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The measurement of AW of this sample yielded
AWNaTMB soln.—solvent.

AWTMB soln.—solvent Was obtained by repeating the measure-
ment on a TMB solution containing the same amount of
TMB as that used in the preparation of NaTMB.

For solutions of NaTMB in benzene-tetrahydrofuran mix-
tures, a measured amount of tetrahydrofuran was used for
the reaction between TMB and sodium amalgam. Follow-
ing completion of the reaction, an appropriate amount of
benzene was introduced and the solution filtered into the
calibrated sample tube. AW7TyBsoln.—solvent Was measured
as described for using only benzene as solvent.

Molecular Weight Determination.—The apparatus used
in the molecular weight determination by the freezing point
depression method was as follows. Two dumpers, A and
C, were connected in series and the latter attached by means
of a T-joint to a reaction vessel E, with a constriction D.
The dumper A was provided with a sidearm B, and dumper
C with a fritted glass disk. A freezing point tube F (30
mm. diameter and 20 cm. length) containing a Beckmann
thermometer G, and a stirrer H, was connected to reaction
vessel E at a position slightly below the constriction D.
The stirrer was made of a thin Pyrex rod, the upper portion
of which was attached to a piece of Pyrex tubing containing
a small iron bar. Stirring was effected by applying an in-
termittent magnetic field outside the tube F. In a typical
run, about 2 g. of mercury was placed in dumper A and 2 g.
of freshly cut sodium above the constriction in the sidearm
B. About 0.5 g. of TMB was introduced into dumper C
and the apparatus assembled and attached to the vacuum
line. After thorough evacuation, the sodium in sidearm B
was melted and allowed to pass through the constriction
into dumper A where it combined with mercury to form the
amalgam. Predried tetrahydrofuran was distilled into
dumper C and the amalgam introduced from A. After
shaking for about one hour, the solvent was evaporated and
the residue dried by pumping for several hours. A meas-
ured amount of benzene or cyclohexane was introduced by
distillation from a 25-ml. graduated pipet to dissolve the
residue. The red solution was filtered through the sintered
glass into the vessel E and the latter sealed off at D. The
solvent in E was next distilled into F, which was placed into
the Beckmann molecular weight apparatus and the freezing
point of the solvent determined. The solid in E was put
into solution by transferring the solvent to the vessel
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E and the freezing point of the solution determined in F.

The molal freezing point constants of benzene and cyclo-
hexane were also determined using purified triphenylmeth-
ane, Values of 5.11 and 20.0, respectively, in agreement
with the generally accepted values, were obtained.

Oxygen Absorption Measurements on NaTMB.—The ap-
paratus used to determine the oxygen uptake of NaTMB in
tetrahydrofuran solution was similar to that described un-
der ‘“Molecular Weight Determination’’ with the following
modification. The freezing point apparatus F was replaced
by an open-end mercury manometer equipped with a reser-
voir of approximately 100 ml. and a stopcock which was at-
tached to the sidearm of E by means of a ball joint.

In performing the experiment, the system was evacuated
and dry oxygen introduced through the vacuum line. The
manometer stopcock was then closed, and the pressure of
oxygen in the manometer and reservoir recorded. The
volume occupied by the oxygen was later determined by
calibration of the manometer and reservoir with water.
The rest of the system, comprised of units A, B, C and E,
was thoroughly evacuated and NaTMB in tetrahydrofuran
prepared in C using sodium amalgam, by the method pre-
viously described. The blue NaTMB solution was trans-
ferred quantitatively to E and the latter sealed off at D.
E was immersed in a constant temperature bath at 25° for
0.5 hour, the stopcock leading to the reservoir of oxygen
opened, and the solution in E gently agitated. After one
minute the solution had lost its blue color, turning yellow.
The final pressure of the system, which was constant over a
period of several hours, was recorded. The volume of the
reaction vessel E was determined by calibration with water.
In order to account for the amount of oxygen absorbed by
the tetrahydrofuran and the contribution of tetrahydrofuran
vapor to the final pressure, a second run was made using
tetrahydrofuran alone, the volume of which corresponded to
that of the solution used in the previous run. The initial
and final pressures and volumes of oxygen obtained from
these two runs, permitted calculation of the amount of oxy-
gen absorbed by NaTMB.
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Hydrolytic Behavior of Metal Ions.

V. Ultracentrifugation of Hafnium(IV)"?

By JamEes S. JouNsoN, Kurt A. KrRAUs aAND ROBERT W. HOLMBERG
RECEIVED SEPTEMBER 13, 1954

By equilibrium ultracentrifugation hafnium(IV) was found to form a low molecular weight hydrolytic polymer (or poly-

mers) in ca. one molar acid solutions with an approximate degree of polymerization N of 3 or 4 (trimer or tetramer).

