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sion constant of the polymer. For a typical value
of R of 0.1 cm. and taking ¢tp = 7, we find for the
Dow PSt. in tetralin with M, = 1.5 X 10% a value
of D of 4 X 1077 cm.?/sec. This compares, in
order of magnitude at least, with a diffusion con-
stant of 1.06 X 10~7 cm.2/sec. reported®s for a PSt.
fraction in toluene with a Ay of 1.1 X 1082
Such a diffusion process is caused not by the pres-
ence of an initial concentration gradient but by a
(23) H. A. Stuart, ref. 21, p, 474,

(24) The M dependence of 7 (since » « 1/D) is not inconsistent with
the above.
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gradient in chemical potential of the polymer in the
drop.
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Displacement Reactions at the Sulfur Atom. I.

An Interpretation of the

Decomposition of Acidified Thiosulfate

By RoBERT EARL Davis!
RECEIVED JANUARY 30, 1958

The kinetic results of La Mer and co-workers on the decomposition of acidified sodium thiosulfate in dilute aqueous

solution have been interpreted on a mechanistic basis.
03)¥/:(HC1) s,

I ; The initial rate of production of sulfur is given by the rate 2(NagSs-
This rate expression has been explained using a series of nucleophilic displacement reactions at the sulfur
atom. The proposed reactions fit the experimental data and the rate laws are derived.

The production of various poly-

thionic acids and hydrogen sulfide during the decomposition has been explained.

Introduction

The decomposition of acidified sodium thiosulfate
solutions has received intensive study?~!? and has
been important in the development of the physical
chemistry of colloidal solutions.®~1° The products
of the reaction have been determined?=%!?2 and
various  kinetic  investigations have been
made,*~¢31L12 but the results have remained es-
sentially unexplained and difficult to interpret on a
mechanistic basis.!* Any proposed mechanism
must be able to explain the products of the reaction,
and the results of the kinetic studies: the reaction
order and the effect of salts upon the rate.

Products.—The products of reaction 1 are sulfur
dioxide, colloidal sulfur, Ss, S;, various polythionic
acids of the formula HyS,Og and hydrogen sulfide.

S:0:= + H* —> complex mixture (1)

The nature of the products has been determined by
Bassett and Durrant® and confirmed by other
workers. Several forms of sulfur are produced in
the reaction; much of the sulfur occurs as S and
some as insoluble sulfur which is a polymeric form
having long sulfur chains. Hexatomic sulfur, S,
is produced in small yield from the decomposition
of concentrated solutions of sodium thiosulfate and

(1) National Institutes of Health Predoctoral Fellow, 1937—1938.

(2) H. Landolt, Ber., 16B, 2958 (1883).

(3) G. Foussereau, 4nn. chim. phys., [6] 18, 533 (1888)

(4) J. Scheffer and F. Béhm, Z. anorg. Chem., 188, 151 (1929).

(5) H. Bassett and R. G. Durrant, J. Chem. Soc., 1401 (1927).

(6) C. K. Jablczynski and Z. Warszawska-Rytel, Bull. soc. chim.
France, [4] 39, 409 (1926).

(7) G. Oster, J. Colloid Sci., 2, 291 (1947).

(8) E. M. Zaiser and V. K. La Mer, tbid., 3, 571-398 (1948).

(9) V. K. La Mer and A. 8. Kenyon, ibid., 8, 257 (1947).

(10) 1. Johnson and V. K. La Mer, THis JoUrRNAL, 69, 1184 (1947).

(11) R. H. Dinegar, R. H. Smellie and V. K. La Mer, tbid., T8, 2050
(1951).

