' | : '



Considering the uncertainty in ionic strength, etc., the
agreement is satisfactory.
The rate equation for the decomposition of cyanate ions in

alkaline solutions (urea formation negligible) was proposed as:

ac _ - _ - =
& = kl[cmo] + 1<2[cos]

However, under the conditions employed, [CNO ]== [OH ] in

any one run and the term in kﬂ in;e@n. II, .2, may be neglected.

_ [co;
fon s ¥ — go] . .
Writing [HCOSi] = KQIOHf] tbls becomes:
ac - [CNOH] +I -lf;c [-CO&—‘]ECNO ]
at = MO0 Y TToE

= k,[cH07) .+ f;— [co,"]

Lister quoted ko to be 6.6 x 10~ (mins-l) at 100°C. The value
of ﬁs‘ at 100°C}, extrapolated from the results quoted in
| 2 - N
© Teble IT, 2, is 1 x 1070

at.I‘=.0.25; Considering the uncer-—

tainty in ionic strength, etc., the agreemenf is satisféctory.
The effect on the rate of carbonafe formation of acetate |

and borate ions was also studied but in.complete agreementlwith

this iﬁvestigation, they were found to exert no specific

cafalytic effecﬁ.

B [eog™] - ;

THCO, T[OF ]

K2 =

See Table V, 2.
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(e)

The Kinetics of Urea Decomposition

(1) The rate constant for Urea decompasition

| Urea is known to hydrolyse in aqueous solutioﬁ, the

ultimate products being smmonium carbonate, although it is
generally held that ammonium cyanate 1is first formed. In
order to defermine the effect of this reaction on the rate of
decdmpositiom.of cyanates, the rate of hydrolysis and the
nature of the immediate decomposition products must be known.

The results of a few experimenﬁs designed to answer
'fhesé-questions are described below.

The'hydrolysis of urea was examined only at 60°C. under
the usual conditions, i.e., in sealed tubes at an ionic

strength of 0.25, the reaction mixture being analysed by esti-

'mating the amount of cyanate and carbonate formed.

The results showed clearly that NH,' and CNO~ ions are
first fprmed, no carbonate being_detected till some time after
the beginning of the reaction. (Cf. Fig. 5).

The rate constant for the hydrolysis reaction, kR” was

“  determined from the eanation:

- ng%ggl ;;‘kﬁ [ureal - x;(nm,*1lcwo™]

though, in practice, the second term was ignored and the result-

ing first'ofder rate constants extrapolated back to zero time,

thus giving kpe




(Stu)zms

,_wo_ o8 09

- R

—G00-

@
@

©OND __¥00-

0

S T .



Values of kR’ determined from a number of reaction mix-

tures, are given below:

Table II, 10

| Run Details of Run gm., mol.”t 1. min.':LNpFE
No. kR x 105

24 |0.2 M. Urea oo .o .o 1.48 (4
256 |6.1 " " o .o oo 1.63 7
.26 O.1 " " oo .o .e 1.61 7
27 10.1. " " + 0.0035 M. Na2003 1.56 10
28 (0.1 " " + 0.0014 " " 1.60 o

It will be noted that kR would seem to be independent of
pH over this range, in general agreement with the work of
Krasil'shchikov. : and Nefedova (45).

This value of kR is such that the hydrolysis of urea need
only be taken into account in the decomposition of cyanates
when large amounts of urea have heen formed, i.e., after 80%

reaction for 0.05 M. ammonium cyanate. (see p. 115).
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(1i) Equilibrium between Urea and Ammonium Cyanate

A number of authors have reported €quilibrium constants
between urea and ammonium cyanate in aqueous solutions, from
the data obtained by examining appropriate mixtures for a
sufficiently long time: (Cf. J. Walker (10); Wyatt and |
Kornberg (54)). It is difficult to see how such an equilibrium
could have been observed as cyanate ions in such systems will
decomﬁose to give carbonate. However, as can be seen from
Fig. 5, this decomposition to carbonate is relatively slow,
the cyanate ions are in a quasi-stationary'state, and, pre-.
sumably, the small guantitieé of carbonate present escaped the
detection of the other workers.

The true equilibrium constant of this system can, of

course, never be observed directly, but its value is given by:

- 12
¢ o mE)

TR

and can be used to calculate the standard Gibbs Free Enérgy

change for the reaction:
NH4+(aq.) + CNO (ag.) —— Urea(aqg.)

A pseudo-equilibrium constant, K'; can be obtained by assuming
that the flat portion of the [CNO™] - t curve (Fig. 5) corres—

ponds to equilibrium. If carbonate formation is ignored:

~58~




[cvo™] = [mm,*)

" and K' may be calculated.

Presumably this corresponds to the constant reported by
earlier workers. Values of K at zero ionic strength are com-
pared with those of K'-in Table II, 11 below. Our values of.
K' were obtained from the maximum of the [CNOT] =t curve.

(cf. Fig. 5).

Teble IT, 11 60°C. I = ©
K XK'
This investigation 1.1 x 1074 -
This investigation C -
Runs 24, 25, 26 - ' 0.7 x 10
' % - -4
Walker and Kay (12) - 1.2 %10

. % Extrapolated from data at 20° ana 100°C.. quoted by 3hése
authors. Wyatt and Kornberg (54) gquote a value at 70°C.
in substantial agreement with an extrapolated value from
the data of Walker and Kay at that temperature. '

Considerable deviations between K and K' in this investi-
gation aré apparent, as would be expected in view of thé facts
already discussed. The value of Walker and Kay (12) was ob-

tained by using a conductivity method and would thus be
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especially sensitive to carbonate formation;. The XK' value

obtained from their data is high compared with K' obtained here,
as is to be expected in view of their probable over-estimate
of cyanate at equilibrium.

(iii) Carbonste formation from Urea

As urea decomposes to form cyanate ions, carbonate will
be formed from them and it should be possible to check the
consistency of the general sheme proposed, by calculating the
quantity of carbonate formed--by means- of eqn. II, 2, and com-
paring ¥ith that observed experimentally. -

This 1s only possible when the reaction has been taking
place for some time, as the use of eqn. II, 2, requires a
knowledge of the hydrogen ion concentration which in turn can
only be:obtained from a knowledge of the total carbonate con-
tent, C. (Chap. IV). The value of this quantity is very
small in runs starting with O.1 M. urea and must, moreovef,
be determined by the difference of two much larger quantities
--[CND-], which is démermined spectrophotometrically, and the
bvasicity"! (cf. peIF ) - and itihwus canuot ve determiﬁed
Gery accurately.

The observed carbonate may, therefore, well be in error
and this has a serious effect on the calculated value. ?hus,

an observed value which is too low, results in t00 high a

i The conductivity corresponding to known concentrations of
ammonium cyanate had been determined by separate experiment.
" Carbonate formation would result in a higher conductivity
being observed with consequent over-estimation of cyanate.
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value for hydrogen ion concentration. In the decomposition
of pure Urea, the term in [H'] is the most important term in
egqn. II, 2 for the carbonate formation and the initial error
leads tq a comparison of too high a caglculated value with too
low an observed value.

This is taken to eccount for the discrepancies observed

in Run 25 listed in the Table below.

Table II, 12 60°¢C. I = 0.25
-ng—gg 0.10 M. Urea
Time
(hrs.) t C (observed) | C (calculated) [u*]
22 0 ; - -
30 8|  0.0002 ~ 0.0003 7 x 1070
70 48 0.0008 0.0017 2.5 x 1078
120 108 |  0.0019 0.0032 : 1.4 x 1078

Much better agreement is observed in the case of Run 27,
witich was carried out in the presence of 0.,0035 M. sodium
carbonate, resulting in a lower value for [H*] and a smaller
inaccuracy in the calculatéd value of the total carbonate.
Analogous considerations apply to Run 24, where the initial

urea concentration was 0.2 M. resulting in a more accurate
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figure for the total carbonate in view of the larger quanti-
ties involved. Both of these runs are illustrated in Tables

II, 13 and II, 14 below.

' Table II, 13 60°C. I = 0.26
- Run 27 0’10 M. Urea + 0.0035 M. Nazpos
Time t C (observed) C (calculated)
(nrs..)
41.9 0 - -
51.5 9.6 0.0003 0.00029
112 70 0.0023; 0.00217
150. 108 0.0038 0.00420
188 146 0.0053 0.00563
Table II, 14 60°c. I = 0.25

Run 24 0.20 M. Urea

Time \ | '
(hrs.) t‘ C (observed) C (cglculated)
) 409 O - -

15 10.1 0.0002 0.0002

39 54 0.0007 0.0012

85 80 0.0023 0.0032

118 113 0. 0035 0.0042
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As a further check, the pH of the solution during the initial
period of an 0.1 M. Urea run at 60°C., was calculated from
the pH of samples of the run mixture cooled to room tempera-
ture. (See p.12 ). The results are shown in Fig. 6 (upper
curve).

An initial rapid fall in hydrogen ion concentration is
-observed, the value reaching 3 - 4 x 10-8 after twenty-four \
hours, whereas that calculated from the observed carbonate and
ammonia concentration in Run 25 .does not reach this wvalue until

40 hours.
The hydrogen ion concentration may be calculated theoret-

! iCally*‘by assuming the rate of formation of all species to

'Be given by egns. II, 1 and II, 2. The derivation is described
in Appendix III. Values of hydrogen ion concentration calcu-

" lated theoretically, and the measure of agreement between the
valﬁe observed experimentally and the value so caiculated can
be seen from Fig. 6.

m' ‘- N It has been sugggsted by some wbrkers (cf. Mukaiyama and

Matsumaga (47)) that biuret is formed in appreciable quanti-

ties during the decomposition of urea:-

+

; = ; i H : ) =S\ } 5} NHCONH. .
NH4 + CNO = NHE} + HCNO + CO(NH2,2159 JHchNH" “ua
E 3 . reat
The value of [H ] is given by
(g*] = L35 d.b"a .. .. Appendix III, 10
= 3
-57- ' /
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If this were so here, in appreciable quantities, it could
account for the high pH, and consequently low rate of car-—
bonate formation observed, due to the accumulation of ammonia
in solution. However, the examination of 1 M..Urea solution
at 60°C..showed that no biuret could be detected here-(the
concentration of biuret was shown to be less than 5 x 10'4)
and the quantities formed in the 0.1 and 0.2 M. solutions
would be quite negligible.

It is concluded,, then; that it is probable that carbon-
ate is formed in accofdance with the kinetic equation already
established (egn. II, 2), the low order ofaccuracy of some of

the analytical determinations of the very dilute solutions

involved, leading to seemingly divergent results.




(f) The Alternative Rate Equation

Ignoring the decomposition of urea, the rate equation

for the decomposition of cyanate ions:

- a[gIgo‘] = [cNO™] [kU[NHh: 1o xy o+ kg [E] 4 kC[Hcos‘]]

I, 5

may, with equal validity, be written in an alternative'form.

Thus egqn. II, 5 may be written:

- | [NE,*1 1 [HC0,. ™~ ]
- afeNo™) _ oyt - [ i S 3
% = H]lenoT] (K, ] +[H+] + k.H + kg —

Nopm] e W
Km, * g ) Ky

= Kyewo [HCNO |

3

.'. kC _
+ k’H + K—H'Ea_[CO;,_‘,’.. ]]

= [HCNO ] -'lkU' M, ] + k' [0E7] + k' + k' [005-.'_' ]] '
| II, 6

1]

where Ky..o» KNH4+ and KHCOS-' are the acid dissociation

constants of these species and Kw-thé dissociation constant

for water, all expressed in concentration units.
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On the basis of the kinetic data alone, no distinction

. 18 possible between the reaction mechanisms implied by these:

two rate equations. This applies not only to the present work,

“where all experiments were carried out at the same ionic strength,
but also when the ionic strength - and hence activity co-
"efficients of the ionic species - varied throughout a run. The

‘activity coefficients, which are included in the initial rate

constants k, in eqn. II, 5, are also included in the alterna-
tive formulation in eqn. II, 6, since the acid dissociation
constants of the species.are in concentration units. (Cf.
Weil and Morris (40), p. !l ). |

At the ionic strength used in this investigation, the
alternative rate constants, k', may be obtained from.the
values of k via the acid dissociation constants of the species,
which, in turn, may be calculated from the data recorded in
Table V, 2. Values of k' are shown in Table II, 15; to-
gether wiﬁh.the corresponding Arrhenius factors.

The dfference in.the,values of the Arrhenius parameters
for any term on the bhasis of hoth formulatioins is olften con-—
siderabie. For insténce, the rate of urea formation ex-
pressed in terms of kﬁ.and kU' shows a difference in activa;
tion energy of 1 k.cals., due to .the large temperature depen-
dence of Kw.compared with the relatively zmall temperature

dependence of the other constants. (See Table V, 2).
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Both values are reasonable and no indication of mechanism can
be ohtained from their consideration.

A variation of Arrhénius_parameters with temperature is
still shown in the alternative formulation although now this
may very well be fOrtuitqﬁs'since lack of data with-fegard to.
a value of the dissoci&tién coﬁStant of-cyanic,écid hag led
to the_adgption_pf an.approximate éxtrapolated valué, inde-

. pendent of temperature over the range considered.
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CHAPTER ITI

ITHE MECHANISM OF UREA FORMATION

It has already been seen in Chapter II that the kinetics

of urea formation, in all the solutions examined, are given by:

dlgzea] - kU[NH4+][CN0-] - kR[Urea] C e II, 1
or Q.%] = k' [N, [HONO] - iy [Urea) e IL 2

The kinetic data are, therefore, consistent with either
an ionic or a'non-ionic mechanism. The discussion. in this
Chapter is an attempt to establish Whiéh of.these alternative
mechanisms is actually operating. |

(i) The Tonic Reaction

As has already been discussed in Chapter II, many workers
consider the reaction.to be truly ionic, involving ammonium -
and cyanate ions in the rate determining stage. In ﬁo éase
has a detailed mechanism for the ionic reaction been propoSed'
and such a mechanism is very hard to visualise. .Millér (28) -
guotes a suggestion by'icwry that the reaction involves

proton transrer:

N, Y + cNoT = mm

ly 2)a

5 + HNEO == CO(NH

but recent work (cf. Bell and Pearson (59)) indicates that

the rate of proton transfer in all cases, except the ionizatien
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of a C-H bond, is too fast for direct observation. Consequently,
it would seem probable that the rate determining step in this
reaction would involve the non-ionic species, HCNO and NHa.
It will bessen that, whereas no satisfactoﬁy ionic mech-
anism can be proposed, the presentation of a plausible ndn—

ionic hechanism is ppssible.

(ii) The Non-ionic Reaction

As has already been explained, Werner (18) consideredi
urea formation to proceed by thig mechanism, but his schemé
is complicated both by insistence on the importance.of tﬁe
tautomeric equilibria: |

HOCN === HNCO

and by lack of knowledge.concerning the nature and behaviour.
of strong electrolytes. Much work has been done recently on..

the structure.of cyanid acid and the cyanic esters,'the main

' conclusions of which are:

(i) Hendricks and Pauling (60) and Goubeau (61) showed
that, on the basis of Raman spéétra, the cyanatesumay be di#ided
into two classes: | a

- (2) The cyanates of silver and mercury;:the free acid

and cyanic esters, have identical spectra and are un—

doubtedly covalent and'nitrqgen linked (iso-cysnates).

(b) Those of potassium and lead are ionic (not oxygen

linked as suggested by Werner; (see p.i7 )).
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(ii) Gillete and Brockway (62) examine the structure of
methyl cyanate and cyanic acid (at —BOOC.) by an electron 4dif-
fraction method. Their results show that the covglent iso-

cyanate group contains contributions from the three structures:
R-N=C=0 R-F-c=§ R-F= c-0

The three possible oxygen linked forms:

R-8-C=T R-0-C= N r¥b= c-F

cannot be detectéd and are considered improhable, since in
neither of the charged forms are the formal charges distrib-—
uted in &ccdrdance with the relative electronegativity of the
oxygen and nitrogen atoms. (Cf. thiocyanic acid with staﬁle
enol;esteré).

HIt would, therefore, appear that cyanic écid is présent.
almost exclusively in the iso~form, and thﬁs the tautomeric
equilibria postulated by Werner has no effect on the rate™,

The assumption of the non-ionic mechanism receives'support |

A reaction between the enol form of the acid and ammonia
can be visualized, however, by the addition of ammonia to the
carbon~-nitrogen triple bond: :

NH:

, + N=C-OH = f=c—oH

|+
NH,,

in an analogous manner to that proposed for urea formation
from cyanamide in strongly alkaline solution

H=-N=C=N-H + OH —— " [H-:-N-cl;;:;\r.-H] -

OH
(See Hammett (63) p. 338)




from the fact that the formation of substituted ureas by the
action of ammonlia on isocyanic esters cannot proceed by any
other mechanism; a rate determining step involving cyanate

ion is highly unlikely.

NH, + RNCO =—— RNHCONH

3 2

It would seem probable that the first stage in the for-
E mation of urea involves the nucleophilic addition of an
ammonia molecule to the carbonyl group of isocyanic acid.