Studies

were carried out as a function of initial Hf(IV) concentration (0.008 to 0.1 31), of supporting electrolyte concentration (1 to
2 M), of type of supporting electrolyte (HCI, and HCI with LiCl, NaCl and CsCl), of acidity (0.5 to 2 M H;0*) and of tem-

perature (ca. 1 to 30°).
meric ion was attempted.

The hydrolytic behavior of Hf(IV) has received
very little attention although generally the assump-
tion is made that the hydrolysis of Hf(IV), as well
as its chemistry in general, is very similar to that of
Zr(IV), which has been studied rather extensively.?

(1) This document is based on work performed for the U. S. Atomic
Energy Commission at the Oak Ridge National Laboratory.

(2) Previous paper, K. A. Kraus and F. Nelson, THIS JOURNAL,
77, 3721 (1955).

(3) See for example the following papers, where further references
are given: (a) G. Jander and K. F. Jahr, Kolloid-Beih., 43, 295 (1935);
(b) R. E. Connick and W, H. Reas, TuIs Jour~ar, 73, 1171 (1951);
(c¢) B. A. Lister and L. A. McDonald, J. Chem. Soc., 4315 (1952);
(d) K. A. Kraus and J. S. Johnson, THuIs Journatr, 75, 5769 (1953);
(e) W. B, Blumenthal, Ind. Eng. Chem., 46, 528 (1954); (f) in a
recent paper E. M. Larsen and A. M. Gammill (THIS JoUrNaL, 73,

By combination of these experiments simultaneous evaluation of &V and of the charge z of the poly-

Since Zr(IV) was found to polymerize in acidic solu-
tions, polymerization of Hf(IV) was also expected.
Although the results regarding polymerization of
Zr(IV) have been somewhat contradictory,? there
appears now to be considerable evidence that low
molecular weight polymers are formed in solutions
of acidity approximately 1 /. The present centrif-
ugation results indicate that Hf(IV) also forms low
molecular weight polymers under these conditions;
further, Hf(IV) is either predominantly monodis-
perse (only one principal polymeric aggregate), or
3615 (1950)) point out that Hf(IV) precipitates less readily than
Zr(IV). However, the work reported here was carried out in strongly
acidic solutions where the observations of Larsen and Gammill do not
necessarily apply.
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occurs only in a narrow range of molecular weights.
The procedure recently outlined® for calculating the
degree of polymerization of charged solutes from
equilibrium ultracentrifugations in the presence of
excess supporting electrolytes appears applicable.
Although this procedure implies certain idealized
conditions, it is felt that these conditions are suf-
ficiently met here to permit meaningful estimation
of the degree of polymerization.

Experimental

Equilibrium ultracentrifugations were carried out in a
Specialized Instrument Corporation Model E Ultracentri-
fuge.® The analytical rotor and cells (12 and 30 mm. ) stand-
ard with this machine were used, except that the cell center-
pieces were specially fabricated (by the manufacturer) of
Kel-F plastic to avoid corrosion in the strongly acidic media.
Details of the experimental procedure were described earlier.t

Concentration distribution in this centrifuge is deter-
mined from the refractive index gradient (d»n/dx) as a func-
tion of radius x. For this purpose the machine is equipped
with a Philpot-Svenssan? optical system in which refractive
index gradients (arising from concentration gradients, com-
pression effects, etc.) cause a displacement of the shadow
of an inclined wire. This displacement Z is proportional to
dn/dx and is recorded on a photographic plate. It will be
expressed in cm.

All experiments required two centrifugations, one in the
presence of Hf(IV) (‘‘polymer experiment’’) and one for
which all conditions were the same as far as possible except
that Hf(IV) was absent (‘‘background experiment’’), The
values of Z for the background experiment were subtracted
from those obtained in the polymer experiment to yield the
quantlty Z*, which was used for mterpretatlon No cor-
rection was attempted for possible differences in dn/dx in-
duced by pressure differences in these two parallel experi-
ments since the densities of the solutions were nearly the
same. Equilibrium was considered attained when no sig-
nificant change in Z could be observed over a period of at least
16 hours. This occurred after ca. 4 days in the Hf(IV) ex-
periments and in 2 to 3 days in the background experiments.

The experiments were performed near 30°, except for a
few carried out near 0°. In the latter case cooling was
achieved with the refrigeration system which is standard
with the machine, and the rotor was darkened with ‘‘Ru-
balt”’ to increase the rate of radiative heat exchange. The
temperature of the rotor was determined after centrifugation,
since the built-in ‘‘fixed’’ thermocouple was found to give
readings several degrees too high during low temperature
experiments.