(12) F. Prakke and E. Stiasny, Rec. ¢rav. chim., 82, 615 (1933).

hydrochloric acid in the cold.'®!* This form has
been characterized by molecular weight deter-
minations, by its greater reactivity,!! by its ultra-
violet spectrum'*% and by X-ray diffraction pat-
terns.’® The production of the polythionic acids
can be increased by the addition of varying
amounts of arsenic trioxide!”! to the reaction mix-
ture. The presence of hydrogen sulfide formed
during the reaction escaped the attention of many
of the early workers but has been detected in small
amounts.’!® The yield of hydrogen sulfide has
always been low; this would be expected because
sulfur dioxide and hydrogen sulfide react in water,
producing among other products sulfur.’®2 The
results of the radiochemical study of reaction 1
demonstrate that the two sulfur atoms of thiosul-
fate are not equivalent?! and that during the prep-
aration of thiosulfate and during the decomposi-
tion in acid the sulfur atoms maintain their identi-
ties and individualities.

(13) A. H. W. Aten, Z. physik. Chem., 88, 321 (1914).

(14) P. D. Bartlett and G. Meguerian, Tris JournaLr, 78, 3710
(1956).
(15) R. E. Whitfield, Thesis, Harvard University.

R
(16) C. Frondel and R. E. Whitfield, Acte Cryst., 3, 242 (1930).
A. Kurtenacker and K. Matejka, Z. anorg. Chem., 229, 19

(18) D. M, Yost and H, Russell, *Systematic Inorganic Chemistry,”’
Prentice—Hall, New York, N. Y., 1946, pp. 387-399.

(19) J. Janickis, Z. anorg. Chem., 234, 193 (1937).

(20) The reaction of hydrogen sulfide with sulfur dioxide in water
produces a solution known as Wackenroder’s Solution. Historically,
the polythionic acids were first observed in this reaction mixture.
Numerous investigations on this reaction have been made since 1850;
however, the chemistry is much in doubt and the mechanism of the
reaction is not known. The same solution can be prepared by the
hydrolysis of sulfur chlorides in water, Wackenroder’s Solution wil
cold vulcanize gum rubber,

(21) H. H, Voge and W. F. Libby, Tuis JournNaAr, 59, 2474 (1937)
E. B. Andersen, Z. physik. Chem., B32, 237 (1936).



3566

SO¢™ + BS —> BS-50;~ @)
B5-S0;" + 2H*+ ~—> 35 4 H,50;, (3)

Kinetics.—The most recent and reliable kinetic
investigation of the reaction has been that of La
Mer and co-workers.3~!1 The decompesition was
studied spectrophotometrically in dilute aqueous
solution®!! at constant ionic strength. Measure-
ments were made at 400 my, and the time of ap-
pearance of discrete sulfur particles was determined
when the Tyndall beam appeared. The amount
of sulfur produced at the time of Tyndall beam ap-
pearance was estimated to be of the order of 3.9 X
10-7 molar (based on S;). The results were found
to be expressed in terms of the rate of sulfur ap-
pearance as

rate = k£'(NasS$,0;)/2(HCl)! /2 (€))
Such a rate expression was difficult for the investi-
gators to interpret.!! The reaction was followed

further by titration1! and the rate of production
of sulfur dioxide was found to obey the relationship

rate = k,’( NﬂgSgOa)z(Hcl)l (5)

The addition of salts demonstrated a positive salt
effect.

Interpretation. Production of Sulfur.—The re-
action scheme which can explain the experimental
data is based upon the steps

K,
S,0;72 + H* 2 HS.O3 ™ )

E
HS;05~ + $,0,72 —> HS$,05~ + SO~ (7)
ke
HS0s~ + $,057 —> HS,0;~ + S0, (R)

ks
HS,0s~ + $i0572 ——» HS$,0;~ -+ SO;7¢  (9)

k
HS:05™ -+ 80,77 —— 11S40;~ -+ S0, (10)
ks
HSi05~ + S:0,7F — HS,04~ -+ 80,2 (11)
2
HSOs~ + S$0,72 —> HS0p~ - SO, (12)

b
HSOs~ 4+ 80,72 —> HS,0;~ + SO;7% (13)

k
HS8037 —> Ss 4+ HSO;— (1})

Derivation of Rate Equation.—The feature of
equations 6-14 is that a series of bimolecular reac-
tions produce the precursor (HS:0;~) of sulfur.
This precursor then reacts by a unimolecular reac-
tion. The nature of the intermediates will be
considered in the following discussion.

