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ion for which Ky = 10260 = 015 Converting

K1 to Schwarzenbach’s form according to equa-
tion 11 yields Ky, = 1014 = 015 The decrease
in the value of Fy, beyond a pH of 10.5 may be due
in part to the presence of a potassium complex.
However the irreversible behavior may also be due
to the tendency of the mercury to precipitate in
very alkaline solutions. In conclusion, the equilib-
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rium of mercury(II) with ethylenediaminetetra-
acetic acid as a function of pH is similar to that
observed for other metal complexes of this acid.
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By employing the first aqueous comnplex of zirconium and 2-thenoyltrifluoroacetone as a spectrophotometric indicating
reaction, the hydrolysis and polymerization of zirconium(IV) perchlorate was studied in one and two molar perchloric acid

solutions at 25°,

The monomeric zirconium species at these acidities was indicated to be the unhydrolyzed Zr*4.

Hy-

drolysis polymers commenced to form at approximately 5 X 10~# M zirconium in two molar acid and at 10~¢ M zirconium

in one molar acid.
one higher polymer—probably tetramer(s).

liydroxide groups, respectively, for the trimer(s) and the tetramer(s).

Up to 0.02 M zirconium concentrations the data could be interpreted in terms of trimer(s) and at least
Their average degree of hydrolysis was found to correspond to about 4 and 8

No evidence was found for the formation of dimers.

Iaterpretation of the data beyond 0.02 M zirconium concentrations was not attempted because of the uncertainty in activity

coefficient changes,

Introduction

Because of extensive hydrolysis and polymer for-
mation even in solutions of high acidity, the aque-
ous chemistry of zirconium(IV) is extremely com-
plex. A variety of physicochemical methods have
been employed in recent years in attempts to iden-
tify the various zirconium species in solution.?~"
The result has been a confusing, and often contra-
dictory, array of postulated monomeric and poly-
meric hydrolysis products. In the present work a
method similar to that used in reference 3, but
which permitted greater accuracy, was employed
to study the zirconium polymer species existing at
moderate acidities in non-complexing aqueous
media. McVey* has applied essentially the same
method to a study of the hydroxide dependence of
the hydrolysis.

In brief a spectrophotometric indicating reac-
tion was utilized to follow the equilibrium concen-
tration of monomeric zirconium as a function of
total metal ion and hydrogen ion concentrations.
The formation of the first aqueous complex be-
tween zirconium and 2-thenoyltrifluoroacetone
(hereafter abbreviated as TTA in the text and as
HK in equations) was used as the indicating re-
action. Assuming for the moment that the zir-
conium is unhydrolyzed and unpolymerized, this
equilibrium can be represented as

Zr+¢ + HK = ZrK*3 - H* (1)
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Through the use of suitable blanks and the known
molar extinction coefficients of TTA and ZrK*3, it
was possible to obtain the concentration of ZrK+3
by spectrophotometric methods. The equilibrium
concentration of free TTA could then be obtained
by direct difference from the known initial concen-
tration, and this was done in a number of experi-
ments. However, for the most part better experi-
mental accuracy was obtained by employing a two
phase, benzene—aqueous system wherein the con-
centration of free TTA could be calculated from
the known TTA in the benzene phase and the
benzene-aqueous distribution constant. In the
latter case experimental conditions were controlled
so that the amount of zirconium extracted into the
benzene phase as the neutral TTA chelate??® was
negligible.

Experimental

Procedures.—Two main series of experiments were
performed: one in 2 M HCIO, and the other in 1 M HCIO,
plus 1 M LiClO,. In addition a few runs were carried out in
1 M HCIO; plus 1 M NaClO,. Unless otherwise stated all
optical density measurements were made using a Beckman
model DU spectrophotometer with the absorption cell
compartment thermostated at 25.0 == 0.1°. All optical
density values are defined as

Dy =logId /I = e\lc (2)

where I° and I represent intensities of incident and trans-
mitted light of wave length A, ex the molar extinction co-
efficient at a wave length A expressed in millimicrons, !
the cell length in cm., and ¢ the molar concentration of the
absorbing species. The cominon logarithm is used. All
concentrations are reported in terms of moles per liter of
solution, designated by the symbol 3 or by ( ).

In a typical experiment equal volumes of benzene con-
taining a known amount of TTA and of an aqueous phase
containing perchloric acid (and lithium or sodium per-
chlorate in the low acid series) and a kitown concentration
of zircouiumn perchlorate were placed in ann npaque flask.
Tlie flask was then sliaken vigoronsly for 16 to 24 ltonrs i1 a
water-batly thermstated at 25.0 == 0.1°. An agueous
phase sample of suitable size was tlien remnved, centrifuged
and analyzed spectrophotometrically. It the majority



5786

of the experiments a second sample was removed after an
additional 24 hours of shaking to demonstrate that equilib-
rium had been attained. The same procedure was fol-
lowed with the one phase experiments with the exception
that the aqueous phase then also contained the known
initial concentration of TTA.

Materials.—Water redistilled from alkaline permangan-
ate was used to prepare all solutions. The benzene was
C.p. grade, thiophene free. Perchloric acid solutions were
prepared by diluting the G. F. Smith double vacuum
distilled product.