Hafnium(IV) containing only negligible amounts (<0.19,)
of zirconiums? was obtained from the ORNL Materijals Chem-
istry Division. For most experiments solutions of hafnjum
oxychloride were used, though one was carried out with a
solution of anhydrous HfCl,. No significant difference
was found. The oxychloride (as octahydrate) was purified
by recrystallization from 9 A HCI and no appreciable im-
purities could be detected spectrographically.! The com-
position of the compound was checked by analysis for haf-
nium and chloride. Samples of anhydrous HfCly were pre-
pared by Dr. S. Y. Tyree, Jr., of the Chemistry Department,
University of North Carolina.

Mackay C.p. cesium chloride was used after recrystalliza-
tion from water. Spectrographic analysis® indicated no
significant impurities except for a few per cent. of rubidium.
Lithium chloride was either recrystallized from water or
prepared from recrystallized reagent grade lithium carbon-
ate® with no difference in results. All other chemicals were
reagent grade and used without further purification.

(4) J. S. Johnson, XK. A. Kraus and G. Scatchard, J. Phys. Chem.,
58, 1034 (1954).

(5) E. G. Pickels, Machine Design, 22, 102 (Sept., 1950).

(6) J. S. Johnson, K. A. Kraus and T. F. Young, THIS JOURNAL,
76, 1436 (1954).

(7) (a) J. St. L. Philpot, Nature, 141, 283 (1938);
Kolloid-Z., 87, 181 (1939); 90, 141 (1940).

(8) We are indebted to Messrs. M. Murray, J. Gillespie and C. Feld-
man of the ORNL Analytical Division for the spectroscopic analyses,

(9) E. R. Caley and P. J. Elving, Inorganic Syntheses, Vol. 1,
McGraw-Hill Book Co., New York, N. Y., 1939, p. 1.

(b) H. Svensson,
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Densities of the hafnium solutions (HfClyin 1 M HCI-1 M/
NaCl solutions) which were needed for the determination
of the partial specific volumes, were measured by the gra-
dient tube method.!

Results and Discussion

1. Computational Procedure.—The procedure
reported earlier for estimation of the degree of poly-
merization involves carrying out a series of equili-
brium ultracentrifugations under different condi-
tions of concentration of polymeric solute, of con-
centration of supporting electrolyte, of type of sup-
porting electrolyte and perhaps of speed of rota-
tion. From the results of each centrifugation,
computed degrees of polymerization, V., are ob-
tained as a function of the assumed charge 2’ per
monomer unit. From a comparison of the plots of
Ny vs. 2’ for all experiments, the actual degree of
polymerization, JV, is then estimated. This value
of IV is selected at that 2’ for which the values of N,/
for the various experiments are the same, or differ
least.

In the derivation of equations for three-com-
ponent systems the polymeric component (compo-
nent 2) was defined as PX, — (3/2) BX, where BX
is the supporting electrolyte (component 3). PX,
is composed of the polymer ion P*= and the counter
ions X—and 2 = 3’V is the charge on the polymer
ion. The equations were derived for an idealized
monodisperse polymer system with constant solu-
tion density p, constant species activity coefficients
g+, constant charge 2/, constant refractive index
gradients (On/d¢;) and constant partial specific
volumes v;, It has been shown (equation 28, ref. 4)
that, except for an approximation which is usually
minor, the degree of polymerization N in a three-
component system is given by the equation

_ S/43
N = TS — oVl W
The following equations define the symbols
S = d In¢j/d(x?) (2)
¢ = d1n ¢ /d(x?) (3)

M1 — Taplw?

A= SET = Ljw?/2RT (4)
] ’ 1
= M'ex, = /DMx = 3y (Mox — & Unx)
, (5)
=, 2" =

(Vsz -3 VBX)
=ty =———r (6)
= 2'c;/2¢4 (7)

where w is the angular velocity, R the gas constant,
T the absolute temperature, M the molecular
weight, and T the partial molal volume. Concen-
tration is expressed as molarity ¢.!* The primes
refer to the monomer unit. Note that in a three-
component system A3 is a constant.

From the experimental data, the derivative

dln Z*/x
Se = 5 (8)
d(x?)

(10) K. Linderstrgm-Lang and H. Lantz, Compt, rend. irav. lab.
Carlsberg, 21, 315 (1938).

(11) In ref. 4 the equations were written in terms of molality m
rather than molarity ¢. The substitution ¢ for m is made here to
simplify normalization to the total quantity of solute in the cell when-
ever this is desirable. This substitution is equivalent to assuming
din a/c = 0 and dn/dc = const. rather than d1n a/m = 0 and an/
om = comnst. (g is the activity of the solute).
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is obtained. Under certain idealized conditions,
assumed to hold here, the approximation

des
s _dan*/delnxdx_S (9)
¢ T d(x?) d(x?) — 7°

may be made.'? The relationship between .Sand .S,
is given by the equation
dln S
d(x?)
which follows directly from the definition of .S and
Se. The term d In S/d(x?) can be evaluated by
differentiation of equation 1 to give
(z'n/A4: (S — o)
1 + (2'n/43)e

with the additional approximation that de/d(x?) is
small in comparison with d.5/d(«x?).