Stage I.—The extent of reaction when the first
turbidity of sulfur appears is only 0.019,. The
initial concentrations of thiosulfate and hydrogen
ion are about 10~% molar and the concentration of
sulfur produced is of the order of 107 molar based
on S$g.8'! Thus (HS;0;7) and (S,0;~%) are con-
stant. This fact allows the complete solution of
the rate equations derived from the reaction

scheme. Letx = (HS:O;7), B = (HS:0;7), C =
(1‘18703_> oG = (H8303_>, S= (S2O3_2> and T =
(HS:037), S and T constant, then
dS; -
%’} = BBS — kx (16)
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dB

—CF = k(S — BBS (17)
iﬁ = BDS — kCS (18)
‘-35 = RES — kDS (19)
‘;—% = kaFS — RES (20)
dF _ pGS — BFS (1)
dt

9G _ LTS — BGS (22)

dt
Several methods can be used to solve the system of
equations 15 to 22. One treatment would consider
the system as a sequence of first-order processes
because S, the thiosulfate concentration, and T,
the bithiosulfate concentration, are constant during
the initial stage of the reaction. However, equa-
tion 22 is a linear first-order differential equation
in G (T and S constant) which can be integrated
from ¢t = 0 to ¢t and evaluated using the boundary
conditions that G = 0 at ¢ = 0. The result can
be expressed as

BGS = BiT.S(1 — e7*:5) (23)

This solution is then put into equation 21 which is
another linear first-order differential equation in F.
Integration and evaluation with the appropriate
boundary conditions give
BaFS = B TS (1 — e~ast) 4

k —]
kTS -k—z—;a_—kz [eaSt o g=kaSt]  (24)

Substitution of equation 24 into 20 and integration
gives
BES = BiTS (1 — k5t

~k4St —k3St v’
b TSks [i—_—;a - e—~:l + TS 2

k
k4 i ks ka k2

o—ksSt o kSt kSt g—kaSt :l .
- ; - 5
[kq—ka P Sl vy il s M A

The form of the equations can be seen to be
EZS = BTS(1 — e*i8t) 4 B, TSf(ke, ks, ... by, e7%iSt)

This operation is repeated until an expression for
k:BS is obtained in terms of % TS and &; (j = 2,

.. 7). Equation 16 is then solved for x in the same
manner and kx introduced into equation 15
LN = WIS~ ¢80 + BTSHR S, 1) (26)

were f(k;,5,f) is a composite function like the
terms of equation 25. Integration of (26) with the
boundary couditions that Sg = G at { = 0 gives

ekt — 1 -
S = leS[z & ,.-k.,_..] 4 BTSF(E, S, 1) (27)
where the function F is a complex summation of
terms. La Mer!! obtained the first term of equa-
tion 27 by considering only one bimolecular reac-
tion followed by a unimolecular decomposition.
The data were then treated by plotting the con-
centration of sulfur versus

ekt — 1
[z+ ;

The resultant linear plot had a slope of £,7'S and an
intercept, which in their figure (¢f. Fig. 3)' is not
identically zero, but very close to zero. The inter-
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cept represents the second term of equation 27,
which is now seen to be small. No assumptions
have been made in the derivation concerning the
values of the various rate constants. However,
many of the rate constants ought to be nearly equal
because of the similarity of the chemical inter-
mediates. If ks = ks = ks the complex terms of
equation 25 are zero, leaving only the first term.
Expressing the concentrations of bithiosulfate (7°)
and the thiosullate ions (S) in terms of the initial
concentrations of sodium thiosulfate and acid, the
following equations are needed

X, = (H+)(S:0:72)
? (HS:0:7)
[(H*)o — (HS:0:7)][(8:0: %) — (HS:0;7)]

[HS:0;7]

where (H*), is the initial acid concentration, (Se-
0;7%)p the initial thiosulfate concentration, and K,
is the second ionization constant of thiosulfuric