Stock solutions of lithium: and sodium perchlorate were
prepared by treating the respective carbonates with per-
chloric acid. The sodium carbonate was primary standard
grade, Lithium carbonate, containing sulfate as the prin-
cipal impurity, was purified by the method of Caley and
Elving.! Both solutions were standardized by evaporating
aliquots to dryness in the presence of excess sulfuric acid and
weigliing the residue as the respective sulfates.! The
lithium perchlorate stock tested free of sulfate when treated
with barium nitrate.

Crude zirconyl cliloride was obtained from City Chemnical
Corporation and was recrystallized four times from 8 M
HCI, the product separating out as large crystalline needles
of ZrOCl;-8H,0. The final product was found to be spectro-
graphically pure with the exception of 0.3-0.4 mole 9 of
hafnium. Stock solutions of zirconium perchlorate were
prepared by repeated fumings of the zirconyl chloride with
cxcess perchloric acid. The clear solution so obtained did
not show a Tyndall bean: and tested free of chloride when
treated with silver nitrate. The excess perchloric acid in
this stock solution was determined by treating aliquots with
an excess of sodium fluoride and titrating with standard
base.? The zirconium concentration was determined by
precipitating the hydroxide and igniting to zirconium
dioxide.

TTA was obtained front the Dow Chemical Company
and purified by a series of crystallizations from redistilled
liexante. On the basis of the change in melting point with
the fraction melted, the purity of the final product was
estimated to be between 99.8 and 99.9 mole 9%,. Because
of the slow decomposition of aqueous TTA solutions ob-
served by Zebroski® and Mattern,! fresh solutions were
prepared for each experiment from a weighed amount of
TTA.

The Zirconium-TTA Complex

McVey* has reported the first zirconium-TTA
chelate to be the 1-1 complex, ZrK*3, with a max-
imum light absorption at 366 mu. By the use of
4 M perchloric acid solutions, which afford a fairly
wide working range of zirconium concentrations
where the monomer is the only important species,
McVey was able to determine the formation con-
stant of reaction (1)

_ (ZrR)(HY)
~ ZrH(HK)

and the maximum molar extinction coefficient of
ZrK*3, His reported values, all at 25°, are K =
1084 and ey = 2.34 X 104

In order to obtain an independent check of the
ZrK*3 peak molar extinction coefficient at the ionic
strength of two used in this research, the following
method was employed. Optical density measure-
ments were made on two sets of solution pairs.
The first set consisted of all aqueous solutions.
One solution of each pair contained zirconium

(8) '‘Imorganic Syntheses,” Vol. I, McGraw-Hill Book Co.. New
York, N. Y., 1939, p. 1.

(9) W. W. Scott, “Standard Methods of Chemical Analyses,”
Vol. I, D. Van Nostrand Co., New York, N, Y., 5th ed., 1939, pp. 878,
888.

(10) L. L, Zebroski, United States Atomic Energy Commission
BC-63, July, 1947,

(11) K. L. Mattern, United States Atomic Energy Commisslon
UCRL-1407, Jan., 1951.

K (3)
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perchlorate, and the initial TTA coucentration of
both was identical. Assuming free TTA and the
1-1 complex as the only absorbing species, the dif-
ference in optical density of two such solutious is
given by

AD: = lezrx — enx)(ZrK*?) (4)

Utilizing the optical deusity at the 366 mu peak and
the AD value at any other fixed wave length A, the
ratio of the AD values for the same solution pair is
a constant

ADY® % — ik _ B ()
N A — A ™ *
AD, iR €mxK

The second set of solution pairs consisted of equal
volume, benzene-aqueous systems. Again eacl
pair contained identical amounts of TTA and dif-
fered only in that one contained added zirconium.
The distribution constant for TTA between a ben-
zene and aqueous systemn is defined as

8= (HK)b/(HK)sq (6)

For each solution pair in such a system it is readily
shown that the ratio of the optical density differ-
ences of the equilibriumm aqueous phases is again a
constant. Thus
ADY (8 + el — dik
AD} T (B e, — )

HE

=k} (7)

By simultaneous solution of equations 5 and 7,
it was then possible to calculate e5}k. To obtain
a reliable average value for this constant, optical
density measurements to complement the 336 mgu
values were made at 266, 292 and 314.1mu. The
latter three wave lengths correspond to the two
TTA absorption peaks and the wave length where
enx = e€gzx. This last value is indicated by a AD
value of zero in equation 4.

All aqueous solutions were 2 M in perchloric
acid, and six independent solution pairs were
employed in both the one and two phase runs.
The zirconium concentration varied roughly from
0.01 to 0.04 M and the initial TTA concentration
from 0.7 to 2 X 10— M and 3 to 3 X 10—* M,
respectively, in the one and two phase experiments.
The values of esx employed in the calculations
were 0.0856, 4.07, 7.83 and 10.02 X 102 for 366,
314.1, 292 and 266 mu. These values were readily
obtained by direct measurement. Values of 8 are
presented in Table II. A summary of the results
1s presented in Table I. The = values represent
average deviations for k; and %, and the correspond-
ing calculated probable uncertainties for the molar
extinction coefficient.