For any centrifugation, a series of values NV, as
a function of 2" can be computed from equations 1,
9and 11. If S does not change greatly with x2, the
slope at the center of the cell may be used in equa-
tion 11 in conjunction with the values of % com-
puted from the original concentrations, since these
concentrations will be found near the center of the
cell. With equation 9 and the assumption that ¢ is
the same in the presence and absence of polymer,!?
S may be obtained from S, by equation 11. Val-
ues of V,+ are then computed with equation 1.

If the solution contains two supporting electro-
lytes, 3 and 5, e.g., HX and BX (four-component

Se— S = (10)

Se— S = — (11)

system), the polymeric component is defined as
PXZ —_ {zm:,/?(m:, "{" M5)} HX — {zm5,/2(m3 "{"
ms)} BX. The analog of equation 1 is
, S/A4,
x\'z’ = (12)
z'n* By B e 40
1——,(5—0 )+24, ncsd(x"’)
where n* = 2'¢y'/2(c3 + ¢5), o* = d In (¢c; + ¢5)/

d(x?), 8§ = ¢/(c; + ¢5). The equation for S. —
S is obtained in the same way as equation 11, but
since components 3 and 5 do not in general sedi-
ment to the same extent, 4," here is not constant
but a function of radius.!®* If the initial concentra-
tions of components 3 and 5 are the same and evalu-
ation of IV, is carried out at the center of the cell,
the terms including In(es/c;) can usually be neg-
lected. The equation then becomes
Se — S5 =
St =T (S = o+ S0 (e = o) = o)
1+ (z/n*/A4A))e*
= (S — M)A
T 1+ (' /Ae"

where ¢; = d 1n ¢;/d(x?) and ¢; = d 1n ¢;/d(x?).
Values of N, and z” which are improbable can be

(12) Equation 9 is approximate since d In (1 — 7?) is neglected (ref.
4, equation 18) and since the same concentration (¢cBx) of supporting
electrolyte is used in the background and polymer experiments, though
in the presence of the polymeric component ¢z # (¢BX)b.g.. The
ratio of the sum of these errors to (21/dc¢2) dca/dx was shown to be
reasonably independent of x2 for a simulated, less favorable system
(row 8, Table II, ref. 4) than those treated here and hence the approxi-
mation introduces only a small error.

(13) An approximation is introduced in equation 9 for the four-
component system in addition to those discussed in footnote 12. Be-
cause of the variation of the ratio ¢s/cs with radius, (212/3¢%,) is not
constant. This variation has been ueglected here.

(13)
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eliminated immediately by comparison of the dif-
ferent experiments, and the uncertainty of the ad-
missible values caused by experimental inaccuracy
and breakdown of assumptions is apparent. An
alternate interpretive procedure which is quicker
and may be obtained in the following way. By
differentiation of equation 1 with respect to y =
¢’/c; one obtains

ds _ _ ,, dyS) |,y diye)
after the substitution (z)2/2 = % and with the as-
sumption that N, k& and 4," are independent of y.
These assumptions imply that the degree of poly-
merization is independent of v, although N does not
have to be an integral value, and that the charge on
the polymer is independent of the supporting elec-
trolyte concentration. Equation 14, with neglect
of do/dy, simplifies to

(14)

dIn S _
dy = 71 = Nky ( s) (15)
When /.S is small, integration of equation 15 yields
Lol ﬂa 16)
ST (

where .S, is the extrapolated Value of Saty = 0.
The same equation may be obtained directly from
(1) if o is neglected, since N4} = S,. With similar
approximations, combination of equations 10 and
15 yields

_ d ln S dy _ d ln S S
S+ FTe R el Sl ey 7y
D1ﬁ°erent1at10n of this equation gives
dInS, 2Nk
dy 1+ Nky (17)

After integration or by direct combination of (10)
(15) and (16) one obtains

1 1 Nky
—_— -+ 18
V3. Ve Ve (18)

where S, is the extrapolated value of Sctoy = 0
and hence Se, = S,. According to equation 9and 18
a plot of 1/4/S. vs. v should be a straight line with
slope Nk/A/Seo and intercept 1/4/Se, from which
both N and £ (or 2’) may be evaluated, since by
equation 1, Seo = NA,. Equations 16 and 18,
though derived for a single experiment, may also be
applied for comparison of the results from a series of
experiments which are carried out in the same sup-
porting electrolyte and at the same speed of rota-
tion and temperature, since S is 1ndependently
function of y only, Z.e., (3S/0(x%)), = 0.

It is offen desirable to compare experiments
which are carried out in the same supporting elec-
trolyte but at different temperatures and speeds of
rotation. For these 4, is not constant, and equa-
tions 16 and 18 no longer apply. After substitution
of the variables ae = 10° S.7/w?and « = 10° ST/
w? and with the assumption that L,” (equation 4) is
constant, the equations

1 = 1 + Nky (16a)

[¢3 g o@g
and
1 _Nky.