(28)

acid. Neglecting terms in (HS,0;7)?
+ -2

HSOC = Ep e )

and
(8:0572) = (S5:0572) — (HS:057) (30)

Substituting (29) and (30} into (27) gives
Ss = ky (H*)o(S:05"2)e? [ Kz + (S:0:72)]

[Kz + (H*) + (S:0:72)]2

[+ 5 4 R s00n] 6D

Further approximation of (31) can be obtained by
expanding the exponential, e~*, into the first three
terms of a power series (in Stage I of the reaction
both % and ¢ are small), The first term of (31)
becomes

(H *)o(S205~2)e?[Kz + (S20572)]
[Ka + (H*) + (S:0:)7%2
(32) can be transformed into
1 RU/A(H )" /2[K; 4+ (8;0372)0] /2

17 (259)/2[Ks + (H ) + (S:05-2))

Expanding [K; 4+ (S:0372)o]? in power series and
neglecting terms above the square gives

k
S =3 2 (32)

(33)

tl o (HH)Y/($05 )" 7> 1 (34)
As the amount of sulfur produced at the time of
Tyndall beam appearance is constant,!! 1/¢ is pro-
portional to the rate. The higher terms of (31)
become of the form

tl < (H*)'/r (knS 4 ka2S? 4+ k258 4 ....) (35)

where the constants &, k., kB, are functions of the
rate constants kg, . . ... , k7. The individual rate
constants of these intermediate reactions are not
known; however, they would probably be of the
same order of magnitude. Therefore, only the
first few terms of (35) would be important. An
estimation of the values of &,, . . ., k7 and the con-
vergence of the series could bound # within the
range ~2 > n > 1. The form of the rate expres-
sion during the initial part of the decomposition was
found experimentally®.!! to be

rate o« (H*)/2(5,0;72)%/s
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compared to the predicted (equation 34)
rate «(H+)/2(S:0;722>n> 1

Thus the suggested reactions 6 to 14 do predict the
rate equation for the initial production of sulfur.

Stage II.—When the extent of reaction pro-
ceeds further, S and T can no longer be considered
constant. An analytic solution to the system of
competitive, bimolecular reactions cannot be ob-
tained in closed form. However, the steady-state
approximation can be made: dG/dt = G' = 0
=F =FE =D'= (" =B =0, then /TS =
ke GS = ky BS. Then

dx
dss
—J = kx

This pair of equations can be solved in closed form
by introduction of dimensionless parameters, K
and 7, and the results expressed in terms of K,
and the exponential integral
. x et

Ei(x) = f_w T dg
However, in the present discussion only the order
of the rate expression is required. As the time be-
comes large, e~* terms become small and the rate
reduces to £ 7'S. This result also can be obtained
from the steady-state treatment assuming dx/d¢
= ( in the pair of preceding equations. Express-
ing T and S in terms of the initial concentrations,
the rate of production of sulfur (which is propor-
tional to the production of sulfur dioxide) becomes

rate « (H)(San_2)2
which was found experimentally.

Discussion

Having analyzed the kinetic situation and fitted
the series of reactions to the observed rate data, the
nature of the intermediates and chemistry in-
volved should be considered. The equations ex-
plain the positive salt effect, indicative that ionic
species of the same charge type are reacting, and
the observed dependence upon the acid concentra-
tion is explained in terms of a bimolecular reaction
between bithiosulfate and thiosulfate. The thio-
sulfate can be visualized as undergoing a nucleo-
philic reaction displacing sulfite ion which then
forms sulfur dioxide upon protonation. The sys-
tem of equations 6 to 14 can be complicated further
by including all the various protonated forms.
The sulfite and thiosulfate groups have been ob-
served to undergo displacement reactions with one
another??~% and several reactions have been stud-
ied kinetically using radiosulfur. Equation 7 can
be described in terms of the displacement reaction

3
H-S-80;~ + S-80;~% — H-S-5-S0:- +S0,~? (34a)

and the following reactions displacing the -SOs;~
group on the end of the sulfur chain. The poly-
sulfur intermediates

(22) D. P. Ames and J. E. Willard, TEIs JoUurNaL, T8, 3267 (1953);
73, 164 (1951).