This can bg v;sualized with or without simultaneous_loss of

‘- -a proton: i.e.,

; . 5 TP

(2) NH, + HNCO «—= [HE-N=Q'-“—"0' ] === Hele 00
SN NH,

3
u T §- : A, +
or (b) NH, + HNCO +—|H-~N=C==0 = H-N"—"f'ﬁo + H
o ' ’ H S+
| mEge-H NH,,

. The mesomeric ion produced in (a) can form urea by a proto-—

. t%opic_phange, while in (b), urea formation occurs by addition
Qf aiproton. These processes will be expected to occur very
‘rapidly, the overall ﬁeaction rafe being controlled by the
minitial'step, Under these conditions, this mechanism leads to

the rate law:

alureal .k +[wm,](HCNO)

' in 'agreement with the experimental observations.
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Primary and secondary amines may form the corresponding
substituted ureas in an analogous manner. Tertiary bases,
however, do not react. Evidence is presented in Chapter IV,
that the corresponding complex between the strong tertiary

base triethylamine and isocyanic acid:

is not formed in appreciable amounts, the C-ﬁR6 link being
very unst&blegi This would tend to suggest that proton loss
from the ammonia-isocyanic acid complex must be .either syn-—
chronous with the nucleophilic addition or follow immediately
after it.

Davis and Blanchard (64) and Packer, Vaughan and Watts (65)
studied substituted urea formation from nitro-urea and amines
in aqueous solution. They proposed that cyanic acid is formed
by reaction between nifro-urea and the solvent, which then

reacts with the amine:

RNHE + Cl:ﬁH Pra— RNH —_ 21 : CO(NHR)NH
i AN

0” QJ/-.

in the same manner as proposed here.

% Tt will be seen in Chapter IV, that if a complex of this

type were appreciably stable, then some specific contribution
of triethylamine to carbonate formatlon would be expected, i.€.,
eqn, IE, 2 should contain a term [NR.H +*1[cNO”] when triethyl-
amine is present in the reaction mix ure.
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Evidence in favour of this mechanism can be obtained from
the work of Naegeli, Tyaﬁjif‘f-énd Conrad (66) who investi-
gated the rate of substituted urea formation from various

amines, and substituted aryl isocyanates in benzene solution:

QNCO + RNH —%QNHCONHR

2
On the basis of thesbove mechanism, we would expect the

presence of electron attracting groups in the benzene ring

to facilitate the reaction by iﬁcreasing'the unsaturation of

the carbonyl group,. reducing fhe tendency for the unsaturé-

'tion_to be satiéfied by an internal conjugation of the unshared

electron pair on the nitrogen atom, i.e.,

(R)@N—C—

' These authors observe the reactivity of substituents in
the benzene ring of the aryl lsocyanate to increase in the
order:

R = 4.0Me {aiMe HY 3.0Me { 3-N0, { 4-N0,, { 3.5(N0,) 2. 4.6. (NO,),

in accordance with these predictions. The reaction of various
arylamines with ioscyanates showed the reverse order of re-—
act;vipy to bé the case for substituents in the aryl amine;

' This again is in eoncofd with the prqposed hechanism, since .
the basic strength of the amine, and hence its gbility as a

‘nucleophilic reagent, will decrease with increasihg conjugation
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of the nitrogen unshared electron pair.

Many similar types of nucleophilic addition to a carbonyl
group are known, among which may be mentioned the ammonolysis . -

of esters:

0 oz~ 0
| slow . | fost
NHy + C—OR == NH;—C—OR < NH, —C + OR"
“ l fast % | Slow |
R : R 4

(See Ingold (67) p.783)
The formation of semicarbazZones, however, seems to proceed f'

by a somewhat different mechanism. The reaction has been stud-

ied by Conant and Bartlett (68) and Stempel, Jr. and Shaffeli(Gé)

and éhown to be subject to general acid catalysis. It is pro-

posed that,the first stage of the reaction 1s the addition: of .

o a. proton to the carbonyl group of the ketone, followed by - :

reaction of this intermediate with semicarbazide.

Ry0=0 + HA = R c-0-BY + A=

2

2’LJ—O—H + I\THZ-NH—CO-'\THz DS RZ.?_MZ;-NH'-CONHZ

OH
Proton removal from this complex is rate determining. Similar -
considerations would.séem.tc.apply.tc the. formaticn of oximes,
(Olander (70) and Barrett and Lapworth.(71), Acree and Johnson

(72)) although in strongly alkaline solutions, there is evi-_

dence of [szo] ion attack on the protonated carbonyl group.
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Betts and Hammett (73) have examined the kinetics of the
ammonolysis of methyliphenylacetate in alcohol solution. The
overall reaction, due totwo processes, can be.epressed by

the equation:-

CHi, ] [Nn'z"]

Rate & [ROO,CHg][NHg] + [RCO

i.e., reaction with ammonia and amide ion.
In the caseof urea formation from cyanates investigated
| here, the kinetics would not be inconsistent with an amide

ion attack on a protonated carbonyl group:

NH=(-OH" + NH,” = NH=C-OH

|
Ny,

although there is no evidence for a duai mechanism, in this
.Caée. There seems, hoﬁéver, to be no independent evidence
for the existence of the amide ion in aqueous solution, énd c
such a mechanism must be considered improbable under the
present experimental conditions.

Miller and Dag ) suggest, tuat instead or

Gnrdon

a D

v {(72)(7

[ 9]

reaction involving amide ion, ammonolysis of esters proceeds
-via an aﬂtack on the ester molecule of a hydrogen bonded
ammonia: |

gt ______ _
o -H ? H

H

.The NH2T4ﬁ+bond is stretched to a point stimulating ionization

0=

—» | e rr——— — : | y -




by hydrogen bonding with the solvent. The catalytic effect
of hydroxylic substance on the rate of ammonolysis ié

explained by the formation of a hydrogen bonded complex.éuch'

as:
i
CHy=0 - H:
| 2 Sim
CHz-O"-- H/
|
H

Urea formation might well involve attack by such'speciés,
éincé it has already been mentioned that loss of a proton is

probably synchronous with ammonia addition:

 H=N=C=0 + NH

g H-ooo - O-H &= H-N={=:0 . -
i NHg— 1

 o-m
H

The observation of J. Walker (12) that a 10% solution
of cane sugar (a hydroxylic substance) increases the rate of
urea formation by 36% hay possibly be efidence.féfriiisf”

mechanism,
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CHAPTER IV

THE MECHANISM OF CARBONATE FORMATION

(a) General considerations

The rate equdtions for carbonate formation may be written

. in the form:-

ac Ky

S = Ea-o] [cNo™] [Hizp]" + Ik fono™] [8*] + ke [.CNO_'][HCO.s-] IV, 1
o A
" -g%; = k' [HONO][OH™] + [g—;o]fﬁcno][nzp] . kC'[HCNO][005=]- IV, 2

We see the reaction is represented as occurring between:

(1) vcyanate lon and various acids, H,0, HCOsf and H¥

- or (2) Cyanic acid and various bases, H,0, CO.~ and OH .

2 3
' Considering first Case (1), it is difficult to visualize any
mode of.reaction other than proton donation by the acid to the
‘cyanate ion. If this were so, however, the reactlion should _
be subject to general acid.cafalysis, not specific to the three
| acids.HCOS;, H+,and_Hzp. For example, the results of this
investigation clearly show that ammonium ion takes no specific
part in carbonate_formafion, there being noterm in the kinetic
equation for carbonate formation involving ENH4+][CNO'].
A base reaction as in (2) can be conéidered in two ways:
(i) The base reacts by removal of a proton, the converse
of (1) :
1 .




or (ii) the base reacts by virtue of its nucleephilic
properties, adding on to isocyanic acid or some
intermediary in the reaction.

fCase 2 (1) similarly cannot be maintained, since any.éuch re-

action would be expected to be generally base catalysed, i.e.,

triethylamine should exert some specific catalytic effect on

the rafe of carbonate formation analogous to the effgct of

carbonate ion. |

Case 2 (ii), however, involves the actual addition of the base

to the acid-and could, therefore, be specific to cerféin bases:

depending on their structure.

The basic strength of a species is a measure of its effi-
ciency as a nucleophilic reagent and in Table IV, 1 below, the
basic strength of the species involved in bqth urea ahd car—
bdnate formation are compared with the corresponding rate of
-reaction“. The concentration of water is taken as 65.5 M. in
agreement withgeneral convention (this is ectually correct only

at room temperature, but the error involved is negligible here).

'*‘In agreement with general convention,'the basic strength of
‘a specles isdefined as the reciprocal of the acid dissociation
constant of the corresponding conjugate acid, i.e., for any
base B' '

¥ s8]
Xp [u*16B']
Thus fpr water, % - :E;b] and for OH', 1 _ [ﬂ%pl
A / ' K, i Ll s 1
, A [H* ] [om* ]

'l B




Table IV, 1 60°C. I = 0.25 [H,0] = 55.5M.

1 Rate constant for
Base /K bimolecular reactjon
A with HCNO (mins™ ™)
i 2,87 x 1044 1,32 x 10°
Co,~ 3,51 x 10° 2.32 x 10%
NH, .96 x 20° 5.90 x 10°
H,0 0.0180 . | 0.0288

It iF'clear that there is a parallel between basic strength
and rate of reaction, irrespective of whether the reaction is
urea or carbonate formatiom.

That there exists a relationship between acid or base
strength of a species and its ability to catalyse a particular
-reaction has been known for some time. Brbnstéd‘and Pédersen

(76) proposed a relationship:

Lok ;
kA =: GA KA for acid catalysis
)] = (1 "(3 - Por h "t
kp = "Gy kB_ for bgse .

where GA,C* and GB,@ are constants for any given reaction,
* solvent, temperature and Beries of similar reactants.

This expression must be modified in the case when the

. acid-base system has more than one acid-base centre, and

Br8nsted (77) proposed:

-l 4=




&
EA = G %EA : v, 3
Dj' - = A p, L) ve o e 2
X \8
B o oo (B ce e .. IV, 4

where for any conjugate acid-base pair A and B, A has p . .
dissociable protons and B, q equivalent points to which a
proton can be attached. The values assigned to p and g are
often arbitrary, but since the relation only holds with any
accurécy in a series with the same p and g values, they are
not important; (cf. Bell (78), p.8s ). If equation IV, 4
As obeyed, then a graph of ;6g.<figl°) as a function of
log. P will be linear. *
TN =

In Table IV, 2 below, are 1istéd values of these func—
ﬁions for thé-terms in the kinetic equations of urea and
ﬁcarbonate formatioﬁ,'.In all cases, planq q are taken as
- ﬁnit&, exéept for carbonate ion, -where clearly p:: 1 and

¢ =53. Th

]

corresponding plot is shown in Fig. TA,
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Table IV, 2 60°C. = [H,0] = 55.5 M.

D 10

Base log. ( ) log.| L&)
a(K,)° g\ 7a

OH 14,762 5.121
COy— 9.663 3. 884

NH, 8.297 3.771

Hzp ""lo 750 -1 . 541

Although agreement is not good, it is probably as good as
can be expected over such awide range of base strengths.and
differing types of reactants. (Br8nsted originally only pro-
posed equations-IV, 3 and IV, 4: for a series of similar re-—
actanfs;‘although they are often applied more'generally).

In the values quotea.in both Tables IV, 1 and IV, 2, the
concentration of water has been made equal to 55.5 M., in

agreement with general convention. Beli, (79), however,

_points out that the observed velocity of hydroxyl ion re-

action is always lower by several powers of ten than that

predicted on the basis of the Br¥nsted relation. 'Any rela—

tion between the catalytic power of an unassoclated species

such as OH' with the thermodynamic properties of the highly
associated water, cannot be justified, and he suggests that

“ effective
the/c oncentration of water should more nearly be represented

by 0.13 M. Thus: ' !
| -76-




H - H
|H29| T 0.13
For water: 1 I
KA 0015.3
For OH 1 = Q.13
| KA K

the remalnder of the rate and dlssoclatlon constants remain-— -

unaTtered.

Table IV, 5:below, shows log.( . P ) and

, _— O ‘o - .
- loge. (i&al_) -values calculated assumingJ[Hzo] = 0.13 M. -

" and Fig.7B, the'corresponding Brdnsted plot.

.
\ ,

Table IV, 3 "~ 60°. | I=0 (650l = 0.13 M.
P | (k%
Base : . | -0 : . ,
i , : log (-EKKZTQ) log ( T ) _
OH 12.130 54120
ol My 9.663 5,884 -
NH 8.297 . 3.77L
H,0 0.887 ' '1.090

The agreement with equation IV, 4 is now quite good.

It is concluded then that there is a relatlonshlp between the

77—



base strength of these species and their rate of reaction
with cyanic acid.

Moreover,.thezelationshipxholds, irrespective of
whether the reaction is urea or carbonate forhation, and this
would suggest that the rate determining stage in both cases
is similar, i.e., the addition is governed essentially by the
} nuclebphilic power of the reacting base®,

(b) The mechanism of the reaction

It would, therefore, appear 1ike1y_that carbonate for-
mation results from a nucleophilic addition of a base to the
carbonyl group of cyanic acid, just as urea was.considered to
be formed by the addition of NHaito this group. For attack by

OH” ions, this can be represented:

_ P —
H-N=C=0 + OH = H—-N-:—-C'}"—'-O
OH
followed by rapid proton addition to form the hypothetical

~ carbamic acid;.

TN () 4 BT —> NE -0
H.NF—?F—Ol+ B s=— NHb;C\\
OH . OH

¥ 1t is clear that an exactly similar relatlonship would apply
if the acid dissociation constants of NH,*, HCO,', HY and H_O
were compared with the corresponding raté of reaction of thé&se
species with cyanate ion, but in thls case the reaction should
be generally acid catalysed.

i Carbamic acid has already been proposed by Fearon and
Docheray (51) as a possible intermediate in the reaction.
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Carbamic acid is not known;-all reactions that might be
expected to form it give only ammonia and carbon dioxide.
The:decomposition of ammonium carbamate in acid solution has
been investigated by Faurhoult(80), who has shown that the
' primary products in the decomposition aré ammonia and carbon
dioxide, the rate of ﬁydration of the 1a£ter being rate deter-
mining. There can be no doubt that at the temperatures used
during this investigation 624000.), the decomposition of
carbamate and the hydration of carbon dioxide can be regarded
as instantaneous. (Cf. Mills and Urey (81)).

The nucleophilic addition of hydroxyl ions to carbonyl
|

groups has been investigated by Bell and his co-workers, (82-83)
" who show: that the hydration of acetaldehyde:

CH5-CH=0 + H,0 &= CH,~CH-(OH),

2 3

is subject to bothgeneral acid and base catalysis.
They propose that the base catalysed reaction consists

primarily of the addition of a hydroxyl group to the aldehyde:

0

M <O ALT e Ty ~rr
~aa T et ko " " L)

3 : 1 N uus—'u.u \
OH

. followed by rapid proton addition.‘ The general base BT acts
on the solvent water to generate hydroxyl groups synchronously

with the addition of the latter:
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5™ g lon LY ==

H ~0 == B—H + HO—C-—-O

-

and similarly for acid catalysis:

I - i .
[\ HY0=¢ YO, —= A" + H—0—C—oH,*
] 2 ] 2
In the case of carbonate formation from cyanates, however,
hydroxyl addition is notgenerally acid and base catalysed. The
reaction could conceivably involve a carbonyl hydrate,
tautomeric with carbamic acid:
OH o
H-N=C?  —= H_-N-C7 & NH, + CO
N oH 27 "Nog' B 2
but in the light of the work of Bell, the initial hydration
should be subject to general acid and base catalysis, it being
very imprbbable_that'the subsequent prototropic re-arrangements.
would proceed at a measurable speed. '
On the basis of the mechanism proposed heré, reaction

4

with water can be mpresented by

f—I‘—\
H-N=C=0 + H,0 — H-H——?—O
+

2
0,

/" \
H H

- -

- -H*, ”rj:b +H
o+ +H* o Y-V
/' \ | '
H

although, again, the work of Bell would indicate the addition
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of water, per se, is improbable.

Thus, although the kinetic data would appear to be con—
sistent only with a nucleophilic addition of hydroxyl ion and
water to the carbonyl group of cyanic acid, a reconciliation
" of this view with the recent work of Bell seems difficult.

A similar specific nucleophilic additiqn of carbonate ion

may be written:

am—

- ey
H-N=C=0 + COE_:Q H=Ne=== C==0

C
/..- -.\

2

With subsequent decomposition of this intermediate in é
nunber of possible ways, e.g., it may decompose by'féaction

with hydrogen ions:

——\ . o7,
L\ SO T = - -
He= [z c o + HY NH2 Q§§ + GO,
o .
- ""'- +
/ S 1L+H

or, with addition of a proton, this intermediate hecomes a

mixed anhydride of carbamic acid and the acid bicarbonate ion:

The general instability of mixed enhydrides is well
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knovmn and this would be expected to decompose rapidly to the
corresponding acids, carbamic acid and bicarbonate iqn*. These
reactions must be considered to be very hypothetical, although.
they do present a reasonable scheme for:the specific carbonate
catalysis.