— +
'\/(Xe '\/Q’eo '\/(Xeo

(18a)
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can be derived in a manner analogous to the deriva-
tions of equations 16 and 18. In equations 16a
and 18a, @eo = a is the extrapolated value of « (or
ae) to V= 0.

2. Monomer Unit and Partial Specific Volumes.
—TFor the computation of V., evaluation of 4>’ and
s is necessary. This in turn requires estimation of
the degree of hydrolysis of Hf(IV) in these acidic
solutions. Though the hydroxyl number n!‘ is
not known exactly, probable limits can be set.
From potentiometric studies (glass electrode) of
the hydrolysis of Zr(IV) and Hf(IV) at acidities
0.2 M and less in chloride solutions it can be con-
cluded® thatn < 2.33 at acidities above 0.2 M. The
fact that HfOCI, (as well as ZrOCl,) crystallizes (as
hydrate) from concentrated HCl solutions with a
minimum solubility near ca. 9 M HCI* indicates
that n > 2 is probable for the acid range studied
here. Hence, the monomer unit was assumed to
have the stoichiometric composition HfOCl,, 7.e.,
n = 2. Actually, for aqueous chloride systems the
computation of N,/ is not very sensitive to the as-
sumed degree of hydrolysis. If, to cite an extreme
example, the formula of the monomer unit were
taken to be Hf(OH);Cl or Hf (OH)Cl;, then for p =
1.05 and 2’ = 0, N, would differ by less than
£10%. B

The partial molal volume Viocy, was obtained
from the experimental value of Vyscy, in 1 M HCI-
1 M NaCl solutions by the equation

Vrioct, = Vawcl — 2Vre1 + Vo (19)

In the concentration range of interest Vuicn = ca.
38 cc. was found. From this value and Vue =
19.9 cc. (2 M HCIY) and the assumed Vm,o =
18.0 cc., Vmiocn, = 16.2 cc. was computed. This
corresponds to 9mtocy, = 0.06 cc./g. which was used
for all conditions of temperature, pressure and
composition. The error which this simplification
causes should be small, since (1 — 7p) here is in-
sensitive to 4. The partial specific volume of com-
ponent 2(7,) was computed from Vitoct, with equa-
tion 6 (or its analog for four-component systems)
and the values of Vpx given in the literature.!’

3. Centrifugation Conditions.—Equilibrium ul-
tracentrifugations were carried out as a function of
Hf(IV) concentration (0.008 to 0.12 M initial con-
centration), as a function of concentration of sup-
porting electrolyte (1 M HCI in comparison with
1 M HCl-1 M LiCl and 1 M HCl-1 M NaCl), and
as a function of molecular weight of supporting elec-
trolyte (1 M HCl-1 M CsCl in comparison with
the other experiments). In addition, the acidity
was varied from 0.5 to 2 M HC], and the tempera-
ture from approximately O to 30°. The experimen-
tal conditions and results are summarized in Table
1.

(14) The hydroxyl number n has been defined as the average
number of moles of hydroxide ions per mole of metal ion.

(15) XK. A. Kraus, S. Y. Tyree, Jr.,, and R, W. Holmberg, Report
ORNL-499 (1949), page 26.

(16) G. v. Hevesy, Kgl. Danske Vidensk. Selsk. Math. fys. Medd., 6,
No. 7.1 (1925).

(17) H. S, Harned and B. B. Owen, **The Physical Chemistry of
Electrolytic Solutions,” Reinhold Publ. Corp., New York, N. Y., 1950,
Ch. 8. When two supporting electrolytes are present. V' of each elec-
trolyte was computed as though it were present alone at the ionic
strength of the solution.
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TABLE 1
ULTRACENTRIFUGATION OF HAFNIUM(IV)

Initial molarity , , Temp.
Expt.* Medium Hf(IV) HCl MCl1 Se e (°C.)
1 HC 0.050 2.0 0.0357 1.82 25.9
2 HCI-LiCl 008 1.0 1.0 .0375 1.94 29.7
3 HCI-LiCl .020 1.0 1.0 .0404 2.07 28.2
4a HCI-LiCl .020 1.0 1.0 .0395 2.02 26.4
4b 0375 1.78 5.2
5a HCI .049 1.0 .0382 1.96 26.8
5b .0391 1.83 1.4
6a HCl .050 1.0 .0383 1.96 26.4
6b 0394 1.87 5.2
7 HCI-NaCl .048 1.0 1.0 .0517 1.88 32.2
8 HCI-CsCl1 .050 1.0 1.0 .0328 1.71 32.8
9 HCI-LiCl .119 1.0 1.0 .0335 1.73 29.7
10 HC1 .103 1.0 .0316 1.61 26.5
11 HCI-LiCl .050 0.5 1.5 .038 1.96 26.7

¢ Cell size 12 mm. for experiments 1, 3, 5, 7, 8, 10, 11 and
30 mm. for all others. Bar angles: 35° (experiments 2, 3),
45° (experiments 1, 5, 8, 10, 11), 55° (experiment 7), 60°
(experiments 4, 6), 70° (experiment 9). °* Hf(IV) intro-
duced as HfCl;. In all other experiments solutions of Hf-
OCl,;:8H,0 were used. This experiment at ca. 27,700
r.p.m. Allothersatca.23,100 r.p.m.