(23) J. A. Christiansen and W, Drost-Hansen, Nature, 164, 739
(1949).

(24) A. Fava, Gass. chim, ital., 88, 87 (1953).

(25) A. Fava and G. Pajaro, Tr1s JourNaL, T8, 5203 (1956).
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2
H-$5-5-8-80,~ + 5-80;—2 —>

H-S-S-8-8-80,~ + S04t (354)
would resemble the hydrogen polysulfides (poly-
sulfanes) in many respects and would be expected
to have a weakly acidic hydrogen (H-S-S,-).
There is no a priors reason to exclude the attack of
the thiosulfate in the middle of a sulfur chain: no
doubt such reactions do occur

H-8,-5-5,-S0;~ + $,04-2 —>
H-8,-5-8,05~ 4 =$,-S0;~ (36)

The formation of the S; ring in a unimolecular reac-
tion could be formulated as

S--SH ?Oa_ ST ?OaH

? S ——>7 S 2

S / <~ g / ?

S S S

N Ne_s/
VG
S S
\ | 4+ HSO:~ (373
S S
\s_s”

The precursor of Sg would be HS;O;~ which then
would undergo an internal displacement forming
the S ring. The yield of S; would be predicted to
be low because of the instability of the S; ring com-
pared to the S; ring!4%; thus, the frequency factor
of HS;O3~ forming S; would be lower than the
chance of producing longer sulfur chains by dis-
placement reactions with thiosulfate. The longer
sulfur chains of insoluble sulfur would be built up
by further displacement reactions. The true
nature of these chains and the nature of termination
are not known. The formation of macro rings
or/and chains of H-S-S,-S-SO;H (x large) are
possibilities but the current experimental data give
no indication of the character of these materials.

The formation of the polythionic acids can also
be explained using thiophilic, nucleophilic displace-
ment reactions. The sulfo-polysulfane? inter-
mediates could produce the polythionates by using
the sulfide sulfur as the displacement reagent.
Thus the production of pentathionate could be for-
mulated

S!H §™ —> $—sH

: |
S == 4+ S0 —>
S0,~ SOH

S’ S + —SH
S’ S0, (38)
SOzH

Fragmentation of the sulfur chains by attack in the
middle of the sulfur chains forming polysulfides
and polythionates are likely reactions also. The
species of (38) could be in various stages of proto-
nation. Hydrogen sulfide is never produced in

(26) L. Panling, Proc. Nat. Acad. Sci., 858, 495 (1949).

(27} Compounds of the type H-8,—SO,H have been recently re-
ported and some reactions discussed. In many cases the reactions

are explicable on the thesis of nucleophilic displacement reactions at
the sulfur atom (M. Schmidt, Z. anorg. Chem., 289, 158 (1957)).

ROBERT EARL Davis

Vol. 80

yields equivalent to that of the polythionic acids;
however, hydrogen sulfide and the polysulfanes re-
act with sulfur dioxide producing suliur and other
products.?® Addition of arsenic trioxide increases
the yield of the polythionic acids.'-!® Arsenic
(IIT) would shift the equilibria of reactions like
(38) by removing the hydrogen sulfide as arsenic
sulfide. In dilute aqueous solution La Mer%!!
estimated that sulfur is the main product of the
reaction with only small amounts of polythionate
formation. Under controlled conditions, using
arsenic trioxide, rather good yields of the poly-
thionic acids can be obtained. "1

The Decomposition in Concentrated Solutions.—
The kinetic results were obtained in dilute aqueous
solution of the order of 102 molar in the reactants.
The effect of large amounts of acid has been meas-
ured by many investigators. If cold, concen-
trated hydrochloric acid is used in large excess,
there is an immediate precipitation of sodium chlo-
ride, and the solution remains clear and colorless
for eight hours.'® Bassett and Durrant® obtained
minima in their curves of sulfur appearance time
versus the conceutration of hydrochloric acid
added. The minima occur in the region of omne
molar acid. The facts can be described by the
effects of hydrogen ion upon the equilibrium 6 and
the various other reactions which produce decom-
position. Thiosulfuric acid in very strong hydro-
chloric acid appears to be somewhat stable!® and
much less stable in phosphoric acid.? Foss® pre-
dicted that pure thiosulfuric acid should decompose
into hydrogen sulfide and sulfur trioxide