(c) The bicarbonate ion as a basic catalyst

In Egn. IV, 1, there appears no ﬁerm involving the bicar-
bonate ion as a basic catalyst.” On the basis of the scheme
proposed above, it would seem probable that the bicarbonate
ion should exert some specific catalytic effect analogoﬁs to:
that of carbonate ion (a possible intermediate would be a-
mixed anhydride of carbamic and carbonic acid). o

In terms of the BrBnsted relation (Eqn. IV, 4), the cata- 3

lytic effect of a basic catalyst is expressed in terms of the

% 7t is interesting in this respect that Hoshino and Hoshino,
(84-86), in an investigation of the decomposition of aryl
ureas in organic acid solvents, proposed a mixed anhydrlde as
an 1ntermed1ary in the reaction:

C.H.NCO + CH,COOH == C_ H_NH~C -0-—?-0H

6 5 3 . 66
whiech, they postulats, dccomposes vy an inbernal nucieophilic
displacement o ' :
04’
B N\l —
Gl N (s L0y T Celight + 00y
C COCH
a - N 5
CH% 0
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acid strength of the corresponding conjugate acid. In the
case of the bicarbonate ion, obviously it is important to dis-

" “tinguish between the carbon dioxide which is present in solu-
tion as carbonic acid and that present as dissolved carbon
dioxide., It has been pointed out by Roughton and Booth (87)
and Olson and Youle (88) that the usually accepted value for
the first dissociation constant of carbonic acid:

[6"] [HCO,”)
[total CO, in solution] =~
P2

-7

4 x 10

leads one to expect a catalytic activity of the bicarbonate
ion -(as a basic catalyst) much greater than that actually

. observed. Olsen and Youle (88) suggest that the value:

[HF][chs']

: = 2 x 10°
[Hbcoaj |

4

more nearly represents the true catalytic activity of car-

bonic acid.

An increase in the first dissociation constant of carbonic

a2id

£ three powers ul ven 1is adopted here. Thus, from the

Br8nsted plot, (Fig. 8), the expected rate constant of carbon-

i ate formation by a term [HCOS;]EHCNO] is 95 gm. mol. % 1. min.” %,
) Thus we have:
Rate of carbonate formation by 0055 catalysis
R = nooon ] " HCOS— "

~83-
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2 =
10 [co5 ]

[HCO, ™)

= 3.7 x 10°[0oH"]

In Table IV; 4 below, are listed for various runs, the ratios
of the rates of carbonate formation by the two terms (R) and

the approximate %icentributions of an [HCOéf][HCNO] term..

Table IV, 4 - 60°. ' I =0.25
. ' ) | _:% contriout1on 2 contribution |
‘|Run|[Comditions| [OH ] | R |to total car~ |expected from
No. S o bonate due to HCO3 catalysis
_ : : ' COS"eatalysis_ ' : '
2w oo 1b:gfo;58
1 47" 12 x 10 "|7.6 negllglble : negllglble
o 165 . 2.1% |
. I.'
2.| NHE,CNO |5 x107°|1.85| - 10.14% - | . 5.5%
o+ R E S N
0.004 M: |- ~5| i ' ‘
Na co 3 x 10 Qllalu . 40% . _5.6%A
2 5 : v :
13:| Nacto |3 x107%{111°|  sox |  o.7%

The contrlbu+1n_ 'f HCCs+ ..udLySlS ‘will always be negllgible
gxcept in the case of Run 2, whlch represents the most favour—'
able condltlons encountered for the dbservatlon of thls con—l
’tributlon. ‘However,-here the concentratlon‘of cerbonatevln—-v
volved is sufficiently small for it to be improbab;e that it
- could haVe‘been detected, especiellygas the_cerbonate formed
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(a)

is calculated by difference from the concentration added
initially. Consequently, there might well be a contribution )

from a bicarbonate mechanism, although, equally well, it might

be absent.

The effect of added boric acid and triethylamine: the results

of Baker and his co-workers

It has already been pointed out that boric acid and

triethylamine exert no specific effect on the rate of carbon-

ate formation. In Tables IV, 5 and IV, 6, the carbonate that

should be formed, calculated on the basis of Eqn. II, 2y and

that found experimentally in runs with boric acid and tri-

ethylamlne added, are compared. The contribution to be ex-
pected from [NR 1[HCNO] and [E BOS-][HCNO] terms are calcu—

lated from the BrBnsted plot, (Pig. 99, assuming the usual

values for the basic strengths of these species.'

Table IV, 5 - e0%. ' I=0.25
Run 20 0,05 M. NaCMNO with 0,0075 M. triethylamine added
Time t |C-C, ¢ -c% approx. calculated
(mins. ) observed calculate@ caLalytic contribution
' from NEt
129 ol - | - | -
1072 | 943| 0.0037 { 0.0034 | .-
1288 1169| 0.0044 0.0043 | 1.8 x 10~°
2344 2215{ 0.0093 | 0.0094 3.1 x 107°
5286 | 3107| 0.0149 | 0.0146 | 4.0 x 107°
3715 3586| 0.0180 | 0.0175 5.0 x 10°°
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Table IV, 6 | 60°C. . I =o0:25

Run 21  0.05 M. NaCNO with 0,045 M. Boric Acid added
Time . t ¢C-C | C-cC approx. caleculated
_}(mins.) observ:d calculaged catalytic contribution

: 'l - from H2B05-
162 | o] - = | o
1549 | 1187| 0,00940[0.00898 | 2.0 x 107°
o344 | s182| 00178 [0.07: | 2.9 x 1072
5548 | 5386| 0.0250 |0.0242 5.2 'x 10°°
4266 | 4104| 0.0272 |0.0269 | ‘5.5 x 1072

The-agreement between observed:and.calculated total carbonate

is satlsfactory in both cases, and the expected contributlon

.of the terms {Hg 3 ][HCNO] and [NR ][HCNO] is appreclable. |

This 1is especialiy so in the case of Run 20 (triethylamine

added) where; over the range'considered, most'of the observed'

_ carbonate is produced by the "spontaneous reactlon" - and

'errors in the determinatlon of pHy etc., would not have any

very soricusleffeCt. vThe expecied contrloutlon,ox a term

1[NR H*][’CNO‘] iS'well outside the -experimental error of the .

analytlcal determjnatlon. _Q:ﬁg*ﬁ;rm ﬁuvt@f;mg,*ﬁ

" In a s1m11ar manner, the carbonate uhat would be expected
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from catalysis by the two bases CNO  and NH, may be calcu-

z
lated. In the case of Run 1, the carbenate concentration pro-
duced by CNO~ catalysis would vary from 9. - 5 % 10~% M. ana
that by NHS cafeiysis sy b = 30 x 1-.0_5 M. during the course

of the run - i.e., neither is negligibly small and it can |
safely be concluded that no such mechanism of basic catalysis
occurs, | ' -

In the calculation of the expected contribufion of boric
acﬁd_to.the rate of carbonate formation, it has been assumed..
thet the rate is prepoftional to the accepted value for the
ac;d strength ef boric acid. Ih;s, however, may well not be
justified, since it would seem.proeabie'tﬁet solutions of |
boric acid contain all kinds of ions which éan be fornied from
boric acid, €elos Bogf} HbBOsﬂ, and B407- (see Ephralm (89)),
and conelderatlons similar to those discussed for the cata—
lytic effect of blcarbona+e ion may apply, i.e., the catalytlc-
effect of borate may be very much 1ess than that expected from
its. acld strength.

Baker and his co—workers (90-94), however, have shown that
| thie rea ;ou oxf- aryl iso-cyanates with alcohols in non—aqueous
'fsbivents is 'subject to-general-ba31c cataly31s, triethylamlne
_ exerfihgza eatelytie"effeei”prqpertional to its Easic

'.strength. . The product: of the reactiom, urethane, is &
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stable ester of the unstable carbamic acid and, consequently,
it might be expected that carbonate formation from cyanates
and urethane formation proceed by similar mechanisms, subject
to similar catalysis bytertiary amines. Baker proposed a

base catalysed mechanism:

K —
1
(i) Ar-N=C=0 + I\]':R:5 = Ar_N._(I:_.._O
k +
- TR NR,
| = X,
Ay D

(i1) Ar-N==C==0 + ROH-—— ArNHCOR + NR,

‘ !

+
NR,

and a '"spontaneous'" reaction:

ky _
(1ii) Ap-N=C=0 + ROH = Ar-N==C:==0
k2- +‘
: "ROH
- k
F——&-ﬂ 5:

(iv) Ar-N==C==0 + ROH — ArNHCO,R + ROH

*ROE

Direct re-arrangement of the alcohol-cyanate complex in (iii)

.
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is ruled out by the kinetics. It would seem then, rather
surprisingly, that carbonate formation and urethane formation
proceed by different mechanisms.

Baker showed that the rate of urethane formation increases

with increasing electron attraction from the cyanate group, i.e.,

Rate = cyclohexyl{p - Me_006H4<p MeC H <Ph{p iNO,CeH,

(See p.6%)

‘The possibility that the observed difference in mechanism is
due to the decrease in electron attraction when the aryl group
"is replaced by hydrogen, possibly favouring direct rearrange-
ment of the intermediate in Stage (iii), is improbable, since
Baker showed that the reaction of the cyclohexyl ester of
eyanic acid was subject to basic catalysis by triethylamine.
The differences in electron attraction of the cyclohexyl and
hydrogen groups would be negligible. Also, a charged inter-
mediary. of the type proposed by Baker would be expected to
be more stable.in'the polar solvent water than in the
di-n-butyl efher used by Baker. | ' ,4
| The reasons for these differences in mechanism are not

clear, and it would seem that either the two mechanisms are
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dissimilar®™ or that some cancellation of error has occurred
in this investigation, possibly due to the complications
involved in éccurate calculation o?@H, etc., in aqueous solu~-
tion, . Much_further work is required to establish this point

with any certainty.

® Baker found that, contrary to the requirements of the pro-
posed mechanism, k, (see p.88 (1)), is not independent of the
reacting alcohol. ~It was proposed that either the alcohol
solvates the highly polar complex and thus plays an important.
part in the energetics of its formation, or reaction occurs
partly with a hydrogen bonded complex of the type NR@f"'"HOR.

This might suggest that, in fact, the mechanism is termo~
lecular, of the type proposed by Bell (82-83) and discussed

already on p.1?. ;-

N-Ph. N-Fh.
.« |l

+ HOR + C=0 &= NR

NR5

+ h S-
5§‘ + OR-C==0

although, again, if this were so, a similar generally cata-
lysed mechanism would be expected for carbonate formation
in aqueous solution.
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(a)

CHAPTER V

ANALYTICAL METHODS AND CATLCULATIONS

Introduction

During the decomposition of aqueous solutions of cyanates,'
the determination of the concentration of the various species
present at any time in the reaction mixture is complicated.
The principles underlying the methods employed in this inves-
tigation are discussed below and the experimental details may
be found by reference to the appropriate section.

The decomposition of cyanate ions may be represented by

the following stoichiometric equation:

- ) i + =

CNO  + RH,0 — NH,  + COg4 .e .o I, 1
+ - ) _ .

NH,” + CNO & CO(NH2)2 .o .o I, 2

In some cases NH¢+'ions are present initially; in others,; they
are produced by hydrolysis of cyanate ions as in eqn. I, 1.

As the ions NH4*, CNO~ and chf'are cgpable of reécting,
not oﬁly with each other,.but also with the aguccus solvent
and its ionization procducts, H' and OH , it is convenient
to define the following quantities whose values are amenable

to. direct experimental observation:
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Total carbonate, C = [‘c:'05=] + [HCOS

- . * i
] + [cho:,j]T V, 1

Total ammonia, N = [‘NH-':4+] +  [mH,] . .. V, 2
Total cyanate = [cvo™] + [moNO] == [onwo™] * v, 3

Hence it follows from the stoichiometric eqns. I, 1 and I, 2,

that at any time - 1,

U-U, = [cNo"] - [cNOT] - (C-cC)) .. .. V, 4
N-N = 2(C-c¢,) - ([cxvo7] ) - [cwoT]) . Vv, 5

where U =:[CO(NHé)2] and the subscript

concentrations of the species.

"o" refers to initial

The validity of expressions V, 4 and V, 5 is demonstrated

in Table V, 1 below, where it is shown

urea concentration is the same as that

that the experimental

predicted by eqn. V, 4,

T K ey A o Y
[H,0041, = [H;CO5] + [CO,) gas.
gas phases have equal volumes. (“.605

L Suit )

[A,C0-1 = s([H,CO])

as liquid and

where "s" can be calculated from the known solubility of coz
in aqueous solutions. (See Table V, 2).

:
[6*] { 1077 and hence [HCNOJ<K [cwo~].

-G

In all experiments carried out in this investigation,



within experimental error.X

Table V, 1 T
U - U,
Cyanate [cno']o - [cvo7]|C - Cq

calc. |observed
Ammonium Cyanate " 0.804261 0.00481| 0.03780|0.0370 )
0.0379 )

Sodium Cyanate 0.03960 0.0283 {0.0113 |0.0116

_ - 0.0114

It can thus be seen that the decomposition of cyanate
ions can be followed by analysing the reaction mixture for
only cyanate ions and total carbonate. A knowlédge of these
guantities allows the concentration of all species present
to be calculated, provided their initial concentration and

the pH of the solution are known.

* Wyatt and Kormberg (54) have also demonstrated that this is
so for ammonium cyanate decomposition, within their experimen-
tal error (3%).

¥ These results do not refer to any particular run but were
isolated expéeriments. -
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(b) Determination of Cyasnate Ion Concentration and Total Carbonate

The concentration of cyanate ion and total carbonate in
a given reaction mixture Weré determined by a method which is
an extension of that used by E. E. Walker (19).

It can be seen from the stoichiometric equations I, 1 and
I, 2, that the only basic species whose concenfrations are
altered by reaction are CNO~ and C05=ﬂ Admittedly, some of
these will be converted into their corresponding acids by
reaction with the solvent or other acids present in the solu-
tion, but these reactions only result in the formation of one
base from another.. The total basicity of the solution, i.e.,
the combined normality of all bases present, is thus unaltered
as a result of the normal acid-base equilibria in aqueous
solution. Hence, the total change in basicity of the reaction

mixture over a given time interval will be:

X=X, = [cwO™] = ECNo’]O + 2(c -co) .o V, 6

where X is the total basicity. Also,

v - - - - {[cNo~1 - [cNo~1))
¥-Y, =X - X - ([cno™] [cno ]o,.

2(C-Co) s L) ‘e o v! 7

where Y is the total basicity of the solution other than that

due to cyanate.

In' the experimental determination of X, we utilise the
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fact that weak acids do not interfere in the titration of H'
ions with sodium hydroxide, provided that the titration is
carried out in a large excess of acetone. X was, therefore,
determined by adding excess hydrochloric acid to a sample of
the reaction mixture in a large excess of acetone - HCNO does
not decompose under these conditions® - and back titrating with
sodium hydroxide. Lacmoid was used as indicator. ¥ was
determined in an analogous manner, using a sample from which
the cyanate had been removed by precipitation as silver cyanate
in the presénce of sufficient ammonium ions to prevent pre-
cipitation of silver carbonate. Hence, C, [CNO"], U and N
were evaluated by means of egns. V,4, V,5, V,6, and V,7 and

a knowledge of the initial values of these quantities.

% This was shown by "blank" experiments; cf. p.l23.

~05-
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(c)

Calculation of the Concentration of Various Species

While the methods descriﬁed in-the preceding section
allow the estimation of such quantities as total ammonia, N,
etc., these quantities are not sufficient for a full analysis
of experimental results.

For example, it has been confirmed in this investigation

that during the formation of urea, given by the equation:

dU

= kylwe, +][c1~ro] - kp[Urea]
the approximation:

_[NH-'4-+] - x (N.B. ¥ = [NH,] + [NH, *1

is ohly jﬁstified‘in the more acid golutions and not in the
alkaline solutions examined here.

The concentrations of all the species present cah be c&i-
culated from the observed values of N, C, [CNO™], a knowledge
of the pH of fhe solution and the equilibrium constants for
the appropriate acid-base reaction. The method employed for
all the conditions encouuuc;cu in this in es%igatiou is Gon—
~sidered below.

It is found convenient to define a nunber of parameters

o, B, Y. 8. & and ¥] such that:
(1) [mE)] = ot([we,]l + [Mg,7]) = N

(1 =ol)N - ee .. YV, 8
—96=
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Defining 1 = TNEL]

We have d - e e et—- . : ’ . e e s Vz 9

(ii) [co;"]. =1 -0 -}/).[[005:_]. + ['Hco_s'] + ['H2005]4" = (; -F-7c

~ where [HCO'S'-.]. | =F o s ee .. ¥, 10
.':{HzcoslT =Yc B R F2 =

h : = ee—— - - '
.w .enc_-e. @ . Ny _ SKa .e vV, 12 .
'; ; f~K2[°#']*+'[0HF]

' 8K,
Y’ - =T . OF_I'- sKs.. e "_z___V., 13
' 2+ K [OH )] + -5 :

R L [on™]

T . f [cosf]
o Ingogiony

N
|

L e _ HgCo4],
- [H5004]

*®

—o7-




(iii) [HCNO]

where K4

[H5B0,4-]

(™)

e [HyB07]

initially.