TABLE I
DETERMINATION OF egop IN 2 M HCIO, AT 23°
Mmg) —h k1 ik X 10-¢
314.1 S 6.04 = 0.11 2.39 = 0.06
292 9.68 = 0.41 5.15 & .14 2.56 = .09
266 3.80 £ .07 7.11 = .43 2.42 + .18

Weighted av, 2.45 == 0.07

Once the value of the peak molar extinction co-
efficient has been determined, eq. 5 allows the
determination of the ZrK+® absorption spectrum
by the one phase, k; experiments only. This spec-
trum was thus obtained by running suitable solu-



Nov. 20, 1956

tion pairs on a Cary recording spectrophotometer,
The curve shown in Fig. 1 is the average of two such
determinations. The absorption spectrum of TTA
is presented for comparison.

Results

The initial concentration of TTA in both the one
and two phase experiments is always represented
as (HK)°. In the two phase experiments, all the
TTA was initially in the benzene phase. The equi-
librium aqueous phase concentrations of TTA and
the zirconium—TTA complex are designated by
(HK) and (ZrK*%). The formal initial and equilib-
rium concentrations of zirconium perchlorate, <.e.,
that uncomplexed by TTA, are represented by ZZr°
and ZZr. The ratio of aqueous to benzene phase
volumes is signified by a.

The data are presented in terms of a complexing
coefficient E defined as
(ZrK*3)
(HR)2zZr (8)
In the case of the two phase experiments, the dis-
tribution constant of eq. 6 can be presented as

_ (HK)® — o(HK) — o(ZrK*3)
#= (HK)

From optical density measurements of the equilib-
rium aqueous phase at 366 mu
D/l — (HK)emx

€ZrK

E =

(9)

(ZrK+3) = (10)
The concentration of uncomplexed zirconium is ob-
tained by

Zr = ZZrd — (ZrK+9) (11)

Simultaneous solution of eq. 9-11 allows calcula-
tion of the E values. In the case of the one phase
experiments, eq. 9 is replaced by

(HK) = (HK) — (ZrK+9) (12)

All necessary values of 8 and emx for these cal-
culations are listed in Table II. The distribution
constants were obtained from aqueous phase TTA
concentrations as measured by light absorption at
the 292 mu peak. Equilibrium was approached
from both sides and in all cases the TTA benzene
concentration was kept sufficiently low for its
activity coefficient to be unity.!? The = values
represent average deviations of 7, 6 and 3 experi-
ments, respectively.

TABLE II

VALUES OF €508 AND 8 AT 25°

868

Aqueous phase €HK 8
2 M HCIO, 85.6 = 0.3 35.7 0.1
1 M HCIO; 4+ 1 M LiCIO, 77.8 £ .4 46.5+ .5
1 M HCIO; + 1 M NaClO, 67.4 = .3 48.1 = .4

The zirconium—TTA complexing coefficient data
are presented in Tables IIla~IIIc. Five cm. cells
were employed for all optical density measurements
in 1 M acid; and unless otherwise noted, 2 cm.
cells were used for the 2 M acid series. Except
where otherwise indicated, the values ¢« = 1 and
a = 2.4 apply, respectively, to the 2 and 1 M acid
experiments. In certain of the two phase experi-
ments where high TTA concentrations were em-

(12) E. L. King and W. H, Reas, THIS JoURNAL, T3, 1806 (1951),
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Fig. 1.—Absorption spectrum of: (1) TTA and (2) ZrK*3
in 2 M HCIO,,

ployed, it was necessary to make small corrections
for zirconium extracted into the benzene phase as
ZrK,. These corrections were made by successive
approximations utilizing the data of Connick and
Reas.?

TaBLE III
a. CompLEXING COEFFICIENTS IN 2 M HCIO. aT 25°
=Zro, (HK)o
moles/1., moles/1,
X 103 X 104 Dgse E
0.02069 11.99 0.974 0.971 186
.03211 §.994 .941 .941 185
.03924 6.314 { ¢ .752 .749 177.5
.06419 5.996 1.009 1.011 179.5
.09505  25.25 0.318 0.323¢ 166°
.1956 1.263% .543 .545° 171.5
.3153 23,87 .843¢ . 159.5°
.5208 0.5052% .516 .5186 169
1.299 3.680 .241 .237 155.5
2,597 3.680 ;b .421 .416 138.8
3.871 3.680 .5395 ... 121
6.278 1.459 1202 ... 99.4
6.297 3.879 .3125  .3095 96.5
12.44 1.459 1645 ... 69.2
12.46 5.071 .578 69.9
13.09 4.964 .573 67.3
18.10 4.784 .617 54.6
24.19 4,784 L7185 ... 47.8
24.69 3.879 .5855 ... 47.1
26,18 3.310 .502 44 .6
31.03 5.071 .832 40.9
39.28 3.310 .585 34.8
61.98 3.879 .821 .805 26.4
154.8 2.070 .655 .647 16.2
310.1 2.070 .955 .952 12.28
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b. ComprLExING CoEFFICIENTS IN 1 M HCIO;, + 1 M
NaClO; AT 25°

2Zro, (HK)9,
moles/1. moles/1.