18,05 —> 11LS 4 SO, (39)
Recently, Schmidt* has prepared solutions of thio-
sulfuric acid by the decomposition of sodium thio-
sulfate with HCl in ether at —78°. A dietherate of
thiosulfuric acid was obtained which decomposed
at —5° by reaction 39. Likewise, the reaction of
hydrogen sulfide and sulfur trioxide in ether at low
temperatures produced thiosulfuric acid. Reac-
tion of the polysulfanes (H.S,) with sulfur trioxide
in ether at —78° was found to produce either the
polysuliane monosulionic acids, H-S,-SOsH, or
the polvthionic acids, HSO3-S,~SO;H. The poly-
sulfane monosulfonic acids have been inferred to be
present in the decomposition analyzed in this re-
port.

The stepwise build up of a sulfur chain by dis-
placement reactions is consistent with the kinetic
results of a series of reactions in which a sulfur
chain is degraded atom by atom. The reactions
of triarylphosphines,!*# cyanide ion,’! sulfide and
sulfite?? with sulfur have been studied kinetically
in homogeneous solution. In each case the sulfur
ring is opened and then degraded by the thiophilic
reagent one atom of sulfur at a time. The sug-
gested mechanism of formnation of the polythionates
is consistent with the radiochemical data of Brodskii

(23) O. I'oss, Tids. Kjens Bergvesen Met., 6, 3 (1948),

(20) AL Schmidt, Z. anuvry. Chew., 289, 141, 158, 175 (1957).

1307 oD, Bartlett, . Cox and R, I2. Davis, unpublished data.

(31 I, D. Bartlett and R. E. Davis, THIs JOURNAL, 80, 2313
(1958).

32) R. E, Davis, unpublished data,



July 20, 1958

and Eremenko.?® It was found that the decom-
position of *SSO;~2 in the presence of acid and
sodium arsenite gave ~0;S-*S,-SO;~. The gen-
eral over-all decomposition was found to be

—-10°
>
arsenite

~03S — *S, — S0;~ + H5* 4 sulfur

*S-50;2 4+ H™*

Estimation of the Rate Constants.—The values
reported for the dissociation constants of thiosulfuric
acid have been near 0.45 (X;) and in the range 0.01
to 0.062 for the second dissociation (K,) in dilute
solutions.’ The previous investigators!! used the
value of 0.01 for K, and calculated the rate con-
stants to be # = 0.14 £ 0.02 min."! and &, =
0.31 1. mole~! min.~! during the initial stages of the
reaction and as 0.29 1. mole~! min.~! from the
titrametric data from the latter stages of the reac-

(33) A. 1. Brodskii and R. K. Eremenko, J, Gen, Chem. (U.S.S.R.),
24, 1137 (1954),; 25, 1189 (1933).
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tion based upon the gram atom of sulfur. The
values of the rate constants are dependent upon the
value of K, but the values calculated are correct
within the order of magnitude of the data. A
reasonable assumption can be made concerning the
other bimolecular reactions. These reactions are
probably somewhat faster than k; and probably
ks ~ ky ~ ks ~ . .. because of the very similar
nature of the intermediates. Assuming k3 = A
= k; ... makes many of the higher terms of (26)
and (27) zero, thus simplifying the expression and
increasing the importance of the first term. The
rates of formation of the various polythionates as
equation 38 cannot be obtained from the data but
in dilute solution these reactions are much slower
and the sulfur is the main product of the decom-
position.

The author wishes to thank Professor P. D.
Bartlett for helpful discussion and permission to
publish this interpretation.
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Organic Compounds of Zirconium.