3

where K.5

(v) [Nt H']

[xEt,]

; 1

) [[CNo’] o+ [HCNO]] = d[cno7]

S
ooy e

[HeNol[oH™]

"[cno™]

a [[H2B05-] + [1151305]] = E[HSBO

(1 - €)[HBo.],

- v oT e e ..
[HSBos][OHF ]
[Hésos‘]

=1 [[NEts] + [NEt5H+]] =7 [wes

5]o

" where the subscript "o" refers to the concentration prior

to any acid-base reaction, i.e., the concentration added



[vEt,H" ] [0H™ ]
[NEt)

where K,

(vi) Emplojing the notation defined above

Ky

fos™) =
-where Ky = [5*]1[oH"]

It-mnst_be'pointed out that'all.the equilibrium constants.
Quoted'above-afe inlconcentfation units."Thein Values are
-obtained from the known thermodynamic equilibrium constants,
‘the ionic product of water, and the appropriate activ1ty
co-efficlents which are calculated from the Davies Equation -

(95), viz.,

° N L
. . R ]
log. jof; = - ozizl{ ;T—J%ng - 0.2 I| .. V¥, 27
o o - + I .

where fi is the activ1ty co-efficient of the species win,

where Z is the valency of the 1on._

-;where 0 is a constant depending on solvent and temperature only
| .. . and I the ionic strength. _
I Valnes.of Kys Ky K6 thus obtained are 1isted below in

Table V, 2 for the ionic strength used in this investigation,
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(0.25). * The value of K, is also given as it will be required
later. |

.It can Be seén that the expressions V, 9»to V, 16 for
the concentration of the various species, all involve the
ﬁnknqwn quantity [OE ]. Its calculation is discussed in the

next section. The valués'of & and P at various values of

[oH™] ‘are given in Tebles V, 3, 4, and 5 below, at the three

temﬁeratures used in this inveétigation. The value of é%i:glb

whlch is useful in the calculatlon of [oH™ ], is also given..

' (Cf. next sectlon)

¥ This equatlon gives a value of O. 700 for iy at 60 C. .
Due to an arithmetical error, 0.705 has be%n used.in all
calculations. The effect, however, is-quite negligible
‘in every case., - : - ' ' '
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Table V, 2

|
Cone Value at I = 0.25 Reference
. ' and
stant|  40°. 60°c. 80°c. remarks
-5 . -5 -5
K, [3.9%x 10 3.82 x 10 3.57 x 10 (96)
K, |4.07 x 10*% |1.86 x 10°  |6.55 x 107 (97)
-8 |. an -7 4 n=T
K, [5.86 x 10 1.85 x 10 5.26 x 10 (98)
K, [t4x107'° |a.81x 1207 |1.26 x 20™° |Approximate
' . ' value frog.
data ?t ? cC.
: : : (99) - .
Ky 1.04 x 1074 Extrapolated
.o : - {value from
' 1tdata listed
_3 : 2100)
Kg 1.29 x 10 96 )
| &, l1.87 x 1077 Extrapolated
: . ; value
| ~1a|, 13| ., -13 2101g
Ky [6-770 % 10 1.936 x 10 5.357 x 10 100
| 0. 522 0. 547 No.577 (100)
8 B 4 4.5. 1Calculated
o . | from solubil—
ity of CO,in
agi. s0ln.
S _ o : (102)
ST Trom ©he
f,. P.256 0.240( " “oskD) 222 ‘Davis Eqn.
2 7 .'32.\5« :ﬁ@ (95)




Calculation of[HY), o anda B , ete.
: . (

(a) Table V, 3

I =0.25 Temp. = 40°C.
iHY) jor™ ) o 3 / + 2
\ 7 oL

1.15 x 20°% | 5.0 x 1077 | 0.013 | 0.739 | 0.260 | 96.8
9.61 x 107° | 6.0 0.015 | 0.772 | o:226 | s1.6
7.96 7.0 0.0177 | 0.797 | 0.200 | 67.6
7,21 8.0  _. | 0.0200 | o.s18 | 0.180 | s8.9
5.77 1.0 x 1070 | 0.0249 | 0.847 | 0.149 | 46.0
3.85 1.5 0.0369 | 0.890 | 0.104 | 29.8
2.89 2.0 0.0485 | 0.912 | 0.0803 | 22.1
1.92 3.0 0.0712 | 0.934 | 0.0551 | 14.7
1.44 4.0 0.0928 | 0.943 | 0.0415 | 11.05
1.16 o [ 5.0 0.113 | 0.947 | 0.0332 | "8.964
9.61 x 107° | 6.0 0.133 | 0.969 | 0.0281 | 7.71
7.96 7.0 0.152 | 0.973 | 0.0244 | 6.72
7.21 8.0 . | o0.170 | 0.948 | 0.0209 | 5.70
5.77 1.0 x 10™° | 0.204 | 0.944 | 0.0370 | 4.79
3.85 1.5 0.277 | 0.932 | 0.0112 | 3.40
2.89 2.0 0.337 | 0.917 | 0.008L | 2.7
1.92 3.0 0.435 | 0.887 | 0.0052 | 2.06




(b) Table V, 4 I = 0.25 Temp. = 60°C,

+ -
] I =
3.87 x 10°° | 5.0 x 10~7 | 0.01291 | 0.4031 | 123.5
3.292 6.0 0.01546 | 0.4476 | 100.3
2.76 7.0 0.01800 | 0.4859 | 84.08
2.42 8.0 _e | 0.0205% | 0.4192 | 72.13"
1.95 1.0 x 10 0.02551 | 0.7574 | 55.81
1.29 g | 1.5 0.03775 | 0.6688 | 35.15
9.67 x 10 2.0 0.04976 | 0.7283 | 25.47
6.45 3.0 0.07283 | 0.7992 | 16.39
4,83 4.0 0.09479 | 0.8394 | 12.13
3.87 5.0 0.1157 | 0.8651 9.69
3.22 6.0 0.1357 | 0.8834 8.113
2.76 7.0 0.1549 | 0.8961 7.009
2.42 8.0 _s | 0-1732 | 0.9050 6.193
1.93 1.0 x 10 0.2075 | 0.9174 5.076
1.29 o | 1.5 0.2830 | 0.9320: 3.618
9.67 x 10 2.0 0.3436 | 0.9363 2.921
6.45 3.0 0.4399 | 0.9337 2.227
4.83 4.0 0.5115 | 0.9251 |  1.875
3. 87 5.0 0.5669 |. 0.9149 | 1.662
3.22 6.0 0.6109 | 0.9049 | 1.517
2.76 7.0 0.6468 | 0.8929 1.410
2.42 8.0 _s | 0.6770 | o0.8818 1.326
1.93, 1.0 x 10 0.7236 | 0.8598 1.206
1.29 10| 15 0.797 0.810 1.019
9.67 x 10 2.0 0.840 0.762 0.909
8.79 2.2 0.852 0.744 0.875
8.06 2.4 0.863 0.727 0.844
7.44 2.6 0.872. 0.711 0.819
6.91 2.8 0.880 0.696 0.791
 6.45 3.0 0.887 0.681 0.768
5.69 3.4 0809 0.AR5Z 0.72E
5.37 3.6 0.904 0..640 0.708
5.09 3.8 0.908 | 0.628 | 0.691
| 4.84 4.0 0.912 | 0.615 0.675
, 4.61 4.2 ' 0.917 0.604 0.659
| 4.40 4.4 0.920 0.593 0.645
| 4.21 4.6 0.923 0.582 0.630
4.03 4.8 0.926 0.572 0.617
3.87 5.0 0.929 0.562 | 0.605

-103~




(c) Table V, 5 I=0.25

[17) [or] oL B B+ 2Y
ol
3.57 x 10 i 1.5 x 10-6 0.0403 0.391 | 39.97
2.68 2.0 0.05630 0.461 29.03
. 1.79 3.0 0.0775 0.662. | 18.55
1,34 4.0 0.101 0.629 13,8
1.07 -8 5.0 0.123 0.677 10.66
8.93 x 10 6.0 0.144 0,719 8.88
7.65 7.0 0.164 0.747 7.59
6.70 8.0 -5 0.183 0.770 6.68
5,36 1.0 x 10 03219 0.806 5.41 )
3.57 1.5 0.296 | 0.858 | .3:80%
2.68 2.0 0.359 0.8856 3.04
1.79 . 3.0 0.457 0.912 2,310
1.34 4.0 0.5629 0.923. .95
1.07 , 5.0 0.5685 0.927 1.73
8.93 x 10 - 6.0 0.627 0.928 1.59
7.66 | 7.0 -4 0.662 0.928 1.4956
5.36 1.0 x 10 | 0.737 0.920 1.307
2.678 2.0 - 0.848 0.871 1.061
2.23 { 2.4 0.87%1 0.864 1.006
1.213 2.8 0.887 0.843 0.966
1,786 3.0 0.894 0.834 0.947
1.575 S 0.904 0.817 0.924
1.410 3.8 0.914 0.802 0.883
1,280 4.2 0.992 0.786 0.862
1.071 5.0 0.935 0.756 0.818
9,236 5.8 0.942 0.729 0.780
8.928 6.0 0.944 0.722 0.766
8.370 . 6.4 0.947 0.709 0.756
7.877 6.8 0.9560 0,703 0.746
7.652 7.0 0.982 [ $.650 | . 0.731
E.307 7.8 0.956 0.668 ‘0703
6.696 8.0 0.957 0.661 0.695
6.30 . 8.5 0.960 0.652 0.683%
5.952 2.0 0.962. 0.635 0.663
5.698 9.4 0.963 0.625 0.662
5,466 9.8 -5 0.965 0.616 0.641
5.3567 X x 10 0.966 0.610 0.635
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(a) cCalculation of pH

(1) Batt ions absent

In any reaction mixture, the occurrence of the following

reactions with the solvent or OH ions will affect the pH:

HoO ==Hn" + OH .. V. 18 (a)
+ -
NH, + OH & NH, + H0 .. .. (p)
cos=' + HO &= HCO5- + OH .. .. (e)
cos= + 2H,0 = ECO, + 20H .. .o (a)
CNO™  + H,0 == HCNO + OH .. .o (e)
1 - -
H5305 + OH — H,BO;  + HY0 . .o (£)
NEt, + H, 0 =— NEt,H* + OH .. .. (g)

It will be seen that OH ions are removed by reactions (b) and
(f£) and produced by reactions (&), (¢), (d), (e) and (g).

Thus, we have:

{on™] - [on"], = [HY] = [H+]o + [HCO,"] - [HCO,™], + 2[H,CO,]

+ [vH], - [ByB0,"] + [HgBO,™ ]

+ [NEt HT] - [NEt5H+]° .e .. ¥, 19

)

where the subscript "o" refers to initial values, i.e., prior
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to occurrence of reactions V, 18, (a) - (g). In this inves-—
tigation, H,CO,, HCNO, I\TEtSHf" and H,BO,~ were never added to

the reaction mixture in that form. Equatiom V, 19, therefore,

reduces to:
forml - ToE~1 = [u*l - fu¥l “1 -7 -
[OH ] [oH ]o . [HY] (H ],0 + [Hco:5 ] [H005 ]o
+ 2[HyC0;] + [HONO] + [NEt,H'] - [mi,]

+ [_1\11{5]o - [H2;305 ] .. .. .. V, 20

Substituting in this equation for d;‘.G ,“{ 'y S L, & wndq7 ’

we have:

[oR"] - for™], = [8") - [H*], + (B + 2Y)c + $[cNO™]
+ NINEt,] - oN-0-8[H,B0,] + [¥H,]
- [HCOL 1,

Re-arranging, we have:

R R

C ol C

LNH, ), - '[Hcoai- ]o , YZ[NEtSS]o.GI-Q[H;SBO?J}o
< C + "L C .o Vy 21

+

From a definition of the parametersol ,@ {Y 9,8 vand"l ,
(eqns. V, 9-16), it can be seen that eqn. V, 21 is a polynomial

in [0H™], the only unknown quantity, and its value may be
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detefmined by solving this equation., This solution appears
at first sight to be a laborious process although it can be
carried out graphically. It may, however, be considerably
simplified by considering'individual cases. These are dis-
cussed below.
(1) The last two terms are obviously only involved when
the appropriate species have been added to the reaction

mixture., In this connection, it is worth noting that the

addition of CO,~ or NH4+ ions does not require any addi-
tional terms.
(ii) The third term is negligible.

(iii) The fourth term can be neglected except when OH

ions have been added to the reaction mixture.
(iv) The second term can be neglected when [OH ]1{ 3 x 107°,

Under these conditions, V, 21 reduces_to:

g‘l‘ —H -‘e—j-*_zl L) L] = n_‘ v: 22

and thus [OH™] can be obtained directly from Tables 3, 4 and 5

or from a graph showing G%Liy as a function of [OH™], as
7

=8 ot
- 107" [H"] range. These

is drawn in Fig. 8 for the 10"

simplifications are illustrated below for two typical re-

action mixtures based on NH,CNO and NaCNO Runs respectively.
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Table V, 6 I=0.25 Temp. = 60°C.

'AMMONTUM CYANATE

From Table V, 4

| S

No |[ox=)|Slemo™]|[u*]
B‘ ay|LC o{C oC
=

[cwo™]| w C [oH™]| oAcC

0.044 |0.0450.00177 (2 *_ (188 X | o055 1B X | 501 |107*

0.010 |0.018|0.00616|2 x l|o0.00212! 2.92| 107%| 107° |107®
- 5 i .
10

It is clear that all but the first term of equation V, 21,

are negligible and the [H+] concentration may be read directly

from a graph as.in Fig. ®.

Table V, 7 I = 0.25 Temp. = 60°C.

SODIUM CYANATE

From Table V, 4

“ [or"]|p+ 2y S[eno7]l [H] |&32

[1*] [om™] [Xc | "ot T} ke | *EC -
: | [oH™]

) P SN S OO, DR P AC
6.91 x 10" T|2.8 x 10~*[0.034| 0.791] <10™° [{8 x 10™°|0.757
16.45 " 13.0 " |0.036| 0.768| " " 0.752
6.04 v 8.2f 0.038| 0.746. " " 0.708
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It can be seen that only the first two terms contribute:
- Extrapolating graphically to an N/C ratio of 0.747,

[oH"] = 2.88 x 107¢

Oonce [OH ]} is known, the parameters®, 8 » Y s etel,
which are fﬁnctions of this quantity, can be calculated and

hence the eoncentration of all the species which are present.

(2) Barium Ions present

When Ba++ ions are présent in the solution, a certain

amoﬁnﬁ of Barium Carbonate will be precipitated.. [oH"] 1is
" still given by eqn. V, 21, if we aséume C, the total carbonate
_concenfration;:to tefer now tdfthe value of the carbonate in
‘sglution, excluding that ﬁrecipitated.. Experimgntalldeter-
@inations of the total carbonate in solution, in reaction
mixtures contalning barium.ions, showed'that'the value was
small compared with that precipitated, i.e., précipitation
. ‘was largely‘complete and accuréte experimenpal determinat;on

of carbonate in'gblufioﬂ was not possible.™ At any stage' of

the reéction then:
[Ba**] = [Ba™], - ¢ .. .. ¥, 2%

(C still réfefs‘to total carbonate, including that precipitated, .

where the subscript "o" has the usual meéning:)

* The [HCO,~) varies from 0.00019 M. at t = O to 0.00083 M,
at t = 5706 mins.’ |
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K7

Hence [c0.”] =
[¢]]
3 S = _
where Ko = [Ba ][co& ] ee e vV, 24
and from the definition of X, (p.10I )
[HCO."] = o — .. V, 25
5 | ([Ba™"], - c) K, [OH™]
and from the definition of K&
S K, X, |
[Hacoslw = v, 26

([Ba™"], - ©) K, [oW]%

Substituting these values for [H2005]T and [HCOS'] in eqn.
V, 20 and for ['NH&_] and [HCNO] from egqns. V, 8 and V, 14,

(remembering that in all the runs carried out with added barium

ions, orly GNO , NO&: and alkali metal ions were initiaily

present);

-

(057 - [0

or
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_ e By
Wl ) = Ey e d
((Ba**] - c) | ~[ov)
A {S[GNO] + [OH]L— [H+] + [H }

vV, 28
It i1s found that under the experimental conditions em-
ployed, only the first term need be taken into'account. This

is illustrated below,

 Table V, 8 I = 0.25 " Temp. = 60°C.
[Ba**], = 0.03 M. N. = 0.0021L
- ._ - : + - 1 1st term |[2nd term !
CNO C H OH 3
L[ ] (7] | [on™]

. on r.h.s. |on r.h.s.|

0.048/0.00143|2.4 x 10”2 [8.0 x 107°%|1.0 x 107%|-1 x 1076

 0.008(0.0245 |9.67 x 1077(2.0 x 107°|1.9 x 107°|-5 x 1077

Hence, as a first approx1mation, values of [H ] may bve

calculated from a graph show1ng

[, %%
Klo] | * o ]

necessary data is shown in Table V, 9. This value of [OH’],v

as a function of [OH ] The

however,'assumes that all carbonate is precipitated as barium
carbonate, which, as has already been stated, is not so;_'The»

observed values for N and C are, therefore, low and [CNO~] too
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large: by an amount [HCOST] (carbonate in solution). A value
of [HCOaf] was calculated from the preliminary value of [OH™ ]
and hence improved values of N and C. An improved value of

[OH"] can then be calculated from eqn. V, 21 as described in (a).