To a first approximation, graphs of log Z*/x vs.
x? were linear (Z.e., S. was essentially constant) for
all experiments. This is shown in Fig. 1, a devia-
tion plot of (log Z*/x — S¢'x?) vs. x* where S¢’ =
S./2.303. The average value of the slope S.’ is
given in the table, and, to permit comparison of ex-
periments at different w and 7, values of o’ =
@e/2.303 are also listed.

4, Applicability of Computational Procedure.—
The procedure discussed in section 1 is based on an
idealized system. It is necessary to consider
whether or not the assumptions are expected to be
adequate for the systems studied. With one excep-
tion, the experiments were carried out (see Table I)
in light supporting electrolytes (HCI, HCI-LiCl and
HCI-NaCl) for which at equilibrium the ionic
strength changes relatively little across the cell.
Neglect of variations of 9, g+, p and (dn/dc¢) thus
seems reasonable. The assumption that 2’ is con-
stant may be questioned, since experiments were
carried out at different total chloride concentra-
tions, in which differences in degree of complexing
or in degree of binding of counter ions might be an-
ticipated. However, it will appear (section 5) that
such differences in 2" are not supported by the re-
sults.

The computational procedure was derived for a
monodisperse system. Considerable evidence will
be presented that Hf(IV) may be essentially a
monodisperse polymer under most of the condi-
tions studied. However, the present technique,
though making monodispersity probable, cannot
establish this unambiguously and therefore it is
desirable to see what modifications are necessary to
apply the procedure to polydisperse systems. For
such systems, equation 17, reference 4, may be
written for the i*® species

dIn () = = = 2—= = (M) Cod(x2) — zidn?
(20)

if (n¥)? is neglected in comparison with unity.
In equation 20 (w,); is the weight of species i in a
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Fig. 1.—Test of constancy of Se (all centrifugations near 30° unless otherwise noted).

(4, /M), n*
It is assumed that the partial

given volume of solution, Cq

S (@)ilen)il/2¢s.

specific volumes, (#);, and the gradients of refrac-
tive index, (dn/0(w»):), are independent of the de-
gree of polymerization. Furthermore, if the charge
per monomer unit is assumed independent of the
degree of polymerization, Y (2)i(c2); becomes equal

1
to 2’cy’ and ¥ reduces to 5 = z'cy’/2¢;, where ¢’ is
the total polymer concentration expressed in terms
of monomer; f.e., 7 has the same meaning as in the
monodisperse system. By summation of equa-

tions 20 for all species and division by Z(wz)i =

ws, the equation

2w A3 (w)
Z(w2)i - Z(wg)i
Z(MZ)i('w'z)i ., Z(Z>i(w2\,a
i Z°Cy ’ i
e Cd () _[27? (dluc, —dln 63)]

Z(wz)i Z(w;):—

" 21)

=dlnw;, =dlnc¢
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Fig. 2.—Effect of charge on computed degree of polymerization of Hf(IV); all solutions 1 M in HCl and at molarity of
Hf(IV) indicated; additional supporting electrolyte, when present, at 1 M.

is obtained. Since (2);/(M)i = (3'/M,’) and since
the weight average molecular weight is defined as

2 (w2)i(My);
M,y = X—Z(_'Lbz)i—, equation 21 becomes
5=t - G s -l (22)

The weight average degree of polymerization, NV, =
(My)w/M>', is given by the equation!®
- S/A{

1 —2'(S = 9)/4;

Equation 23 indicates that for a polydisperse
solute, obeying the restrictions stated, solution of
equation 1 at any value of x gives the weight aver-
age degree of polymerization at this value of x. If
the molecular weight distribution of the solute is
narrow, Nw may be essentially constant over the
concentration range of a single experiment, i.e.,
d Ng/d(x? w 0. In this case, equation 11 is
essentially valid and the procedure of section 1,
though derived for a monodisperse system, is ap-
plicable. Since the various observed values of S,
are as a first approximation independent of x? (Fig.
1), it appears that for most of the centrifugations re-
ported here, Vy is essentially independent of 2, and

Ny (23)

(18) For ideal uncharged polydisperse systems, the slope of a plot of
log Z*/x vs. x2 divided by A’ gives the Z average degree of polymeriza-
tion, Nz, of the solution in the cell at the radius for which the slope is
determined (W. D. Lansing and E. O. Kraemer, Tuis Journat, 87,
1369 (1935)). The quantity Nz is the Z average molecular weight
Mz = Zw;M;?/Zw;M; divided by the weight of the monomer. An
expression for Nz for charged polydisperse systems can be derived in a
manner similar to equation 23, with the same assumptions. The

equation is
Se dln [l — 2/n(S — )/4]]
4’ Aj d(x?)
1— 2(S ~ a)
Az

Nz =

the results were therefore treated as described in
section 1.