V. Studies of Zirconium Mandelates

By R. N. Karoor aND R. C. MEHROTRA
RECE1VED DECEMBER 4, 1957

The reaction of zirconyl chloride with mandelic acid in aqueous solution yields mainly zirconium monomandelate which

dissolves in one equivalent of alkali.
chloric acid.

The tetramandelate is formed only in the presence of higher concentrations of hyvdro-
The reaction between zirconium isopropoxide and mandelic acid in benzene shows that the carboxyl group is

more reactive than the hydroxyl group in replacing isopropyl alcohol; the latter becomes active only when a sufficient con-

centration of carboxyl groups is not available.

The following new compounds of zirconium have been isolated: Zr(C:;H:O3)-

(OPr—iSO)z, Zr (CgHeOa) (CgH70a) (OPI‘—{SO) ) Zr (C3H703)2(OPI’—$’30)2 and Zr (CsHeOa) (C5H103> (OBLI) .

The preparation of zirconium alkoxides'? and
tricarboxylates® has been reported recently. The
alkoxides and tricarboxylates are immediately hy-
drolyzed by water, and even the zirconium salts of
the strong acids are appreciably hydrolyzed in solu-
tion.* Therefore, the precipitation of pure zirco-
nium tetramandelate from solutions of zirconyl
chloride in concentrated hydrochloric acid® is note-
worthy in view of the weakly acidic nature of
mandelic acid (dissociation constant at 25° = 4.29
X 107%). To explain this, Feigl® postulated the
formation of a chelate type structure

C¢H;:—CH—C=0
!
HO
/
Zr/4
This structure explains the solubility of the
tetramandelate in dilute alkaline solution as due to
the enhanced acidity of the weakly acidic hydroxyl
group through coérdination.
Hahn and Weber,” in a conductometric titration
(1) D. C. Bradley, R. C. Mehrotra and W. Wardlaw, J. Chem. Soc.,
2027, 4204, 5020 (1952); 1634 (1953).
(2) R. C. Mehrotra, THIS JOURNAL, T8, 2266 (1954).
(3) R. N. Kapoor and R. C. Mehrotra, Chem. & Ind., 68 (1958).
(4) B. A.J. Lister and L. A, Donald, J. Chem. Soc., 4315 (1932).
(5) C. A. Kumins, 4dnal. Chem., 19, 376 (1947).
(6) F. Feigl, *Chemistry of Specific, Selective and Sensitive Re-

actions,”’ Academic Press, Inc., New York, N. Y., 1949, pp. 213-215.
(7) R. B, Hahn and L. Weber, Tiu1s JourNar, TT, 4777 (1955).

of zirconyl chloride solution with sodium mandelate,
observed a sharp maximum when the ratio of
mandelate to zirconium was 2.3:1. To explain
their observations, they assumed that the following
reactions occur in solution

ZrO**+ + 2HCsH:0y —> ZrO(CsH:05): + 2H~
(soluble)

ZrO(CsH70;5): + 2HC:H:0y —> Zr (CsH;0;), + H.0

However, it has been reported recently®® that
zirconium monomandelate preferably is precipitated
when zirconyl chloride is treated with mandelic acid
or sodium mandelate solution. The monoman-
delate could have either structure

i
CeH,HC—O0 CIHHC- -0,
y O>Zr(oH)2 or | zr(OH)
O=C— O=C—0

I 11

The easy hydrolysis of the alkoxv oxygen-zirco-
nium linkage suggests that II is probably correct.
Furthermore, in the titration of zirconium mono-
mandelate with sodium hydroxide (Fig. 1), we found
that that monomnandelate dissolves when about 1
mole of alkali has been added; this can be explained
by the neutralization of the hydroxyl hydrogen atom
which has been made more acidic (dissociation con-

(8) R. B. Hahn and E. 8. Baginski, dnal. Chim. Acte, 14, 45 (1935).

(9) R. N. Kapvor and R. C. Melrotra, J. Sc¢i, gndustr. Res., 1€B,
300, 304 (1957).