A further approximation was found unnecessary in this case,

Table V, 9

Galculation of hydrogen ion concentratiog,'etc., in the barium-—

added runs

‘ = | K,, 28K, .
§: ] | [oB™] | o @ __ R'z'??d—H'T(} + ‘[BH—é] )a'lL'
5.87 x 10~ |5.0 x 10”7 [0.01291 [0, 4051 7.3 x 1072
2.42  [8.0 0.02051 {0, 4192 2.1 x 1072
1,95 ©  |1.0 x 107®|0,02551 [0.7574| 1.2 x 1072
9.67 x 10°[2.0  |0.04976 |0.7285 2.1 x 107°.
se7 - |5.0  |o.1157 |o.sesL| - 2.7 x 107%
|z.42 |80 |o.aez [0.9050| . 1.0'x 107
104 - _1.0“x.io'5 0.8076 . [0.9174 . 6i6x lb‘?,
9.67 x 10 [2.0 - |0.3436 |0.9865 1.9 x 107°

The calcuiation of [H'] at 60°C. from pH measurements at

' room temperatures
The pH at various times throughout. the decomposition of

0.1 M. urea was determined, using a Caﬁbridgefpﬂimeter, on
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samples cooled to room temperafure. It was necessary to cal-
culate the correspondlng pH at 60 °c.
In the range of N and C values encountered (¥ > 10C),

the hydrogen ion concentration is giv-en by: .
=: ——l cf, .\07
[ b .

Consequently, from the observed vaiue of the pH at room tem-
perature, the values of %: may be calculated at 20°C. The pH
corresponding to this same g;ratio at 60°C. will be the
required value at this temperatﬁre. In practice, it is suf-
ficiently accurate to use Tables Vy 3 and Vv, 5 at 40°C. and

8000.; the increase in hydrogen ion concentratioh over thié

range corresponds. approxlmately with that over the 20° —_GOOC.

range.




CHAPTER VI

THE CALCULATION OF RATE CONSTANTS

(a) Evaluation of rate constants

It has already been pointed out that the rates of urea

and carbonate formation are given bLy:

g[_g%_l = k_U[NH4+][CNO-] - kplUrea] .. .. I, 1
and %2. = . k,[CNOT] + Kk [H"][cNOT] + ko[HCO,"][CNOT] 11, 2

respectively. Neither of these equations can be integrated
directly.
Rate constants are calculated by graphical integration,
since these are éonsidered more accurate than instantaneoﬁs
 values obtained from the slopes of [Ufea] -tendC-t
curves, although more laborious to calculate.

. . t
Integrals of the type Jo- xy dt
.are evaluated by taking the area under a graph of xyt as a

function of ioglot, when rt

J o X¥ dt = 2.303 x Area
This procedure was found more convenient than the more
; - obvious one - the area under the curve xy as a function of ¢
- in view of the long tail of such a curve for large values

' of t. A typical curve for Run 2 is shown in Fig. #£.9.
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(b) The rate constants of urea formation (kU)

The rate of urea formation is given by:

d[Ug:a[ - kU[NHé*j[CNO-] - kR[Urea] ee e i1, 1

i.e., [Urea] - ['Urea]o = ky 5t [NHZ+][CNO—] dt - kg Sz [Ureé] at:
' 'o

from which kU can be calculated if kR is knovwn. fhé value of

lcR can be obtainqd' from independent experiment (p.!8’ ) and,

for the experimental conditions employed, it can be Shown that
the term involving this quantity can be neglected in the cal-
culation of ky up to 80% reaction. This is illustrated in

Table VI, 1 below for typical runs:

‘Table VI, 1 | I=0.25 -~ s0%.

13 _ t
% reaction ké{ [NH4+][CNO }dt.kRJ [Urealdt
. » | de

0.05 NH,CHO
4 60 0.029 0.00012
(Bum: 2) - 1eVs | >
70 | 0.0 0.00030
80 ' O ° 058 ! O e 00045
0.05 NaCNO 80 0.0% 0.00036

(Run 14)
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(¢) The rate constants for carbonate formation (kys Xk and kc)

The rate of carbonate formation is given by:

L = ik, leno7] + Kk [H*][oN07] + ko [HCO, "] [CNO™]

or, on integration:

t %
C-¢, = kwj [cNO™]at + kHS (H*]1[cNo™]at

(o] o)

t
+ kcj [HCOB_][CNO-]dt .. VI, 1
o _

This involves the evaluation of three constants from about
twelve experimental points, and although this can be done by
an extension of the least squares method, the contribution of
the term in Ky is so small that its value is less than the
standard deviation and hence meaningiess.
An approximate value of ky was available (10*4 gm. mol. t

L. min. % at 70°C., by Wyatt and Kormberg (54)). If this value
is not greatly in error, the contribution of the term in kH

tc the totz2l carbonate formation from sodium cyanate can he

=10)

. 9
neglected, as here [H'] is small (10~ - 10 . Hence,

approximately:

L . - t - -
cC~- ¢t .
Gl o= kwszCNo.]dt + kCSO[HCOS}][CNO lat
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t - -
C - ¢ kcjo[Hco5 Jfcno™]at

QO
Ky +

or I —
j [cNo™ ]at
o

t — - o0 VI! 2
S feNo™]at

o
Approximate values of kC and kw may thus be obtained from the
results of a sodium cyanate run by plotting:

C - Cb

St[CNo*}dt
o

jt[HCOS-][CNO-]dt
() _

as a function of

St[cno']at
(o]

when these.constants can be calculated from the slope and'inter—
cept of the resulting straight line. An example, for a typical
run, is illustrated in Fig. 10®. The substitution of these
values (for kw.and kC) in eqn. VI, 1, then allows an approxi-
mate value of k. to be obtained from the results of an ammonium
cyanate run, wheré the term involving this constant contributes
appreciably to the total carbonate formation. The use of this
value of kH in conjunction with the results of a sodium cyanate
run, leads to improved values for kcjand kw, which in turn, give
an improved value of kH from the results of an ammonium cyanate
run. A repetition of this procedure does not appreciably alter

the value of these constants. The difference between the approxr

< . 2 L e mwrm ]l avm Tacamn” £ < - + 3 -
imate and improved values is illustrated in Table VI, 2.

* In Fig. 1D =:'St[cN07]d¢
<0

v e)
il

jZ[Hco5‘][cmo']dt

t[H*]Ecno']dt
o .

C = c---.c° - kHj
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(a)

Table VI, 2 I=0.25 60°C.

The rate constants for Urea decomposition (kR)

The rate of urea decomposition is given by:

- = al1peal

" u _
ol = kR[Urea] 3

--5 b
1, (167%) | 1, (20%) 15, (20°)
Determination of approx. values :
of k. and k, (NaCNO, Run 13) - 1.63 6.7
Determination of approx. value '
of k (NH CNO, Run 2) 3.7
Recalculation of kC and kw'
applying a correction for kH
term ' - 1.67 6.2
Recalculation of kH assuming
corrected values of kw and
kC . , 4.0 - -
% change . 8% 3% 8%

The last term (involving kU) was neglected and the

equation integrated directly. First order rate constants

were calculated from an approximate‘form of the first order
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rate expression:
[Urea] - [Urea]®

[Urea]o t

which holds with sufficient accuracy over the range considered
here.
Values of kR can be calculated by extrapolating the values
of k back to zero time, i.e., when the effect of the reverse
reaction is negligible. In practice, it was not found necessary
to extrapolate graphically, in fact, the accuracy of determina-—
tion of the small [Urea]t - [Urea]° values would not allow this,.
but a mean value over the first 12 hours of a run at 60°C. is
sufficiently accurate for this purpose. Table VI, 3 below,

shows the effect of urea formation over this time to be negli-

gible,
Table VI, 3 I =.0.25 .60°¢.
Run 25
Time k 't£Urea]dt x 105 | Yy, *]fovo"]at x 10°
(mins) R), ! kwjo 4 It
288 | - -
737 71.5 5
o78 - 108 6.5

F I 0 4
‘Accurate if [urea] -[Ureal

o .
[Urea]o N

This function is always less than 5 x 10'2 over the range con-
sidered here and the error caused by the approximation less than

1% in kp. ~119-




CHAPTER VII

EXPERIMENTAL _DETAILS

() Preparation of Materials

Sodium Cyanate

Approximately 20 gms. of B.D.H. commercial sodium cyanate
.was dissolved in 100 ml. water at 40-50°C. and the solution
 filtered. The filtrate was cooled as rapidly as possible to
room temperature and re-filtered. After one hour in a refrig-
erator, 4-5 gms. of white crystaline sodium cyanate séparated,
and this was filtered off and dried in a vacuum dessicator
over P205. It was found to contain not more than @.8% car—
bonate (and usually less than 0.5%) and no detectable cyanide
or ferric ion.

It is important for.the heating period to be short and
the Tiltrate cooled as quickiy as possible. The method,
although wasteful of crude material, is simpler than other
methods described and does yield a sétisfactorily pure product.
The pH of an 0,05 M. solution of fhe cyanate was found to be
abprox. 8.3 (theoretical value 8.1).

Ammonium Cyanate

The method adopted by the majority of previous workers
was found satisfactory, i.e., double decomposition between
ammonium chloride and silver cyanate.

Silver cyanate was prepared by heating a solution of
silver nitrate (N/mo) with five times the equivalent quantity

of urea. The first dark batch of crystals was filtered off
~120-




and discarded and the remainder - formed after two hours'
heating - filtered off and dried in a vacuum desiccator.

1.33 gms. of "Anglar" ammonium chloride and approx. 4 gms.
of silver cyanate in 50 mls .water were shaken together until
no appreciable chloride could be detected in a few drops of the
supernatant liquid (approx. 20 mins.). The precipitate was
filtered off and the 0.5 M. ammonium cyanate solution diluted
to the required strength™.

Urea

A batch of WMessrs. B.D.H. Analar grade urea was found to
contain approx. 1% biuret but to be otherwise pure. This
urea was recrystglised twice from aicohol and dried in a
vacuum desiccator; M.P. 132°¢C. (after re-crystalisation, no:
biuret could be detected).

Biuret

A small sample was prepared by the method of Haworth and
Mann (104).

Acetone

Commercial Acetone was purified by the method of Conant
and Kirnef (205), i.e., refluxed for two hours over caust1c>
soda and potassiuim permanganate, and di§tiiiéd. A@etong,
which had already been used . contained ammonium salts and was,

therefore,'distilled with acid (2 1. acetone + 10 Ml. dil. H%SO4)

¥ Bader, Dupre gnd Schutz (103) criticise this method of prep-
aration, considering the product to be contaminated with as
much as 14% carbonate. The max. encountered during the
present investigation is 1% (see Run 1).
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(v)

in order to ensure the absence of ammonia in the final product.
Lacmoid (indicator)
A stock solution was made up by dissolving approx. 1 gm.
lacmoid in 250 mls. acetone. Approx. 4 mlg. of this was added
to each Winchester of acetone.

Standard Hydrochloric Acid

Constant boiling mixture HCl was prepared by the usual
procedure. This was diluted (by weighing) to give an approx.
0.01L M. solution of accurately known strength. In the first
instance, the strength was checked by titration with silver
nitrate, standardised against sodium chloride. Allisodium.

hydroxide was standardised against this étandard hydrochloric

Determination of Total Basicity

The total basicity - [CNO™] +2C - of a solution was
determined by adding excess hydrochloric acid in the presence
of 2 large amount of acetone and back-titrating with sodium
hydroxide, lacmoid being used as indicator. The general prin—
ciples underlying the methed have already been discussed
(cf. p.94) and consistent results wers chiained, provided that
the amount of water present was small. The following procedure
was, therefore, adopted. |

A tube containing 3.749 mla? of the reaction mixture was::

placed: in approx. 200 mls. neutralised acetone, the tube broken

¥ at 0%.
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after the appropriate amount of HC1l had been added, and the
total volume made up to 400 mls. with more neutralised acetone.
The sodium hydroxide was added from a semi-micro burette and
the HC1 made up in 70% aqueous acetone.

The reliability of the method is illustrated in Tables
VII, 1 and VII, 2 below, the solution being made up by weight
from the pure salt. On the whole, the results are slightly
higher than expected but this is consistent with a small amount

of carbonate in the "pure" cyanate.

Table VII, 1

Determination of Cyanate concentrations in the absence of

carbonate
1.997 mls. of\cyanate solution of known strength was titrated
with 0.00919 N. NaOH after the addition of 2.03 mls. of
0.06396 N, HC1l.

[cno™] - Titre (mls) [CNOT] found | 2 Error
0.04681 | 1.46® |  o0.04687 + 0.1
0.03580 4.09 0.03603 + 0.6
0.01221 .36 . 0.01224 + 0.3
0.003580 9.97% 0.003684 + 0.1

% In this experiment 0.01170 N. NaOH and 0.05454 N. HCl
were employed.

I% In this experiment 5.006 mls. of cyanate solution were

used. : '
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(c)

Table VII, 2

Determination of [CNO~] + 2C.

1.997 mls. of cyanate-carbonate solution of known strength

weretitrated with 0.00919 N. NaOH after the addition of 2.03

mls. of 0.5396 N. HC1.

[CHO™ ] c [CNO™] + 2C|Titre|[CNO"] + 2C|% error
S found

0.04876 | 0.01895. 0.09667% 2.85| 0.09661% -
0.04876 | 0,00379 0.05634* [11.65| 0.05610 - 0.4
0.04876 | 0.00190 | 0.05256. - 0.46| 0.05272 + 0.2
0.01761 | 0.00210° | 0.02181 7.18| 0.02180 -

% In these experiments, 4.06 mls. HCl wereadded.

Determination of Total Carbonate

The total carbonate, C, was determined in the same manner

as that used for basicity, except that the cyanate

was first

removed from the solution.: The following method was finally

adopted.

isn contalning 40 wms. ammonium nitrate

and 17 gms. of silver nitrate per litre were added to 3.749 mls.

of the reaction mixture, made up to 25 mls. and shaken.

Under

these conditions, no appreciable amount of silver carbonate: is

precipitated, provided the carbonate concentration of the

sample is less than 0.035 M.

-124~

A portion of the mixture was



centrifuged and 5 mls. of the supernatant liquid withdrawn

and titrated as before, with sodium hydroxide in acetone

after the addition of excess hydrochléric acid. A few crystals
of sodium chlbride were added prior to the titration to remove
the silver ioms.

The end point was not as sharp as might have been desired.
This appeared to be due to the relatively large amounts of
ammonium ion necessarily present to avoid precipitation of
carbonate. Thelight conditions prevailing during the titra—
tion also affected the value of the end point, but by working
under standard conditions, it was possible to obtain results
reproducable within 0.005 mls. alkali. '

Before each series of titrations, "blank" titres were .
determined to allow for the incouplete precipitation of silver
cyanate and the prevailing light conditions. Blanks were
determined in two ways:- - _

(a) by carrying out the procedure with standard solutions

of cyanate containing no carbonate. (Cf. Table VII, 3).
or (v) Dby analysing a carbonate-cyanate mixture in the

normal manner and again after it had bcen diluted prior

to precipitation of the silver cyanate. (Cf. Run 2).

The peliability of the method is illustrated in Table
VII, 3 below. It can be seen that the accuracy of the method

is independent of the amount of cyanate present and decreases

with decreasing carbonate concentration.
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Table VII, 3

Determination of Total CGarbonate

5 mls. of a solution containing known amounts of sodium cyanate
and carbonate (made up by weight) were employed. Cyanate was
precipitated, the mixture made up to 256 mls. and 5 mls. of the
sﬁpernatant solution reacted with 2 mls, of 0.02024 N. hydro-
chloric acid and titrated with 0.01048 N. NaOH

The sodium cyanate contained negligible carbonate, as the same

titre was obtained by analysing solutions of different strengths.

Blank titre = 3.817 mls.
By weight . o
¥ : %
Titre C (found)  Ervor
[cmo™] | C
0.04876 0.01895 0.200 0.0189 -
0.01621. 0.01895 0.210 0.0189 -
0.04876 0.00379 3.088 0.00382 +1
0.01621 0.00379 3.069 0.00392. + 3
0.04876 0.00190 3.462 0.00183 - 4
0.04876 0.000948 3.630 0.00980 + 4

Each value is the mean of four titrations.
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(a)

The Calorimetric Determination of Cyanate

The accuracy of the method for the determination of C
decreases as the total carbonate decreases and cannot, there-
fore, be employed in the investigation of the decomposition
of urea where small quantlities of cyanate and carbonate have
to be estimated. Under these conditions, it was found more
convenient to determine cyanate concentration instead. This
can-be done spectrophotometrically, using Werner's modifica-
tion of the Spatu test (106), which involves the celorimetric
determination of a copper-pyridenie-cyanate complex soluble in
chloroform, also used by Bailey and Bailey (107) for the
determination of cyanate solutions of about 0.01 M.

The following method was adopted.

5 mls. of the cyanate solution were shaken with 2 mls. of
a 2% Copper Sulphate pentahydrate solution, 2 mls. of A.R.
p&ridene and 10 mls. of A.R. chloroform. 2 mls. of the
chlorofiorm layér were run off through a Watmann No. 1 filter
paper*; into a 1 dm.‘photometer cell (larger cells would have
increased the accuracy, but none was available at this time).
The percentage transmission at 690 mi was dsicrmiined,using
a Unicam S.P. 500 spectrophctometer, separate experiments
having shown that the maximum adsorption occurred at this

wave length.