X 104 X 104 Dass E
0.7775 2,387 ) 0.751  0.749  325.5
1.295 1.492 fa .754 751 323.8
1.944 0.5959 .433 433 315

c. CompLEXING COEFFICIENTS IN 1 M HCIOs + 1 M
LiClOs AT 25°
ZZro, (HK)®,
moles/1. moles/1.
X 108 X 104 Dsss E
0.02097 10.06 0.875 0.875 232
.03920 6.289 | 986  .984 203.5
.05223 2.516 | 541 541 301
07811 1.529 (“ 487 488 314.5
.1302 0.956 .300 501 327
.1953 0.956 J 718 720 327
.3253 18.52 .489 471 317 )
3255 17.90 471 432 314.5 |
.4672 18.52 649 625 206 |
4673 17.90 623 603 204 [°
.6486 18.52 .787 . 263
6487 17.90 779 770 269.5
1.038 7.246 4125 4095 218
1.619 7.246 5195 .4935 173.5
3.209 7.246 6695  .6625 115.5
5.187 5.010 .555 .553  86.4
7.758 5.010 .620 617  64.8

12.90 3.999° .588 . 593 47.0

19.40 5.010 .855 854  36.2
32.28 3.999° .824 835  96.75
48.28 2.016 .489 505 21.35
64.32 3.999° 1,084 1.089 17.85
80.17 2.016 0.603 0.609  15.88
128.6 2.016 0.749 0.750  12.4
2 Ouce plase experiment, @ = «. >a = 2.5. ¢ Cell

lengtlt = 5 cm. ¢ Cell length = 10 ecm. ¢ Corrected for

ZrK, in benzene phase.

As will be shown shortly in the theoretical treat-
ment, at constant acidity £ must approach a con-
stant value as the zirconium concentration is de-
creased. This condition is met fairly well in the
2 M acid series, but in 1 M HCIO, plus 1 M LiClOy4
the E values reach a maximum and then commence
to decrease. Exactly this same behavior was ob-
served previously by Connick, et al.,%? and it has
been attributed to the complexing of a small
amount of zirconium by an impurity in the solutions.
This impurity remains unidentified but there is
some evidence that it is leached off glass sur-
faces.® As a precaution, a careful cleaning proce-
dure was used on all glassware, and in addition all
glass vessels and pipets were coated with Dri-Film,
(CH;)sSiCl,.  Apparently this procedure met with
some success since no evidence of the impurity was
observed in 2 M acid and the effect in 1 M acid was
less than that encountered previously.??

A quantitative correction for this impurity effect
was made by assuming that the amount of zircon-
ium coniplexed by the impurity was constant in all
the 1| 3/ HCIO, plus 1 M LiClO, experiments. If
this is the case, then over the zirconium coucen-
tration range wliere the complexing coefficient is
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constant (corresponds to zircomiuin onower as
the only important species)

EZZr
2Zr — X

where E° is the true (constant) value of the com-
plexing coefficient, E is the experimentally observed
value, and X represents the constant concentration
of zirconium ‘“lost” to the impurity complex.
Equation 13 can be rearranged to give
ZZr = X + EZZr/E° (14)

Thus a plot of ZZr vs. EZZr should be linear with
slope equal to 1/E° and intercept equal to X. The
excellent straight line obtained with such a plot is
illustrated in Fig. 2. The five points correspond
to the five runs at lowest zirconium concentration
in the 1 M HCIO, plus 1 M LiClO, series. At
higher zirconium concentrations polymerization
of the zirconium becomes appreciable. Utilizing
the least squares technique, the following values
and standard deviations were calculated for the
slope and intercept of Fig. 2: E° = 341 = 2 and
X = (0.530 = 0.042) X 10— M. This value of X
was used to correct the six points at lowest zir-
conium concentration in the 1 3 HCIO, 4+ 1 M
LiClOy series of Fig. 3.

Discussion
The general case of combined hydrolysis and
polymerization of zirconium is represented by the
reaction(s)
nZrtt 4+ mH,0 = Zr,(OH), T4 —m 4+ mH* (15)

and the corresponding concentration equilibrium
constant(s)

Ko = (Zra(OH)p* v = m Y(H*)m /(Ze 79 (16)
Consideration is thereby given to all possible inte-
gral values of %, commencing with one, and all
corresponding m values, starting with zero, for
each ».

The total (formal) concentration of zirconium is
obtained by solving 16 for the concentration of
Zr,(OH)},,** =™ and summing over all values of »
and m

E = (13)

3Zr = Y nKu(Zrtor(HE) ™ (17)

n,m
Substitution of (3) and (8) into equation 17 yields
ZZr = Y nKom (EZZr)» K~(H*=m  (18)
n,m
By partial differentiation of (18) with respect to
ZZr at constant (H*) and constant values of the
K's

Olog E _
(a log EZI‘)(}F) =-bT
ZZr 1 \
= -1+ = (10)
Z 12 Zr,(OH),, *4n = m) i
n,m

where each f,,. represents the fraction of the total
zirconium which exists in a polymer containing #
zirconium atoms and m hydroxide groups. The
weighted summation of all such groups, as desig-
nated by Znfu., is the weight average degree of
polymerization aud represents the size of the poly-
mer in which a zirconium ion will be fouud on the
average.
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Thus by a plot of log E vs. log ZZr at constant
hydrogen ion concentration, a direct measure of the
degree of polymerization is obtained. At low zir-
conium where the monomer is the only important
species, Z#fu» equals one and eq. 19 demands a
zero slope. As the zirconium concentration is in-
creased and polymers begin to form, the slope
should become negative, approaching minus one as
a limiting value if the polymers are of infinite size.