5. Degree of Polymerization.—The results of
those experiments which had as their primary
objective estimation of N (or of N), t.e., those
which were carried out in 1 M HCI solutions
near 30°, are summarized in Fig. 2 as a plot of N,
vs. 2’.1® The computations were carried out with
the values of a.’ (= @/2.303) listed in Table I,
which are for the average radii, and with values of
n computed from the initial concentrations ¢,’, ¢z and
¢.® The HCI-LiCl and HCI-NaCl systems were
treated by the three-component equations (1 and
11), since in these cases A; and 4A; were small
enough and close enough together so that use of an
average of these values introduces little error.
The sum of ¢; and ¢; was used Jin place of c;.
However, comparable accuracy in the HCI-CsCl
case requires use of four-component equations and
estimates of the terms involving ¢; and ¢;. Argu-
ments similar to those used for three-component
systems®!? indicate that the distribution of compo-
nents 3 and 5 is but little affected by the presence
of the polymer and values of these distributions
computed from A4; and 4; were therefore used to
evaluate g3, 05, ¢ and d In 4,'/d(x2).

The curves of V.’ vs. 2’ of Fig. 2 approach close
to each other near 2’ = 1, and the value of &V indi-
cated is ca. 3.2. Although the scatter of the experi-
ments prevents exact assignment, particularly of
%', the sharp divergence at large values of 2’ makes
it improbable that the polymer is highly charged.

(19) Of the duplicate experiments, 3 and 4a, only the latter is given
in Fig. 2, since it was carried out in a 30 mm. cell and is therefore pre-
sumably more accurate. The duplicates 5a and 6a gave essentially the
same result.

(20) The uncertainty in the assignment of the average value Sg

to the initial concentrations introduces a small error, which may be-
come significant at large values of y.



32 J. S. JornsonN, K. A. Kraus aND R. W. HOLMBERG Vol. 78
T T T T T T T T T I/ T
.80 -
4 .
\/EeT 75 -
.2 * 5
.}/ (1,0.5MHCl) 60
.70 -
e
/ 3
A L i ] | J 1 ] ] ] 1
.01 .02 .03 .04 .05 .06 .07 .08 .09 A0 Al 42
J.
Fig, 3.——Test of coherence of experiments (eq. 18a): circles = 1 A/ in HCI, numbers refer to Table I; @, 2 M chloride;

O, 1 M chloride.

Similar conclusions can be drawn from the plot
(Fig. 3) of 1/V «f vs. y (equation 18a). For this
plot minor variations of L’ between centrifugations
in the presence of HCl, HCI-LiCl and HCI-Na(Cl
are neglected. Experiment 8 (HCI-CsCl) is not
included in Fig. 3, since variation in L,’ is too great
to be disregarded here. The best straight line
which can be drawn through the points of Fig. 3
*(solid line) has a slope Nk/\/aéo = 0.89 and inter-
cept 1/V @& = 0.70. From these the values N =
3.2 and z' =0.9 are computed. The scatter of the
points around this straight line is large, and the val-

ues of 1/4/al for experiments 3 and 5 are especially
far off the line. These experiments were repeated
(experiments 4 and 6). The reproducibility sug-
gests that the scatter of the data does not stem en-
tirely from lack of experimental precision. In par-
ticular, experiments 5a and 6a in 1 A/ HCI appear

to have significantly low values of 1/ v al. This
suggests that experiment 10, also in one molar
chloride, should fall below the line defined by the
experiments in 2 M chloride. The dotted line of
Fig. 3 is drawn on this basis,and N = 3.4 and 2’ =
1.1 are computed from its slope and intercept. The
value of 1/ ae for experiment 2 appears signifi-
cantly above the dotted line, or, in this most dilute
solution (0.008 M Hi(IV)), some depolymerization
may have occurred. In any case, these values of
N and 2’ do not differ greatly from those obtained
from the solid line of this figure, and both are in rea-
sonable agreement with the estimates made from
Fig. 2.

The coherence of the experimental results over
the 25-fold variation of y is striking. There ap-
pears to be no significant variation of «.’ in a direc-

tion suggesting concentration dependence of the

degree of polymerization (decrease of 1/V/ al
with increase of concentration). Instead, the

slope of the plot 1/ vVl vs. y is positive as it should
be when charge effects are predominant, and N
(or Ny) is essentially independent of concentration.