£ 7o remove a slight aqueous suspension.
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(e)

(-f )

It was found that nitrate ion interfered very slightly in
the determination and the "blank" cell was, therefore, filled
with a solution which had undergone the same treatment and con--
tained the same amoumt of potassium nitrate as the cyanate
solution. The calibration curve for known cyanate concentra-
tion is shown in Fig. 1i. (This is dependent on the particular
pair of cells used). The accuracy of the method is estimated
at about + 5% at a cyanate concentration of 0.005 M. and
+ 10% at 0.001 M. Ammonium ion, carbonate, urea and biuret
were shown not to interfere to any detectable extent.

Determination of Biuret (Usual "biuret test")

Only a very rough estimate of biuret was required. In
fact, none could be detected in any of the solutions examined.'
2 mls. of a 2% copper sulphate solution and 2 mls. of a 2% NaOH
solution were added to 5 mls. of the solution to be amined.
The precipitated cupric hydroxide was centrifugéd down andithe
supernatant liquid examined at 560wyx » for biuret colour.

4

5 x 10°% M. biuret could be detected.

The Determination of Precipitated Carbonate

In Run 19, barium nitrate was added to the cyanate sclu-
tion and it was necesséry to estimate that carbonate which
was precipitated as barium carbonate.

The following technique was adopted.

The tube, containing 10 mls. of solution, was broken open

at the top and the solution drawn off with a Miller type-
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filter stick (108) containing a ﬁulp:of "Watmann Accelerator"
inside the raised lip. The precipitate and filter stick were

- washed with barium nitrate solutiop and excess hydrochloric
acid added. After warming for ten minutes at 60°C., (to ehsure-
complete reaction of the carbonate with the acid), the excess

acid was determined by back titration with sodium hydroxide.

(g) The Determination of Urea

It was considered desirable to show that the stoichio~
metric equation of carbonate and urea formation were, in fact,
obeyed and results to this effect have already been quoted (p.93).

Urea was estimated by the method of Fosse (109). A 10‘mls. -
sampie of the solution (sealed in boiling tube) was cooled to
room temperature and diluted with three volumes of glacial
acetic acid and 0.5 vols. of a 1.0% solution of Xanthhydrol

- in methyl alcohol. After one hour, the precipitated
Xanthhydrol-urea was filtered off in a semi-micre sintered
glass crucible, washed with alcohol énd weighed. The accuracy
_of the method at a urea concentration of 0,01 M. was estimated
at + 2%. |

Two solutions, which originally contained ammcﬁium-aud

sodium cyanates; were examined. (CIf. Table V, 1).

(h) Technique of Runs
All ruhs were carried out using the usual closed tube

technique, care being'taken to ensure that gés and liquid
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volumes were approximately equal. Tubes were filled at OOC.,
using the gpparatus shown in Fig. 12, which delivered 3.749
mls. at 0°C.

The thermostat was the usual oil-water variety, controlled
to + 0.0200; at 60°C. by a mercury-toluene regulator. Temp-
eratures were corrected against standard N.P.L. thermometers.

Preliminary experiments showed that after an initial
warming up period of two minutes at 60°C. and three minuteé
at 80°C;, the tubes had reached thermostat temperature.

Tubes were placed in the thermostat in groups of eight and,
after the warming up period, two were withdrawn and cooled in
-a dewar of solid Cozand alcohol. Tubes were thus withdrawn

" from time to time in pairs (one for [CNO ] + 20 and one for

C determination) and frozen untll requlred for analysis.
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CHAPTER VIII

DETATLS OF RUNS

In the following pages, details are given of the runs
carried out.

Full details (all major steps in the calculation) are
shown for Runs 2 and 12, Inlthe majority of cases, only the
conceﬁtrations at each time of N, CNO , C and Urea are re—
corded, togetﬁer with final results of the runs. For the
remainder - repeat runs which show nd new effects -~ only
final results have been quoted.

The following remarks apply to all runs:-

(a) All runs were carried out at an initial ionic

strength of 0.25. _

(b) All times are in minutes unless specifically stated

to the contrary (a few urea decomposition runs).

(&) K11 rate constants are in gm. mol, % L. min.”%
units unless it is specifically stated to the contrary.
(@) In all runs, the urea concentration recorded is that
mcld after zero time. There will. of course, have been
some urea formed during the initial warming up period
and preparation of the materials, but since urea does
not affect either the pH or ionic strength of the solution,
and the correction to be applied to allow for the reverse
reaction is very small, its absolute concentration does
not need to be known.
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Run 1

Temp. = 60.12°C.

0.0519 M, Ammonium Cyanate (No additions)

- ¥ See p. 131,

= 3,99 x 10"

7152_- ;

Time N [cNO™] .C ' [Ufea]x'
0 0.05252 0.0519 0.00031 0.0
16 0.05266. | 0.0504 | 0.0011% | 0.0007
27.6 0.04852 | 0.0454 0.00156 0+-0052
40.3 | 0.04614 | 0.0427 | 0.00172 | 0.0078
53.1 0 04540 '0,0411; | -0.00215 040089
.8 '0;04293 0.0380 | 0.00246 0, 0117
1065 | 0.08968 | 0.0340 | 0.00284 | 0.0854
141 0,03826 | 0.032% 0.00310 | ~ 0,070
168 0.03502 0.0285 | 0.00326 | 0.0204
196 | 0.03260 | 0.0265 0.00350’ | 0.0222
281 '0.03003; 0.0213 0.00435 0.0265
a3y 0.02586 0.0165 | 0.00468 | 0.0510
525 0j02452 - | 0.0147 | 0.0049% - | 0.0326
1428 001856 | 0.0060 -0;00628' @.0399
= 0.0754




Run 2

0.05566 M. Ammonium Cyanate with 0.00448 M. Sodium Carbonate

added. Temp. = 60.13°C,

Table A (Basicity)

The tube, containing 3.749 mls. of reaction mixture, was
broken into neutral acetone containing an excess of HCl -~ the
nunber of mls. of 0.05324 N. HC1l added are shown in Col. 2.

The excess acid was back titrated with 0.01119 N. NaOH (Col.3)

Table A (Carbonate)

The tube, containing 3.749 mls. of reaction mixture, was made
up to 26 mls. with QgNO, - NH,NO, solution (pet25 ). 5 mls.
of supernatant liquid were removed and reacted with 1.980 mls.
of 0.02036 N. HCl1l and back titrated with 0.01119 N. NaOH.

Then:

g + myn o {%.98 x 0.02036 - Titre) 0.011%9 X 5
y.o= 0.01119 T B.749

where "y'" is that cyanate remaining in solution and also includes
"l1ight factors", etc., (see p.125 ). Its value is determined

from two similar titrations of the original reaction mixture:-

(1) A sample of the cyanate solution analysed for
.carbonate as above: ' Titre = 2,740 mls.
(2) The same solution diluted fivg times and
re-analysed: “Titre = 3.419 mls.
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Thus: (1) gives 2C + y

(2) gives % C + y

and hence:

1.98 x 0.02036

5 _ 0,01119 x 5
y 0. 01119 (2.740 + 4__(5.419 2.740) =715
and hence:
2C = (3.588 - Titre) Q:QL119 X 5

3.749
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Run 2 (continued)

Table A
Basicity Carbonate

(ming) | Ho1 |(maey |20 * [07T] | Fei | Gorg) |
0.0 5 |2.07 | 0.06484 2 | 2.974 | 0.00458
15.9| 5 |2.92 | o.06232 2 | 2.943 | 0.00481

25.0| 5. |3.50 | 0.02412: - - -
42.3| 5 |4.43 | 0.0578L | 2 | 2.886 | 0.00524
60.6(3.970|0.28 | 0.05553 2 | 2.85% | 0.00550

76.5| " |1.0% | 0.05329" - - -
115.3| " [2.17 | 0.02990 2 | 2.780 | 0.00603

156.2| " |3.35 | 0.04644 - - -
ei2.2| " |4.39 | 0.04326 2 | 2.676 é 0.00680

300.7| " |5.66 | 0.03950 - - -
590.7| " [6.65 | 0.03683 2 | 2.536 | 0.00785
| | s24.5| " |7.32 | o0.03445 2 '| 2.455 | 0.00846
; 750.5| " |s.21 | 0.03187 2 | 2.ze5 | 0.00v13

| §19.2| " |s.a4 | o0.03119 - - -
1112.6/ " |8.94 | 0.02968 2 | 2.250 | 0.00999
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Run 2 (continued)

Table B .
Time N [cno™] [Urea]
(mins) '
0.0 0.05586 0.05566 0.00
15. 9 0.05336 0.0527 0.00273
25.0 0.05161 0.0507 (0.00463)
42,5 0.04888 0.0473 0.00770
60.6 0.0465% 0.0445 0.0102
76.5 0.04433 0.0420 (0.0125)
113.3 0.04090.! 1 0.0378 0.0164
- 156.2 0.03748 0.0335 (0.0209)
T g12.8° . 0.03430 0.0297 0.0258
300.7 0.03054 0.0245 (0.0283.)
390.7 0.02780 0.0211 0.0313
524.5 0.02546 0.0175 0.0342
750.5 0.02290 - 0.0136 0..0375
519.2; 0.02223. ‘0.0127 (0.0378)
1112.5 0.02072 0.0097 0.0A08
L.

() =

~136~-
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Run. 2'continued

Calculation of [Hf] and ionic concentrations (see p.li0S ).

Table C

Time Rﬁ;é? E?ZIB) ol [co,~]1 | [mH,*]|
0.0 | 12.1 | 4.85 0.094 0.00384 | 0.0506
13.9 | 11.1 | 4.45 0.102 { 0.00409 | 0.0479|
25 10.42| 4.20 - | 0.108 0.00424 | 0.0460
42.53 9.32| 3.74 0.119 0.00455 | 0.0443
60.6 8.46| 3.39 0.181 0.00484 | 0.0405
76.5 | 7.84| 3.13 0.140 | 0.0050L | 0.0381
113.3 6.79| 2.69 0.160 0.00542 | 0.0344
166.2 5.79| 2.25 0.187 0.00589 | 0.0304
212.2 5.04| 1.93 0.211 0.00624 | 0.0271
300.7 4.07| 1.50 0.258 0.00696 | 0.0237
390.7 3.55| 1.27 0.285 © 0.00731 | 0.0199
524.5 5.01| 1.05 0.343 - 0.00792 | 0.0168
750.6 2.5 0.777 | 0.395 I 0.00854 0.0139
1112.6 | 2.08| 0.525 | C.489 | 0.00927 | 0.0106|
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Run 2 continued

Rate constant of Urea formation (see p.lI5 ).

-158-

Table D
e o 4 - [urea] |, ‘t[Urea]dt
Time S [, "IlcNo™lat| - R}, kK
° - |furealy) ([ewo™] from
' reverse
reaction)
13.9 |
24.6 0.0247 0.00186 0.0753
33.9 0.0458  .|0.00310] ©.0677)
64.6 0.1057 0.0077 0.0729
115.0{101.1}  .0.177 0.0136 0.0768
155.0|141.1 0.227 0.0170 | 0.0749
|224 {200 0.280 0.0210 | 0.00005 0.0753
205 |281 0.336 0.0252 | 0.00008 0.0753
389 |&75 0.382 0.0285 | 0.00012  |0.0749
501 | 487 0.419 0.0309 | 0.000%7 0.0740
708|694 0.474 |0.0344 | 0.00029 0.0732
|o77 |963 0.517 0.0377 | 0.00045  |0.0738
Mean k;; = 0.0746
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un 3

0.0530 M. Ammonium Cyanate with 0.006098 M. Sodium Carbonate

Temp. = 60.13°C.

added.

Time N [cvo™) C [Urea]

0 0.056332 0. 0530 0.00626. 0.00
13 0.05118. 0.0498 0.00679 0.0087
28 | . 0.04903 0.0473 0.00696 0.0050
40 0.04788 0.0451 0.00719 0.0070
65 0.04458 0.0419 0.00747 0.0099
o1 0.04237 0.0389 0.00783 0.0125
119 0.04025 0.0363 0.00809 0.0149
150 0.03816 0.0336 0.00838 0.0173
180 0.03630 0.0314 0.00854 0.0194
210 0..03500 0.0296 0.00879 0.0209
284 0.0321%7 0.0259 0.00924 0.0242
346 10.03038 0.0235: 0.00954 0.0263
407 0.02875 | 0.0215 0..00984- 0. 0281
467 0.027753 0.0198 0.01008 0.0294
517 0.02661 0.0182 0.01030 0.0307
560 0.02631 0.0176 0.01048 0.0312
685 0.02512 0.0154 0.01097 0.0329
811 | - 0.02410 0.0133 0.01149 0.0345
083 0.02332 0.0117 0.01191 0.0357
1138 0.02261 0.0000 0.01224 0250

L
k.U! = 0,0728
k, = 5.8 x10%° ¥

x'The values calculated for kH from this run, drift from 4.4

X 105 - 3.3 x,los, but the contribution to the total carbonate
from the term in k. is small (max. 0.0007 M.) and hence, this
variationis probably due to experimental error.
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R]m 4_- Te!np’. =. 60. 15)000

0.0514 M. Ammonium Cyanate with 0.00207 M. Sodium Carbonate

added.
k; = 0.0721
ky = 4.1x 105
Run 5 ~ Temp. = 60.15°C.

0.0506 M. Ammonium Cyanate with 0.00566 M. Sodium Carbonate

added.
| kU' = 0,0754
k, = 5.9 x10°"
RUIJ. 6 . Ternpe - 60. 15000

0.0508 M. Ammonium Cyanate with 0.00762 M. NHS'added.
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Run 7

Temp. = 60.13°C.

0.0507 M. Ammonium Cyanate with 0.00650 M. NH, added.

Time N. [cnO™] C [Urea]
0 0.05838 0.0507 0.00059 0. 000
13 0.05601 0.0481 0.00070 0.00251
30 0.05336 0.0453, 0.00080 0.00526
51 0.05022 | 0.0419 0.00092 0.0085
75 0.04750 0.0389 0.00105 0.0114
114 0. 04375 0.0348 0.00124 0.0153
142 0.04156 0., 0323 0.00137 0.0176
175 0.03886 0.0293; 0.0015% 0.0205 .
202 0.03767 0.0283 0.00162 0.0214
279 0.03435 0.0241 0.00190 0.0254-
339 0.03227 0.0217 0.00207 0.0275
404 0..03054 0.0196 o,ooézz 0.0296
464 0.02903 0.0179 0.00234 0.0311
524 | . 0,02788 0.0164 0.00247 0.0324
§08 £.02515 0.013 C..00280 8 0055
853 0.02388 0.0114 0. 00301 0.0369
1018 0.02273 0.0097 0.00328: 0.0384
k; = 0.0741
Ky = 4.1 x 10° (mean of values of kg

after & = 114 mins.)
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Run 8 Temp. = 80.13°C.

—————

0.0434 M. Ammonium Cyanate with 0.00148 Bodium Carbonate

added.
N [cno™] C [Urea]
0.04422 0.04342 | 0.00188 -
0.04182 0.0402 | 0.00229 0.0028
0.03950 0.0372 0.00265 0.0055
0.03706' | 0.0340 0.00300 0.0083
0.03480 0.0308 0.00348 0.0111
0.03268 0.0282 0.00371 0.0134
0.03086 0.0259 0.00395 0.0154
0.02922 0.0240 0..00409 0.0172
0..02700 0.0210 0.00448 0.0199
0.02541 0.0188 0.00478 0.0217
60 0.02404 | 0.0870 | 0.00498 0.0285
70 0.02277 0.0155 0.00520 0.0248
85 0.02135 0.0132 0.00558 0.0266
115 0.0185% | 0.0Li3 | 0.00574 | 0.0283
X, = 0.551
ky = 1.41 x 10°
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Run 9

Temp., = 80.12°C.

0.0498 M. Ammonium Cyanate

Time N [cNO™] o [Urea)
{}Mins)
0 0.05198 0.0498 0.00109 -
3 0.04878 0.0447 0.00205 0.0041
6 0.04491 0.0400 0.00244 0.0084
10 0.04200 0.0363 0.00285 0.0117
15 0.03720. 0.0307 0.00325 0.0169
20 0.03623 0.0288 0.00372; 0.0184
25 '0.03430 0.0265 0.00390 0.0205
30 0.03382 0.0257 0.00406 0.0211
40 0.02966 0.0205 0.00460 0.0258
50 0.02767 0.0179 0.00489 0.0281
60 0.02596 0.0156 0.00516. 0.0301
70 0.02458 ®.0140 0.00543 0.0315
85 0.02323 0.0118 0.00573. 0.0334
115 0.02134 0.0094 0.00596. 0.0355
145 0.02000 - | 0.0078 01, 00609 0.0370
k;, = 0.554
k; = 1.38 x 107




Run 10 Temp. = 39.99°C.
0.0684 M. Ammonium Cyanate with 0.00148 M. Sodium Carbonate |
added.
Time N [cwo™) c [Urea]
0 0.05843 0.05835 0.00152 -
95 0..05660 0. 0562 0.00166 0. 0020
205 0.05444 0.0535 0.001.94 0.0044
360 0.05144 0.0498 0.00227 0.0078
505 0.04888 0.0466 0.00260 | 0.0107
902 |  0.04303 0.0395 0.00326 0.0172
1121 0.04118 | 0.0372: 0.00347 0.0192
1402 0.03849 0.0338 0.00380 0.0223'
1551 0.03737 0.0324 0.00395 0.0255"..
1760 0.03560 0. 030%L 0.00418 0.0256
2347 0.03248 0.0263. 0.00454 0.0291
2700 0.03097 0.0243 0.00479 0.0308
2015 | . 0.03004 | 0.0232 0.00490 0.0318
3256 | ©0.02901 | 0.0217 0.00513 0.0331
378S C.0=Tid 0.0i%% 0.00546 |  0.0354
4144 0.02662 0.0182: 0.00568 | 0.0360
; 5231 0.02439 0.0148 0.00629 0.0388
: k, = 8.10 x 107° *
; - *® Values of k. and were not obtained at this temperature-
! (due to the vgry sll;w decomposition of NaCNO) and h_enc,e no
, values of kH can bve calculatfc%‘.ls—




Run 11 Temp. = 39.99°C.