All of the complexing coefficient data in 1 and 2
M acid are presented in Fig. 3 in such a plot.
Nearly all points represent the average of two or
more experimental values. As discussed earlier,
certain of the points in 1 M acid at low zirconium
concentration have been corrected for the impurity
complex. The smooth curves represent calculated

values that will be discussed shortly.
T l T I T T T I

12

TZr x 105
o

2 —
1
o i l [ 1 Il ' - l
0 10 20 30 40
EZZr x 103
Fig. 2.—Zirconium-impurity complex in 1 i HCIO; + 1 M
LiC10,.

Formula of the Monomer,—The limiting values
of the complexing coefficient, designated as E?, at low
zirconium concentration in 1 and 2 M acid allow a
calculation of the degree of hydrolysis of the
monomeric species relative to the chelate. Assum-
ing the chelate to be ZrK *3, we obtain from eq. 18
K/E' = (H*) + Ku + Kp/(H*) + ... Kin /(H+)'Z;(‘))
Equation 20 indicates the complex nature of E°
as a function of hydrogen ion concentration when
a number of hydrolysis products of comparable
importance are present. An unambiguous con-
clusion for data at but two acidities can be drawn
if, and only if, F° is observed to have an inverse
first power dependence on hydrogen ion concentra-
tion. This corresponds to Zr+4 as the monomeric
species and is indicated to be the case in Fig. 3
where the theoretical curves have been drawn with
E® values of 341 in 1 M acid and 170.5 in 2 M acid.
The value of K is then 341 compared to McVey’s
value of 1084 in4 M HCIO,.4
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2.5 T

20 ‘l

Log E,
o
T

05 ! . ]
~5.0 -4.0 ~3.0 -2.0 ~1.0
Log ZZr,

Fig. 3.—Zirconium-TTA complexing coefficients: @ 2 M
HCIO;; O1 M HCIO; + 1 M LiClO,; 0O, 1 M HCIO, +
1 M NaClO,.

It is to be noted that the impurity complex cor-
rection was applied to the 1 M acid data. It is
assumed that this correction was made with fair
accuracy; however, even without the correction,
the estimated extrapolated value of E° in low acid
would be approximately the same. This is in-
dicated by the three pointsin 1 M HCIO, plus 1 M
NaClO; solutions where #o correction was applied
for an impurity complex.

In interpreting the data chelate complexes be-
yond the first were ignored because the ratio of
zirconium chelate to monomeric zirconium was al-
ways small. It is possible that the slight rise of
the points at the lowest zirconium concentrations
above the curve for the 2 M HCIO, solutions is due
to the presence of a small amount of the second
chelate, since the conditions for its formation were
most favorable at the lowest zirconium concentra-
tions.

In interpreting the effect of acidity here and in
the next section, it was assumed that activity co-
efficient ratios remained constant in going from 2
M HCIO4 to 1 M HCIO,4 plus 1 M LiClO; (or Na-
Cl0,). All of the equilibria involve either positive
ions or neutral molecules. Because the activity
coefficient of a positive ion is determined primarily
by the negative ion,%1* and the latter was fixed in
the present case, the assumption of cancellation
seems reasonable for effects arising from ionic
charges.

That there are significant activity coefficient
changes for the neutral TTA molecule is shown by
the values of 8 of Table II. Assuming the activity
coefficient in the benzene layer to be constant, that
in the aqueous phase must increase 30% in replac-
ing 2 M HCIO, by 1 M HCIO,4 plus 1 M LiClO,.. %
At first sight it might seem better to use the con-
centration of TTA in the benzene layer and thus
correct for the change of activity coefficient of
TTA. Actually such is not the case. The con-
centration of TTA always occurs in the equations
in the form (HK)/(ZrK*%). It has been shown by
Larsson and Adell’® that the activity coefficients of
the negative ions of large organic acids can be con-

(13) A. R. Olson and T, R. Simonson, J, Chem. Phys., 1T, 1167
(1949).

(14) J. N. Brénsted, THIS JOURNAL, 44, 877 (1922),

(15) Such a difference in salt effects is not unreasomnable for large
organic molecules. See, for example, F. A. Long and W. F. McDevit
Chem. Revs,, 81, 119 (1952),

(16) E. Larsson and B. Adell, Z. physik, Chem., A166, 381 (1931):
A157. 342 (1931).
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sidered to be made up of the product of two terms:
one representing the interaction of the charge with
its environment and the other the interaction of
the uncharged organic part of the ion with its en-
vironment. To a fair approximation the activity
coefficient change arising from this second term 1s
just cancelled by the activity coefficient of the un-
dissociated acid. The experimental evidence for
this statement is that the values of yg+ya-/vHA
for a wide variety of organic acids in a given salt
solution are nearly equal, even though the activity
coefficient of the acid varies considerably. Sim-
ilarly, the change in activity coefficient of HK
would be expected to be cancelled to a large degree
by a corresponding change in the activity coeffi-
cient of ZrK*? arising from the uncharged part of
the chelate ion.V

The error introduced by the above assumptions
cannot be estimated reliably. The belief that it is
small is supported by the fact that a solution con-
taining 1 M NaClO, plus 1 M HCIO, gave the same
result as a solution containing 1 3 LiClO, plus 1 M
HCIO,.