From this coherence of the results one can con-
clude that Hf(IV) in the concentration range
studied is probably predominantly monodisperse.
The scatter of the points in Fig. 3, or the corre-
sponding spread of the intersections of the curves
in Fig. 2, and the non-integral values estimated
for N, preclude an unambiguous conclusion. On
the other hand, even in absence of experimental
error, the observed scatter would not necessarily
indicate polydispersity, since it is unlikely that the
system under study adheres in detail to the rather
stringent idealizations made in the derivation of
the equations. Thus the assumption of constancy
of 2’ between experiments at different chloride
concentrations is questionable. However, a com-
parison of the values of a.’ between experiments
5a and 7 shows that a change in complexing can-
not be an overriding effect. The higher value of
ae’ in 5a is in the direction opposite to that ex-
pected if the polymer were less complexed at the
lower concentration of chloride. Changes of the
activity coefficients of the species are difficult to
predict, but obviously variations could cause in-
tersections at non-integral values of NV and at dif-
ferent values of /N between pairs of experiments.
In the present state of knowledge of such factors
as the effect of pressure on partial volumes and
refractive indices of polymeric species, further
speculation on sources of discrepancy is probably
fruitless.
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Additional evidence for the existence of preferred
polymeric species of Hf(IV) comes from the ex-
periments on the effects of acidity and tempera-
ture on aé.  In 2 M total chloride and at 0.05 M
Hf(IV), values of 1.96, 1.88 and 1.82 were obtained
for a¢ in 0.5, 1.0 and 2.0 M HCI solutions (experi-
ments 11, 7 and 1). The downward trend of «f
probably indicates some decrease in the degree of
polymerization with increasing acidity, but no
strong acid dependence is evident. In contrast,
outside of this range of acidity, solutions become
obviously polydisperse, and the «f values change
rapidly with acidity.?

Unless the heat of polymerization is near zero, a
change of temperature should give a pronounced
change in degree of polymerization for a polydis-
perse system. No major change is observed (ex-
periments 4, 5 and 6, Table I), though ol is appar-
ently significantly lower in all cases at the lower
temperatures. Much sharper changes are noted
at lower acidities where the system is obviously
polydisperse.?!

To summarize, the conclusion is drawn from the
equilibrium ultracentrifugations that Hf (IV) under
the conditions studied forms small polymers with a
degree of polymerization approximately 3. Further,
complexing of this polymer by chloride ions occurs.
The polymeric species of Hf(IV) are probably held
together by hydroxide or oxide bridges which have
been postulated earlier for similar hydrolytic poly-
mers of other elements on the basis of structural
data of basic salts.?? Existence of preferred spe-
cies suggests a special structure for these species,
e.g., a closed ring structure.

Recently, data on the hydrolytic polymerization
of certain inorganic solutes have been interpreted
by Sillén and others with a hypothesis of continu-

(21) J.S. Johnson and K. A. Kraus, Abstracts 126th ACS Meeting,
New York, September, 1954, page 60R.

(22) See e.g., (a) F. Granér and L. G. Sillén, Acta Chem. Scand., 1,
631 (1947); (b) G. Lundgren and L. G. Sillén, Avkiv. Kemi., 1, 277
(1950); (¢) G. Lundgren, ibid., 8, 535 (1951); 4, 421 (1953); (d) K.
A. Kraus and R. W. Holmberg, J, Phys. Chem., 58, 325 (1954).
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ous polymetrization.*»?2=%% Briefly, this hypothe-
sis implies that, at least after the earliest stage of
polymerization, the free energy change of adding
another monomer to the polymer is independent of
N or changes in a regular manner with N. There
would therefore be no preferred species of special
stability after the beginning of hydrolytic poly-
merization. Such an interpretation frequently
gives a highly polydisperse system, with degree of
polymerization strongly concentration and acid
dependent. It can be concluded that continuous
polymerization does not occur in the Hf(IV) sys-
tem at the acidities studied and that species of
special stability occur. Similar preferred species
were found by ultracentrifugation for Zr(IV)*? and
recently also for Bi(III).?® In the latter case,
equilibrium ultracentrifugations suggest predomi-
nance of a low molecular weight polymer (N = ca.
5 or 6) under conditions where computations based
on a continuous polymerization hypothesis indicate
a highly polydisperse system with VN, considerably
larger than 40.%222%¢ On the other hand, equilib-
rium ultracentrifugations of Th(IV)® did not
indicate preferred stability for any one species, and
the degrees of polymerization found by ultracentrif-
ugation are in reasonable agreement with those
computed from pH data by a continuous polymeri-
zation hypothesis.?®d However, the possible occur-
rence of preferred polymeric species in solution
makes interpretation based on an otherwise unsup-
ported hypothesis of continuous polymerization a
doubtful procedure.
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