0.0471 M. Ammonium Cyanate with 0.00148 M. Sodium Cgrbonate

added.
Time N [cno™] c {Urea]
0 0.04726 0.047L 0.00153, 0.00
95 0.04579 0.0453; 0.00174 0.0011
201 0.04415 0.0432, 0.00191 0.0035
355 0.04232 0. 0407 0.00226 0.0056
502 0.04076 | . 0.0387 0.00252 | 0.0075
700. 0.03880 0.0362 0.00277 0.0097
910 0'. 036835 0.0339 0.00292 0.0118
1120 0.03523 0.0318 0.00317 0.0137
1407 0.03340 0.0295 0.00340 0.0158
1497 0.03273. 0.0287 0.00347 0.0164
1769 0.03132 0.0270 0.00362 0.0180
2363, 0.02832 0.0232 0.00405 0.0215
2718 0.02723 0.0217 0.00423; 0.0227
2011 0.02670 0.0208 10.00437 0.0235
5315 0.02574 0.0192 0.00455 0.0250
: 3824 0.02401 0.0172 0.00489 0.0266
. 4147 0.02369 0.0166. 0.00501. 0.0271
g 5283 0.02162 0.0133 0.00561 | 0.0297
Ky = 8.21x 1070
g ~146-




Run 12 Temp. = 60.12°C.

0.05163 M. Sodium Cyanate with 0.007224 M. Sodium Bicarbonate
added.

Experimental methods are exactly as already described for

Run 2.
‘Strength of NaOH = 0.01224 N,
" " HC1 = 0.05351 N.
and 20 = (4.049 - Titre) 2% 0-01224

5.749
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Run 12 continued

Table A
Basicity Carbonate
Time ml. Titre "Total = ml. Titre c =3
(mins) HC1 (mls.) |Basicity" HC1 (mls.)
o |5 3.79 0.05899 | 1,980 | 3.598 | 0.00729|
68 5 3.58 0.05968 " 3.493 | 0.00816
163 |5 3.28 0.06066 n 3.377 | 0.00910|
348 |5 2.83 0.06213. " 3.126. | 0.01115
538 |5 2.33 0.06376 " 2.851 | 0.01339
840 |5 1,62 0.06605 " 2,433 | 0.01680
1089 5 1.0%L 0.06808 " 2.066 | 0.01980
13756 |6 0.34 | 0.07026 w | 1,707 | 0.02272
1449 [6.326 |6.00 0.07072 n 1.579 | 0.02385
1649 6.326 5;56 0.07208 " 1.286 | 0.02616
1910 |6.326 |5.04 0.07385 " 0.960 | 0.02882
2348 |6.326 |4.26 . | 0.07640 m | 0,445 { 0.03303
2547 |6.326 |4.0% | 0.07715 o 0.300 | 0.03422
2990  |6.526 5.96 | 4.020 | 0.03740
3809 |6.326 |2.66 0.08163 | 3.96 |'5.570 0.04064
®rTotal Basicity™ = [CNOT] + 2C - [HCO, ],
o o [cosf] + [HCO5:] + [H%CO5J as before.

- =148~




Run 12 continued

Table B
%i?;s) N* [cno™] [Urea]
0.00007 0.05163. -
Q..00077 0.05059 0.00017
163 0.00138 0.04969 0.00050
548 | - 0.00323 0.04706 0.00071
538 0.00485 0.04420 0.00132
840 10;00710 0.03967 0.00245'
1089 0.00920 0.03571 0. 00341
1375 - 0.0113 0.03203 0.00417
1449 | 0.0118 0.03025 | - 0.00482
_1645 | o.o132 0.02698 0,00578
1910 0.0149 0.02342 0.00668
2348 0.0175 @.01760 0.00829
2547 0.0182 0.01593 0.00877
2000 | ©0.0205 ' 0.01180 0.00972
28090 0w O2T 0.00708: 0.01070

£ In the calculat“ion of N, the assumption is inacle that

all carbonate in excess of that added as bicarbonate
(0.007224 M.) is present with an equivalent quantity
of ammonia, o o
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Run 12 continued

Table D

Rate constants of urea formation

Time t -S;[NH4+}[CN9:1dt . [Urea)-[Urea] % Iy
(x 1077) (extrapolatedg_w b
68 | o . (o,oodao)‘ 
163 | 95 0.254 0.00025 i.(a.ogs)
335 | 267 0.992 0.00070" 0.071
538 | 470 1,809 0.00126 0..070
851 | 783 3. 366: - 0.00235 0.070
1122 | 1054 4.781 0.0033 0.070
1480 | 1412 6.612, 6;004gq- 0.074
2042 | 1974 9,169 © 0.00750 0.082
2692 | 2624 . | ,11;45 0.0091 | 0.079
3800 5752 | 14.01 0.0104 0.074
Mean'kur = 0.074

-.xé[Ureg] at t

'is assumsd o be 0.00010 M.




Run 13

Temp. = 60.14°C.

0.0505 M., Sodium Cyanate

—152- .

Time N [cNO™ ] C [Urea]
0 | 0.00040 | . 0.0505 0.00040
168 0.00085 0.0496 0.00105 0.0002
357 0.00176 | 0.0489 0.00186 | .0.0001
533 0.00242 0,0479 = | 0.00272 0.0003
863 0.00355 0.0455 | 0.,00455 | 0.0010
1081 0.00428 0.0438 | 0.00568 0.0014
1340 | ~0.00560 0.0419 0.00730 0.0017
| 1511 0.0060 | 0.0403 0.00834 |, - 0.0023
1838 0.0077 0.0374 | -0.01056 | 0.0029
2306 0.0105 | 0.0331 | 0.01410 0.0037
2704 | 0.0125 - | 0.0296 | 0.01690 - | 0.0044
2906 0.0128 0.0277 ‘0.01802 | 0,0052
3251 0.0150 0.,0247 - | 0.,02055 | 0.0056
3763 | . 0.0166 0.0197 | 0.02388 | 0.0073 °
4110 0.0183 - 0.,0169 |- 0.02614 ,0.0078 |
4374 0.0187 0.0152 | . 0.02724 | 0.0085 |
4687 0.0198 0.0127 | 0.02903 | 0.00928 |.
. 5223 0.0215 = | 0.0102 0.08110° | 0.0096 |
5578 | 0.0221. 10,0082 |- 0.03235 0.0103 |
o b
| kU:“5= 0.072 - _
ky = 6.1 x 107° (mins*l)l -
k, = 1.66 x 107°




Run 14

Temp. = 60.13°C.

0.0489 M, Sodium Cyanate

-153~

Time N [cwo™] o} [Urea]
0 0.0003 0.0492 0.00028 -

168 0.00052 .| 0.0489 0,00052

289 0.00010 0.0484 0.00010 ANELTLT-15

547 0.00176 0.0469 0.00217 0.00041

884 0.00283 | 0.0441 0.00413 0.0013
1070 0.00397 0.0433 0.00507 | . 0.0011
1335 0.00485 | . 0.0416 10.00635 0.0015
1463 0.00632 0.0408 0.00798 0.0016
1647 | 0.00648 0.0394° | 0.00828 0.0018
1825 ' | 0.00696 0.0377 | . 0.00936. 0.0024
2300 0.00870 | 0.0330° | 0.0126 0.0039

|- 2685 0.0106 0.0299 0.0151 - 0.0045
2887 0.0126 0.,0285 0.0168 0.0042
3263 0.0132 0.0237 0.0195 0.0063
3753 0.0149 0.0198 0.0223 0.0074
4070 0.0163 0.0174 0.0242 1 0.0079 .
4321 | 0.0162 0.0153 0.0252 © 0,0090
471 -0.01753 0.0128 0.0270 - 0.0097
5183 0.0182 0.0093 | 0.0292 0.0110
= '0.075
= 1.77 x 1072

6.3 x 107° (mins™l)




Run 156

0.0513 M. Sodium Cyanate

Temp. = 60.12°C.

1.74 x 10~2

6.4 x 10”2 (mins 1)

0.078



Run 16

Temp. = 60.13°C,

0.0260 M. Sodium Cyanate

Time N [cwo™] c . [Urea]
0 0.00019 | 0.02605 | 0.00019 ¥

142 | - 0.00040 0.0261 | 0.00040 *

481 | 0.00094 | 0.0255 | 0.00094 *

902 0.00180 0.0240 0.00200 0.0002
1387 0.00264 | 0.0226 0.00314 0.0005
1611 | 0.00318 | 0.0216 | 0.00388 | 0.0007

2333 | 0.00433 0.0195 0.00553 0.0012
2734 0.00528 | 0.0177 0.00688 0.0016
3080 0.00590 0.0169 0.00760 0.0017

3784 | '0.00726 0.0147 0.00936 | 0.0021
4134 | o0.00768 | 0.0133. | 0.01027 | 0.0026
5213 0.00980 0.0102 | 0.01290 | ©.0031

= . 6.6 x 10~

5

1.69 ¥ 28”2 (mins™*)

iy

* A number of discrepancies in the first three values
are apparent. Since the values at zero time are thé
_mean of a number of determinations, this value 1l1s
gssumed to be correct in the calculation.of N, etc.
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Run 17 Temp. = 60.12°C.

0.0496 M. Sodium Cyanate with 0,00658 M. NH, added
Time N [cno™] c " [Urea]

0 0.00658 0.04963 - -

172 - - 0.00077 -
362 0.00716 0.04755 | 0.00137 0.0008
543 0.00793 0.04684 0.00215 0.0008
861 0.00844 | 0.04470 | 0.00346 0.0016
1068 0.00903 0.04329 | 0.00445 0.0020
1344 0.00968 | 0.0418L | 0.00554 0.0024
1792 | 0.00992 0.03781 | 0.00814 0.0048
2317 0.01271 0.033456 | 0.01123 0.0051
2659 0.01388 0.03043 | 0.01330 0.0060
2899 0.01461 | 0.02968 | 0.01403 0.0060
3250 ‘| 0.01612 | -0.02620 | 0.01654 | 0.0070
3778 0.01637 0.02073 | 0.01939 0.0096
4izC 0.01861 0.01912 | 0.02133 0.0093
. 4325 0.01958 0.01830 | 0.0224C ' | 0.0090
| 5201 | 0.02250 | 0.01363 | 0.02600 | 0.0i01

= 1.78 x 102
= = 6.4 x 107° (mins™l)

0.079
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Run 18

Temp. = 60.15°C.

0.0496 M. Sodium Cyanate with 0.00170 NaOH added

Time N ' [cNO™] c [Urea]
0 | 0.0003 1 0.0496 0.0003
144 | 0.0008 0.0493 | 0.0008
321 | 0.0015 | 0.0487 | 0.0015
523 0.0021 .| - 0.0481 0.0021
890 | 0.0038 -|.0.,0461 | 0.0038
11109 | 0.0047 | 0.0442 | 0.0052. | 0:0005
1426 .| 0.0061 10,0428 | 0.0066 i;;.o.ooos
1849 | 0.0078 | 0.0885 0.0096 | 0.0018
2552 | 0.0005. | 0.0246 | 0.0129 | 0.0024
2755 0.0124 .| 0.0306 | 0.0159: 0.0035
2900 0.0130 0.0287 - 0.0171 | o0.0041
s34z | 0.0162 | 0.0245 | 0.0204 | 0.0052
s796 | 0.0172 | o0.0209 | -0.0231 10,0059
4236 | G.012¢ L 0.0167 0.0261 | 0.0071
 azse7 0.0197 | 0.0i54 '_5562711' ' 0.0074 .
‘5284 | 0.0225 0.0200 |:0.0311 | 0.0088

=157~ .




Run 18 continued

: ¥* #
C'/A B/A [Urea]-[Urea]o [Urea]-[Urea]o
Time ol (1078 (207%) | z | (ovserved)
' (predicted)™ |
(extrapoclated)
144 0
526 381 | 8.04 0.51
871 | 727 | 8.85 0.93
1096 952 | 9.00 1.25
1445 | 1301 |10:00 1,83 o#
1820 | 1676 | 11.3 2,57 0.0006 0.0007
2291 | 2147 | 12.9 3.26. 0.0009 0.00153
2884 | 2740 | 14.5 4.24 0.0029 0.0089
3311 | 3167 | 15.8 4.89 0.0039 0., 0039
3802 | 3658 | 17.05 5.56 0.0050 | 0.0049
4366. | 4221 | 18.27 | 6.27 0.0062 00061
1 - & & 1n'5 Irn_-=v|n—1\
-w —_— WO dh deA 00 Ndiidas /
1n=2
kG = 1.78 x 10

# [Urea] at Time 1445 is taken as 0.0011 M., an extrapolated value.

% gee p. 117

* Calculated on basis of Eqn. Iv, 1

-158-




Run 19

0.0491 M. Sodium Cyanate + 0.0299 M. Barium Carbonate
To.mp. = 60-12°C, : )
| N
| Time'(app;rent) N |[cNoT] C [Urea] |[HCO;™ ]
0 - - |o0.0491 - - -
156| 0.0007 | 0.0009|0.0476 | 0.00110| 0.0002|0.0002
355| 0.0002 0.0016|0.0447 | 0.00233| 0.0017 |0.00039
539 0.0010 | 0.0012|0.0434 0.00885| 0.0023 |0.00057
766| 0.0012 | 0.0016|0.0410 | 0.00473| 0.003%|0.00043
1 984|. 0.0022 | 0.0026[0.0393 | 0.00603| 0.0034[0.00043
1247| 0.0020 | 0.0024|0.0358 | 0.00760 10.00520.00045
17e7| 0.00i% | 0.0018[0.0296 | 0.0104 | 0.0086 0.00048
2221| 0.0016 | 0.0010|0.0264 | 0.012% | 0.0101|0.00050
2646 0.0029 | 0.0024(0.0249 | 0.0133 0,0109-0.00053
| 8267| 0.0026 | 0.0019[0.0194 | 0.0148 | 0.0129|0.00056
3650| 0.0022 | o.oozé:o,qlvo - 0.0172, 0.0143 0.00067
a173| 0.0022 | 0.0029|0.0142 | 0.0186 o.0157.o.6oo71-v:
s706| ©0.0037 | 0.0045/0.0082 | 0.0225 | 0.078|0.00083

% Calculated assuming all

carbonéte-precipitated.
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Run [Qcontinved .

Time t C=G - C=C *
' - (observed) (calculated)
156 0

355 199 0.0012 0.0012.
741 . 585 0.0034 0.0037
977 821 .0.0055 0.0048
1288 1132 0.0072 0.0077.
1778 1622 0.0094 0.0090
2239 . 1983 0.0114 0.0121
2692 2536 0.0152 0.0135
3715 3669 0.0166 ' 0.0170
" 4266 4110 0.0179 0.0182
5129 4973 10,0209 0.0196
5625 5467 10.0218 0.0208

¥ see p. 109.
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Run 20 Temp. = 60.14°C.

0.0499 M. Sodium C':s}anate with 0,00746 M. triethylamine added

Time i o [cno™) c' [Ureal
0 - 0.0499 | -

129 | 0.00054 0.0494 0.00054

201 | 0.0011 | 0.0487 [ 0.0012

497 0.0019 0.0481 0.0018

862 | 0.0032 0.0469 | 0.0030

1048 | 0.0040 .| 0.0461 |- 0.0038

1209 | - 0.0048 0.0448 | 0.00496 | 0.0002
1501 | 0.0054 | 0.0435 | 0.00589 © 10,0008
1829 | 0.0068 | 0.0417 | 0.00744 | 0.0006 -
2291 0.0087 0.0391 | o0.00077 | o0.0011
2677 | 0.0105 0.0367 | 0.01187 | 0.0014
2966 | 0.0118 | 0.0344 | 0.01385 0.0016
3729 0.0149 _'_q.ozvsj | o.o1851 | - 0.0036
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Run 20 continued

Time t C - C ¢ -G _
(observed) (calculated)
129 0 - -
295 166 0.00056 0.0006
490 361 0.00136 0.00120
852 - 725 0.0027 0.00256
072 943, ' 0.0057 0.00342.
1288 10569 0.0044- 0. 00431
1862. 1733 £ 0.0069 0.00691
2544 2215 0.0093 0.,00937
2602 2563 0.0115 0.01135.
3256 5107 0.0149 0.01460
3715 3586 0.0180 10.01750

Run 20 continued

—162—

.Timé - & [Ured]~[Urea] [Urea] [Ure&]
S (OUBETVEA ) {saloulat ﬂﬂ\
\ u.Lvu..n.u uv
129 0 S T
‘2201 | 2062 £ 0.001% © 0.0013
2677 | 2548 0.0013 0.0018
2965 | 2836 0.0020 0.0025
3729 | 3600 0.0086 .~ 0.0032




Run 21 3 Temp. = 60.15°C.