Should the clielate itself be hydrolyzed, the limit-
ing results of Fig. 3 indicate that the monomer and
chelate contain the same number of hydroxide
groups per zirconium. Since it is unlikely that the
chelate with its negatively charged oxygens at-
tached to the zirconium would be as hydrolyzed as
the monomer itself, it is reasonable to conclude
that neither is hydrolyzed and that the monomer
is primarily Zr+* in one to two molar perchloric
acid solutions.

Previous work is in agreement with this conclu-
sion. Thus extraction experiments® with TTA, us-
ing an entirely different equilibrium for measure-
ment, yielded similar results and conclusions.!
The work of McVey,* using the present method but
varying the acidity, is consistent with the present
work. Larsen and Wang!? found that ion-ex-
change equilibria with zirconium at low concentra-
tions were also best fitted by the assumption of
monomeric Zr *4.

Polymeric Species.-——The weight average degree
of polymerization, as calculated from the slopes of
Fig. 3 by eq. 19, can be analyzed in terms of possible
species in solution; and this method was used by
Connick and Reas?® in their treatment of zirco-
nium-TTA extraction coefficients. Since the meas-
urement of slopes from non-linear curves is liable
to a good deal of error, a more analytical treatment
of the data is made here.

Equation 18 can be rewritten and expanded as

1/E = a1 + a(EZZr) + ... a(EZZr)*~t (21)
where each a, is defined by

an = nK Y Kam(HH)mm (22)
m

(17) Additional discussion of such canceling of activity coefficients
and its occurrence in the iodide-iodine-triiodide equilibrium is pre-
sented by L. I. Katzin and E. Gebert, THIS JoUrNAL, TT, 5814 (1955).

(18) In this earlier work the question of the activity coefficient
correction of HK did not arise because the chelated zirconium species
ZrK. was present in the benzene phase.

(19) Reference 7, These authors also pointed out the ambiguity
in the interpretation of Lister and McDonald? of earlier ion-exchange
measurements where it had been concluded that Zr ¥ did not exist.
See also reference 21, p. 79.

A. J. ZieLEN AND ROBERT E. CONNICK

Vol. 78

At constant hydrogen ion couceutration all ¢,
values of eq. 21 can be considered as constant co-
efficients. Thus a plot of 1/E vs. EZZr gives a
simple polynomial curve whose terms and coefli-
cients are directly related to the polyueric species
in solution. Analysis of the data by means of such
plots revealed that for zirconium concentrations
up to 0.013 and 0.018 M for the one and two molar
acid series, respectively, 1/E represents a cubic
equation in [Z2Zr, corresponding to the tetramer as
the highest polymer preseut at appreciable concern-
trations under these experiniental conditions. In
addition it was found that the value of a,, the coei-
ficient of the dimer term, is negligibly small.
Thus assuming the polymeric species to consist of a
trimer—tetramer mixture only, eq. 21 can be placed
in the linear form

(1/E — e\ (EZZr)"* = a5 + ai(EXZr)  (23)

and a plot of the left hand member of 23 vs. EZZr,
at constant acidity, should give a straiglt line with
intercept equal to a; and a slope equal to a;.  The
value of a, is simply 1/E°,

Such plots for the 1 and 2 I acid data are shown
in Fig. 4. Only a somewhat limited range of zir-
conium concentrations is covered for two reasons.
First, because of the (1/E — a;) term in eq. 23,
the amount of polymerization must be appreciable
before any reasonable accuracy can be obtained.
Second, a definite trend at high zirconium concen-
trations is believed caused by a combination of in-
creased acidity due to hydrolysis and an increase
in the ionic strength with the addition of zirconium
perchlorate. The latter two effects cause a rapid
fall off of the experiniental points from the extrap-
olated linear plots of Fig. 4. They are also
indicated by the marked upward curvature of the
data of Fig. 3 at high zirconium concentrations.

For these reasons the range of zirconium concen-
trations covered in Fig. 4 is roughly 3 X 10 to
0.018 M. Nearly all the points represent the
average of two or niore experimental values., Un-
certainties in the individual points are indicated
by vertical lines and are based on an estimated pos-
sible error of 3%, in the E values and of 59, in each
a;. The linear plots were obtained by least squares
analysis of all points shown iu the figure.

The effect that would be produced in Fig. 4 by
appreciable quantities of the dimer and/or higher
polymers than the tetramer can be seen by ex-
panding eq. 23 in its full form

(1/E — ay))(EZZr)™? = a/(EZZr) +
a3 + ...a(EZZr)""3 (24)
Therefore if a; is not negligibly small, the ordinate
term of Fig. 4 would commence to increase at low
values of EZZr. Higher polymers than the tetra-
nier would be indicated by an upward curvature at
high values of EZZr. An estimated upper limit for
a, may be made by plotting the quantity (1/Z — a1)
(EZZr)~!vs. EZZr, whicli should have an ordinate
intercept equal to a,. Within the limits of experi-
mental error, the observed value is a zero inter-
cept; but on the basis of estimated possible errors,
the limit on a; (in 1 A acid) was approximately
placed as no greater than 5 X 10—* By the use of
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eq. 22 the sum of the dimerization constants is cal-
culated to be

2‘fmI{'Zm é 30

Although the assumption of trimer and tetramer
fits the data of Fig. 4, the assumption of trimer and
pentamer fits nearly as well, as would also com-
binations of these three polymers. However, the
points beyond £ZZr = 0.6 in the 1 M acid series
show considerably greater deviations from the
ideal curves for the assumption of a pentamer than
for a tetramer. It is primarily for the latter reason
that the interpretation in terms of tetramer is pre-
ferred. In the following analysis of the data only
the tetramer will be considered although the am-
biguity in its choice should be kept in mind.

The values and standard deviations of a3 and a4
as calculated by the least squares technique from
the linear plots of Fig. 4 are presented in Table IV.
The respective values of a; and a4 are observed to
have roughly an inverse first and an inverse fourth
power hydrogen ion dependence, although the lat-
ter is extremely uncertain. As can be demon-
strated by expansion of eq. 22, these results taken
at face value correspond to the polymeric species®
Zry(OH);*® and Zr,(OH)s*%, The corresponding
polymerization constants, Ks and Ky, have been
calculated by means of eq. 22 and are also presented
in Table IV. However it should be strongly
emphasized that interpretation of the data in
terms of but one trimer and one tetramer could
easily be an oversimplification of a complicated sys-
tem. At least the values so obtained represent the
average degree of hydrolysis of the polymers as ob-
served in this work,

TABLE IV
TRIMER AND TETRAMER POLYMERIZATION CONSTANTS AT
u = 2 AN 25°
(HY) ap X 103 ay X 103 Ku X 10— KauX 10t
1 18 =£=2 58 £ 4 2.4=x0.3 2.0=£0.2
2 9.6 1.4 2721 2.5+£ .4 1.5=+0.2

As mentioned previously, the results at high zir-
conium concentration are considered uncertain due
to ionic strength effects and the increased hydrogen
ion formed in the hydrolysis reactions. This is
not too unreasonable when it is noted that a typical
experimental solution such as ZZr equal to 0.025 M
in 2 M perchloric acid would actually be 2.1 M in
perchlorate ion and could be 2.1 M in hydrogen ion
if the zirconium were completely hydrolyzed. The
error due to increased hydrogen ion concentration
can be calculated by means of the above values
of K3 and Ky and by combining eq. 3 and 8§ to
yield
K(Zr+Y)
(H+)ZZr

The theoretical smooth (solid) curves of Fig. 3
were obtained in this manner. However, the effect
produced by increased hydrogen ion was not suffi-
cient in itself to match the upward swing of the
experimental points at high zirconium concentra-
tions. Consideration of the possible effect of in-
creased ionic strength was made in the following

E = (25)

(20) In these formulas two hydroxide groups could equally well be re.
placed by one G-,
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Fig. 4—Trimer and tetramer zirconium polymers: O, 1 M
HCIO, + 1 M LiClO;; @, 2 M HCIO,.

manner. A value of K = 1084 at y = 4 is avail-
able from McVey’swork.? Zielen,?! from additional
analysis of zirconium hydrolysis experiments con-
ducted by McVey,* has obtained values for trimer
and tetramer polymerization constants at u equal
4. Then by assuming a linear variation of K and
the polymerization constants with perchlorate ion
concentration, values of these quantities could be
calculated for any given value of ZZr. The results
of these calculations are illustrated in Fig. 3 by the
dashed extensions of the theoretical curves at high
zirconium concentrations. Obviously such cal-
culations are to be considered as only very crude
estimates of the possible ionic strength effect.
However, the corrections are in the right direction
and could conceivably account for the deviations
between experimental and theoretical values of E
at high zirconium concentrations. The presence
of higher polymers than those assumed would have
produced deviations in a direction opposite to that
observed.

Comparison with Results of Other Investigators.
Connick and Reas? concluded from extraction
measurements that, in addition to Zr+4, a series of
polymers beginning with the dimer exists in one
and two molar perchloric acid solutions. Kraus
and Johnson,® on the basis of ultracentrifugation
measurements of 0.05 and 0.12 M zirconium in 1
M HCI0,~1 M NaClO4 solutions, calculated a de-
gree of polymerization of approximately 3, with an
outside possibility that it might be as high as 4.5.
They found no evidence for the higher polymers in
this solution reported by Connick and Reas. The
present results confirm and extend the conclusions
of Kraus and Johnson. Thus in the concentration
range investigated there exist both a trimer and a
tetramer, and the dimer is not detectable.

The data of the present work can be compared
directly with those of Connick and Reas. The de-
crease in activity of the Zr+* caused by polymeriza-
tion is in agreement within the experimental ac-
curacy for the 2 M HCIO, series of the two sets.
Serious differences appear only at zirconium con-
centrations above 0.03 M where changes in acidity
and ionic strength affect the two types of measure-
ment differently. For the 1 M HCIO, series, how-

(21) A. J. Zielen, United States Atomic Energy Commission UCRL
2268, July, 1953. The reported values of the polymerization con-
stantsat u equal 4 are Kys = 4 X 100and Ky = 1.4 X 10, The differ-

ence in hydrogen ion dependence of the trimer was ignored in making
the fonic strength correction,
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ever, there are discrepancies outside of the experi-
mental precision at low zirconium concentrations
in the direction of more apparent polymerization
in the earlier results. The source of this difference
is unexplained. The present work is accepted be-
cause of the much greater precision.