'0.0504 M. Sodium Cyanate with 0.0153 M. Boric Acid added

| Time N c -~ [eNo"] | [urea]

o | o0.0001 .,"0.06013;,. 0.0504
162 | 0.0015 | 0.00177 | 0.0485 |  0.0003
553 | 0.0020 |  0.,00510 | 0.0463 |  0.001L
557 | 0.0024 0.00452 | 0.0439 |  0.0021
863 0.0036 ﬁﬂii6;6Q72é 0.0396 0.0037 |

1077 | ©0.00a¢ |  0.00898 | 0.0869 | .0.0046

1369 0.0067.| 0.01138 | 0.0335 10,0057
1802 | 0.0079 | 0.01511 | o.0282 | G.0078 |
2301 | 0.0096 |  0.01950 -| 0.0215 ‘| 0;6957 
2672 | 0.0111 | 7002189 | '0,0178 | -0.0i0s. |
2871 _6.01;8 ~ 0.02308 f0.0161;‘:» ;6;0115*-
'5225Q_ 0:0128 | - 'o;stlo'_='o§Q134NF;'f;o;b123'lf
‘8740 | 0.0143 | © 0.02761 /| 0,009 | ' 0.01353 -
4106 | 0;6153  Ir..6;d289O | o0.0080 | -o.§1567

ky = 0.074
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Run 21 continued

Time t C-C ¢ -C
(observed) (calculated)
162 0
3565 193 0.00134 0.00135
537 375 0.00286 0.00204
851 689 0.00648 0.00494
1072 910 0.00719 - 0.00667
1349 1187 0.00940 0.00898
1778 1616 0.0130 0.0127
2344 2182 0.0178 0.0171
2951 2789 0.0218 0.0213
3548 3386 0.0250 0.0242.
4266 4104 0.0274 0.0269

Run 22

Sodium Cyanate with 0.01122 M. Boric Acid added

(¢ -¢,)

vy

iicate ruwl ied o simiiar agreement between

o

observed and (C - Co) calculated.




Run 23 Temp. = 80.13°¢C,
0.0669 M. Sodium Cyanate

Time N fcwo™] C [Urea]

) 0.0004 0.0569 0.00039

30 0.0010 0.0555 0.00100

60 0.0021 0.0549 0.00227 0.0001
120 0.0038 0.0518 0.00467 0.0009
180 0.0054 0.0486 0.00711 0.0016
230 0.0072 0.0455 0.00951 0.0023
201 0.0093 0.0421 0.0123 0.0030
356 0.0115 0.0378 0.0155 0.0040
420 0.0139 0.0334 0.0189 0.0050
525 0.0173 0.0268 0.0239 0.0066
600 0.0198 0.0237 0.0272 0.0074
683 0.0219 0.0183 0.0304 0.0084
803 0.0250 0.0137 0.0343 0.0093
921 0.0273 0.0100 0.0373 0.0100
1049 0.0290 0.0079 0.0392 0.0102

_ -2
¢ = 6.9 x 10
ky = 5.15 x 1074 (mins™1)
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Run'zél Temp. = 60.12°.
0.1990 M. Urea
Time N - [cro™] C x/at ¥
HOURS o 107
o | |
2.67 | 0.00060 | 0.0004 | (0.0001) | 9.4
4,92 | 0300098 | 0.0007 | (0.00013) 8.5
7.42 | 0.001B4 0.0012 | (0.00017) 9.3
16.37 | ©0.002860 | 0.0022 | 0.00030 | .{(8.2)
28.17 0.00388 |- -0.0029 0.00049 |
25.09 | 0.00428 | 0.0084 | 0.00046
' 39.40. | 0.00601 | 0.0045 | 0.00077
, 47.92 0.00682 | 0.0048 | 0.00101
| 62,2 0.00810 | ©0.0050 | 0.00156
7.3 0.00846 | 0.0048 | 0.00183
86,46 | 0.00946 | 0.0048 | 0.00233
95.3 0.00990 |. 0.0047- - 0.00262
1187 | o.oilas" 0.0043 | - 0200786
Mééﬁ’kR 8.9.x 1072 (hr.

* Approximate. flrst order rate constants Ior the urea
decomnosition, see Pe. 118.
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Run'24\continued

. Time t C - C, ¢c-c,
~ HOURS (observed) (calculated)
(extrapolated)
4,92 0
14.8 9.9 0. 0002 0. 0002
24..6 19.7 0.00041 0.0005
38.9 54.0 0.00071 0.0012
49.0 44.1 0.00105 0.0016
64.6 59,7 0.00151 0.0024
85.1 80.2 0.0025i 0.0042.
118.0 113.1 0.0035 0.0042
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Run 25

0.0987 M. Urea

Temp. =: 60. ]'-SOCQ

Time N [cNo™] -C X/fz [H:]
HOURS. - (10 %) | (1077]
0 0.0001 | 0.00008
1.92 | 0.00029 | 0.00029 - (12.1)
2,63 | 0,00036 | 0.00036 (10.8)
4.83 | 0.00054 | 0.00054 9.7
7.84 | 0.00081 | 0.00081 9.5
12.2 | 0.00120 | 0.00120 9.3..
16.4 | 0.00161 | 0.00161 9.5
21,9 | 0.00204 | 0.00296 | (0.00003) |
25.0 | 0.00231 | 0.00209 | 0.00011 . 8.1
29.75 | 0.00274 | 0.00244 | 0.00020 5.9
31.83 | 0.00285 | 0.00244 | 0.00021 5.4
48.1 | 0.00419 | 0.00321 | 0.00049 B4
58.0 | 0.00462 | 0.00340 | 0.00062 2.9
70.5 | 0.00520 | 0.00352 | 0.00084 2.5
78.2 | 0.0055 | 0.00372. | 0.00095 2.3
95.7 ' | 0.0063 | 0.00362 | -~ 0.00136 1.8
119,7 0.0072 0.00342 0.00191 1.4 |
Mean ky 9.76 x_1074 (hrs.-l)
Run 26 '
0.0991 M. Urea at 60.11°¢C. |
k, = 9.7 x 107% 1y

‘R
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Run 27

Temp., = 60.12°C.

0.0979 M, Urea with 0.00351 M. Sodium Carbonate added

Time N [cNo™) c x/?z
HOURS (1077)
0 0.0001 0.0001 0.00351
2.65 | 0.0004 0.00038 0.00351 (10.8)
5.5 0.0006 0.00058 1 8.9
8.5 0.0009 0.00092 " 9.8
11.5 0.0012 0.00115 o 9.5 _
14.6 0.00153 0.00133 n 8.6
17.9 0.0016 0.00162 " 8.7
25,2 0.0024 0.00238 "

29.0 0.0027 0.00273 "

41.9 0.0038 0.003%5 | 0.00356

49.4 0.0046 0.00380 | 0.00389

51.1 0.0047 0.00400 | 0.00386

60.1 0.0056 0.00416 | 0.00420

71.5 0.00653 0.00433 | 0.00450

80.5 0.0069 0.00434 | 0.00480

95.5 0.0079 0.00434 | 0.00533

105.0 0.0084 0.00416 | 0.00561

120.2 0.0093 -0.00396 | 0.00622

150.3 0.0110 0.00342 | 0.00732

167 .5 0.011i9 0.00551 | ©.0078i

191.8 | 0.0132 0.00248 | 0.00886

Mean kp = 9.30 x 104 (nrs.”1)
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Run 27 continued

Time ' % C - CO c - Co
HOURS (observed) (calculated)
(extrapolated)
41.9 @ .
51.5 9.6 0.00030 0.00029.
71.52 29.6 0.00100 0.00097
112.0 70.1 0.00229 0.00217
149.6 107.7 0.00381 0.00420
188.4 146.5 0.005630 0.00563
Run 28 Temp. = 60.11°C.

0.1029 M, Urea with 0.,00138 M. Sodium Carbonate added

k, = 9.60 x 1072 (hrs.-ll
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APPENDIX I

The effect of iomic gtrength on the rate of reaction (see p.3! )

Values of kU?; calculated from the equation:

dfurea] _ _ afcwo7]
dt at
are found, at constant ionic strength, to be virtually con-
stant, over the reaction range considered (— 70%). The
American authors (30~39) observed_fhe correct salt effects
for the reaction, i.e., the predicted variation of kU# with .
ionic strength agreed well with that observed experimentally.
For this to be so, k *

U
under the conditions of an ammonium cyanate run.

must be dependent only on ionic strength,

We have in a pure ammonium cyanate run:

afcno™]

ol gU[NHZ+][CNo‘]' + xg[E'][CNOT] ..A.L, 2

since, under these conditions, the second term of egn. II, 2,
is responsible for the majority of the carbonate formed.
If the assumption is made that all carbonate is present

as HCOS_: (very nearly correct at this pH), then:

[NH4+J .. [cw0"] +'cC | '

and .[NH5] = C
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and since

(e 1 [H] -
-T%E;;T = K (K =5x10"" at 60°. I = 0.25)
_ K\[cno™] C
[6*1 = { < * 9 Y

Substituting in egn. AI, 1 above

a[cNo™] - [cwo™] {kUE[CNO_] +-c§ + K Hé[cmo'] + c§

as | <
a[cno™ -2 | c ( Kk
_"&'t—l = [CNO'] 51 + Toro™] gku + . é ; WA I, 3
= [cno~]® 3y

In practice, kU*:was calculated from the integrated

rate equation so that:

e [ o U K)o
KU.C = [k.&. +W] ;kKU-.- é‘l ;d‘l‘i
: o

Values calculated from Run 1 are listed below.

-172-



Run 1 60°cC. I =0.25

(mins) t (1 + T5%5=T) (ky + E%Eﬂ) i,
16 .0 1.02 0.093
40 24 1.04 © 0.087 0.092
73 57 B 0.085° | 0.091
140 124 1.10 0.082. 0.090
196 180 1.13 0.081 - 0.091
437 421 1.28 0.079 0.095
525 509 1.33 " 0.079 0.098

C |
It will be noted that the values of (1 + —>—_ ) t&nd to
| " Towo™]

increase and that of (k + mFH

( u .to decrease: during the

run, with the result that kU? remains virtually constant.
The variation in the values of kmf would be small compared
with variations due 0 sult eflecis.
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APPENDIX II

Apparent” Quasi-stationary State for Ammonium Jons in the

presence of Ba'' Ions at 60°C., I = 0.25. (Comparison

with the work of I. & O. Masson (48)).

It has already been pointed out that during the decomposi-
tion of cyanate ions . in the presence of Ba++ ions, N, the
total ammonium éontent,‘apparently reaches a constant value
throughout the run, within the limitsléf experimental erfor:
if it is assumed (incorrectly) that.all carbonate is precipi-

tated as barium carbonate (cf. p. 44):

ay _ 4ac _ au

i'ef’ a8 - da - dt = o "~ (From eqns. II, 1 and II,2)

A. II, 1

Now, for such a system, 1t has already been pointed out

(p 42) that eqn.-II 2 reduces to

'%%_ = kH[Hfl[CNo'] + kw[CNO-]
and %% :='fkﬁ[ﬁﬁ4+][CNO'].' (the reverse reaction is
- 4 e T } ' 1gnored)

'Hence[ eqn. A.II, 1 becomes:

& k [E"}[CNOT) + kylowoT) - kU[NH4fj[CNo-] =
or k-HﬁH-'.] + kw - kU[I\TH4+] = ‘O .. e A, I:.[ 2
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[(vE, ] K,
"+ —_—4—— .—4. P s @ s a s o »-
Now [H'] [ma] K, A.II, 3

From egqn. V, 25, we have

2w
K7

[g*] = {Hcosj][sa*+]

KX,
= [mHgl[Ba"™] %7’1 ce ee .. MIL

as'[NH5} ==[H005-] at the pH prevailing in the system con-
sidered. From the egns. AII, 3 and AII, 4, we have

: 2

Substituting for [H'] in AII, 2, we have

X 1
N ottt %( - ;2 . k% . +1 o~
ky + [kH.KW[Ba. ] %lev ) [v,"1% - ko [MH,"] = @

A.II, 5.

The values of the equilibrium constants Kl’ Kz, K5 and Kw

are given on p.i0l , kW’ kﬁ, and kU in Table II, 2. The values

of [NH4+] may be obtained by solving egn. AII, 5 for given

values of [Ba'*'].

® For definition of constants, see Table V, 2.
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Run 19 60°¢. I =0.85

. ++ + [ve,*] | [vm,*1
% reaction | [Ba ] (7] 4 4
calc. found
36 0.02 | 1.99 x 108 | 0.0017 | 0.0017.
80 0.0L | 1.20 x 10°8 | 0.0015 | 0.0015

It can be seen that observed and calculated values are in

excellent agreement. (Thg extent of the agreement is prob-

ably somewhat fortuitous!).

® [NH4+] found = N, when N = 0.0021, the average experimental
value from Run 19; see p. 1569.
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APPENDIX III

Calculation of N, C and [HY] in the early stages of Urea

Decomposition

The calculation of N and C over the first 1,000 minutes
of the decomposition of 0.1 M. urea is given below. It is
assumed that urea decomposes to give cyanate according to
eqn. I, 2 and that carbonate is formed only from cyanate in
accordance with the rate egqn. I., 1. '

A number of further reasonable assumptions must be made.

(a) In such systems, N > 10 C over the first 1,000

minutes., It can, therefore, be assumed as a first appfoxima—

tion that: _

(1) all carbonate is present as HCOs-, i.e., [HCOBT] = C

- ' A.ITI, 1
- hence

(ii) [¥e.] = [HCO,] = C co Tee .. AJIIT, 2
- and _

(111)  [oNo”] = N-2¢ = [m*]-c o A.III, 3

(b) The first order rate cpnétant for urea decomposition,

[0)]
(Y

.6 = 1077 (min.-l). This means that in 1,000 miuutes,

ke 2

only 1.6% of the urea will have decomposed: i.e.,
[Ureal =-[Urea]o, the initial concentration, = O.1M.

(¢) The formation of urea can be neglected. This 1is seen

to be justified from Table VI, 3; the amount of urea formed over
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the initial 1,000 minutes is less than 5% of that decomposed.

Thus:
fNH4+] = reduction in U (writing U for urea concentra-
yion§
- . @
- dt
t
= j kR U dt
o
= kR Uio t ’\- L. e _'I.T, .."'I L] A.III! 5
The rate of carbonate formation is given by: -
& _ g [w")[cNo"] + Xk [CNOT] + k.[HCO. ][CNO"]
dt ’ H ) W C 3
| (v, ) ' k, U t _
Now [HY] = —2%C oo R o S .. A.III, 6
: [NH5] K, C Ky =

from 2 and 5.

Substituting for [CNO™] from 3 and 5, and [HCO,™] from 1,:.

U ] X
- e ey
C g Kl kH kR U-o T + k.vv\_KU.o) o vy
+ kg C(ky U t = C)

This equation cannot be integrated directly unless the last

" three terms are ignored. The contribution of these three
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terms increases with time, and after 1.000 minutes, their

value is only 16% of the first term for U, = O.1 and C = 1.8 x.
10-4, reasonable values under these conditions. In the inte-
gration from t = O to some value up to 1,000 minutes, the
neglect of these terms cannot depress the value of C below

90% of the value obtained by rigorous integration. The effect
of this on [H'] will be of the same magnitude (cf. eqn. A.III, 6)
i.e., the pH value thus calculated may be too high by 0.04 pH
units. Such error is quite acceptable, especially as it will

only have this magnitude at 1,000 minutes.

Equation A.III, 7, thus becomes:

ac KW kH{(kR ubt)
at = ch

which gives on integration:

g ¥ . o o 3 _ -
¢ = 5% (kp, w) e ee . AJIII, B
Prom this C may be obtained.
e S . : I T | PP
Substituting for k aud k, {cee Tehle II, 1)_and Ky» Ky
(cf. Table V, 2) and putting U, = 0.100 M., egn. A.III, 8

becomes:

o2 -17 .3

= 3.1 x 10 t

and from A.III, 6 and 8:
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or

[H"]

B:4

kR u t KW

[51{ k(g UJ]

1,35 x 10~ -6

A.III, 9

..A.III, 10

Values of C, [CNO"] end [H'] from equations A,III, 9 and 10

are listed below:

1

Table A.III,

Time c - [cwo™] ]
) (recordedinFig. 6 as® ) -
10 | 1.2 x 1077 | 1.5 x 10™° 4.3 x 10~
300 | 2.8 x 107° | 2.2 x 107 7.8 x 1070
600 | 8.1 x 107° | 8.2 x 1074 5.5 x 1075
1000 | 1.8 x 107% | 1.3 x 1075 4.3 x 1078
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