In a recent paper Johnson, Kraus and Holm-
berg?? have reported studies on the ultracentrifu-
gation of hafnium dissolved in hydrochloric acid
solutions. Comparison with zirconium is justified
because of the similarity in the chemistry of these
two elements. Although the negative ion was
chloride rather than perchlorate, as used in the
present work, it is interesting that their results in-
dicate a degree of polymerization between 3 and
428 at acidities and metal ion concentrations similar
to those used here.

Clearfield and Vaughan?* in reporting prelim-
inary results on the X-ray investigation of solid
ZrOCl,-:8H,0 and ZrOBr,-SH;O have stated that
zirconyl ion appears as the tetramer (ZrO)4 in the
form of rings. Although the present work relates
to perchlorate solutions, it is possible that the same
tetramer unit is involved.

McVey* has studied zirconium hydrolysis in
HCI0,-LiCIO, solutions using the same method
employed here but varying the hydrogen ion con-
centration at constant zirconium concentration.
His data serve best to indicate the average number
of hydroxides per zirconium in the polymers, while
the present work indicates best the number of zir-
coniums per polymer species. A reinterpreta-
tion2! of his results in terms of the three zirconium
units found in the present work, 7.e., monomer,

(22) J. S. Johnson, K. A, Kraus and R, W, Holmberg, THIS JoURr-
NaL, T8, 26 (1956).

(23) Although the data indicated a weight average degree of poly-
merization, Nw, of 3.2 the authors stressed that this number was un-
certain because of the numerous approximations made in interpreting
the data. From the apparent lack of concentration dependence of
Nw the authors concluded that the solution was probably predomi-
nantly monodisperse. It is easy to show that this latter conclusion
is not justified by the data. The experiment at lowest hafnium con-
centration (0.008 M) showed evidence of depolymerization and cannot
be used. Other experiments ranged from 0.02 to 0.12 M hafnium,
If it is assumed that only trimers and tetramers are present, and that
Nw is 3.20 for a 0.02 M hafnium solution, one calculates that Nw
changes only to 3.30 for a sixfold increase in hafnium concentration.
This change is well within their experimental accuracy, especially
considering the approximations made in measuring Nw, such as con-
stancy of activity coefficients, approximate monodispersity, constant
chloride complexing, constant charge per zircomium, etc.

(24) A. Clearfield and P. A. Vaughan, abstract of paper presented at
American Crystallographic Association Summer Meeting, June 22-26,
1953, Ann Arbor, Michigan.
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trimer and tetramer, yielded: zero hydroxides on
the monomer, i.e., Zr+4; five hydroxides on the tri-
mer, 1.e., Zr;(OH5*"; and eight hydroxides on the
tetramer, i.e., Zry(OH)sts. This compares with
the less accurate values of 4 and 8 hydroxides for
the trimer and tetramer, respectively, found in the
present work. It should be noted, however, that
McVey’s experiments were mostly carried out at
lower acidities than used in the present work, so
that other polymers mayv have been present.

Throughout the interpretation perchlorate com-
plexing has been assumed to be absent. Should
such complexes be present none of the conclusions
about hydrolysis and polymerization are changed as
long as the perchlorate concentration was held con-
stant., In the experiments at the highest zirco-
nium concentrations the perchlorate concentration
did rise above 2 M and the high values for £ found
there could in part be explained by preferential
complexing of ZrK*? by perchlorate ion.. Com-
parison of McVey's value of K (eq. 3) of 1084 for
4 M HCIO, with the value of 341 for 2 M HCIO, is
counsistent with the above but would require the
unlikely hypothesis that perchlorate jon complexes
ZrK 3 more than Zr*4,

In summary it is concluded that in the per-
chloric acid range of one to two molar the principal
zirconium species at low zirconium concentrations
is the unhydrolyzed monomer, Zr+! At higher
zirconium concentrations, 7.e., up to 0.02 34, species
containing 3 and probably 4 zirconium atoms are
present. The trimer appears to contain approxi-
mately four hydroxide groups and the tetramer ap-
proximately eight.

NOTE ADDED IN PROOF.—Since submission of this paper
for publication an additional paper by Johnson and Kraus
has appeared on the ultracentrifugation of zirconium and
hafnium sohitions (THI1S JOURNAL, 78, 3937 (1956)). The
authors deduce from their data a weight average degree of
polymerization of ca. 3.5 for 0.05 M zirconium in 1 M HCI
and conclude that probably a trimer or tetramer is formed
(see footnote 23). From two experiments with 0.049 A7
and 0.12 M zirconium in 1 M HCIO~1 M NaClO, they de-
duce a weight average degree of polymerization of ca. 3.7
and a charge per zirconium of ca. 1.75. Although the
authors stated that these latter results were not considered
accurate, they agree remarkably well with the corresponding
values calculated from the equilibrium constants of this
paper, t.e., 3.60 and 3.70, respectively, for the weight average
degree of polymerization and a charge of ca. 2 per zirconium.
The agreement is perhaps fortuitous since Johnson and
Kraus assumed monodispersity of the solutions in inter-
preting their data. Also, the first experiment was rumn at
24° anod the second at 29°, while the work reported liere was
for 25°,
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