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In summary, Figure 3 provides good evidence that the Mo-0 bonds appear to exhibit the same qualitative 
infrared assignments and hence the Mo-0 force con- relationships between bond orders and the two observ- 

as do bonds between pairs of light atoms and the Mo-C 
bonds in molybdenum carbonyl and its derivatives. 
Similar correlations may then reasonably be expected 
for other series of bonds from transition metals to light 
atoms, and their existence should prove useful in es- 
tablishing and correlating the electronic structures of 
compounds containing such bonds. 

stants are probably correct, none being subject to any able properties, bond lengths and bond force constants, 

large random error. Figures 4 and 5 then show that the 
various estimates of bond orders are plausible and con- 
sistent over the series of compounds. Naturally, each 
bond order might be incorrect by several tenths of a 
unit, but it seems unlikely that errors, either random or 
systematic, could be much greater than that. Thus, 
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The hydrolytic polymerization of thorium in solutions corresponding to 0.0, 1.0, 1.6, 2.0, and 3.0 bound hydroxide ions per 
thorium atom ( E  = 0.0, 1.0, etc.) has been investigated by the light-scattering technique at 25’. For each hydroxyl num- 
ber, Th concentrations were varied between approximately 0.01 and 0.10 M in supporting electrolyte of 1.00 M NaC104. 
The degree of hydrolysis of the thorium ion is found to affect markedly the magnitude and the manner in which the tur- 
bidity, refractive index increment, and density vary with thorium concentration. Changes in pH and ultraviolet absorption 
spectra with degree of hydrolysis are less pronounced. An unhydrolyzed and uncomplexed Th4+ ion is confirmed a t  E = 
0.0, while the species [Th(OH)(ClO&] + is found a t  B = 1.0. At hydroxyl numbers 1.6 and 2.0, average polymerization 
numbers of ca. 2.3 and 2.9 are found. Extremely large thorium aggregates containing 140-150 thorium atoms per particle 
are indicated in clear solutions at E = 3.0. The measurements on all series appear to be equilibrium values a t  25”, although 
slow kinetics cannot be ruled out for the later stages of hydrolysis. 

Introduction 
Prior to 1947, studies of the aqueous soltition chem- 

istry of thorium had led to uncertain or no conclusions 
as to the nature of the hydrolyzed thorium species 
present in solution. The first isopolycation of thorium, 
[Th404]*f, was suggested from the results of e.m.f.2 
and freezing-point depression3 measurements on hy- 
drolyzed thorium solutions. Alternatively, e.m.f. titra- 
tion of the aqueous nitrate with NaOH led Kasper4 to 
propose only the mononuclear species, [Th(OH) I 3 f .  

Rather complete pH titration studies5p6 have been 
interpreted by the “core-plus-links’’ hypothesis? in 
terms of chain-like thorium aggregates of general 
formula [Th{ (HO)3Th ]n](n+4)+.  All values of n from 1 
to considerably greater than 6 were found, with no 
upper limit to n being reached.8 Later, [Thz(OH)2I6+ 
and [Th2(0H) ]’+ were reported9 for the earlier stages of 
hydrolysis. 

(I)  Department of Chemistry, North Carolina State College of the Univer- 

(2) R. Schaal and J. Faucherre, Bull. soc. chim. France, 14, 927 (1947). 
(3) P. Souchay, ibid., 15, 143 (1948). 
(4) J. Kasper, Dissertation, The Johns Hopkins University, 1941. 
(5) S. Hietanen, Acta Chem. Scaud., 8 ,  1626 (1954). 
(6) S. Hietanen, Rec. Ira% chem. des Pays-Bas,  75, No. 6, 711 (1956). 
(7) L. G. Sillen, Acta Chem. Scand., 8 ,  299,318 (1954). 
(8) S. Hietanen, ibid., 10, 1531 (1956). 
(91 S. Hietalien and L. G. Sill&, ibid., 18, 533 (1959). 

sity of North Carolina, Raleigh, N. C. 

The hydrolysis of thorium in perchlorate and in 
chloride solutions was studied potentiometricallylO as a 
function of acidity and thorium concentration (2.5 x 

to 1.5 X M )  by Kraus and Holmberg. Their 
data were in agreement with those of H i e t a n e ~ ~ , ~  but 
their conclusions differed. A longer range of hydroly- 
sis, with hydrolyses reversible up to n = 2, was con- 
cluded. The existence of unhydrolyzed Th(1V) was 
confirmed and stability constants for [Th(OH)z]z+ 
and [Th2(OH)2l6+ were reported. The hydrolysis 
constant for the first mononuclear step was calculated 
as 5 X Ultracentrifuge experimentsll carried 
out on perchlorate solutions have indicated polymeric 
thorium species to be the p‘rincipal hydrolysis products 
except in early stages, where mononuclear species are 
probably more important. Only monomeric products 
have been reported e l ~ e w h e r e , ~ ~ , ~ ~  while the higher 
polymers [Th~(OH)121~+ and [ T ~ T ( O H ) ~ ~ - ~ ~ ] ~ +  have 
been suggested as superimposing upon monomeric and 
dimeric species to yield an average polymerization 
number of four.14 Dimeric and trimeric “core-plus- 

(10) K .  A. Kraus and R. W. Holmberg, J .  Phys.  Chem , 58, 326 (1954) 
(11) K. A. Kraus, PYOC. Intarn. Conf.  Peaceful Uses A t  EnerRy, Geneva, 

(12) E. MatijeviC, et al., J .  Phys. Chem., 64, 1157 (1960). 
(13) K. Pan and T. M. Taseu, Bull. Chem. Soc..Ja+an, 28, 162 (1955) 
(14) J. Lefebvre, J .  chim. phys., 66, 227 (1958). 

1955, 7, 245 (1956). 
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links” species in solution a t  room temperature, and 
higher polymers a t  elevated temperatures, have been 
indicated from the results of recent ion-exchange stud- 

Finally, optical turbidity measurements have been 
used1’ to determine the solubility product of Th(OH)4. 
Simultaneous pH measurements made during the addi- 
tion of base were explained on the basis of Th4+ and 
[Th(OH)2],27z+ as the principal species, but the pos- 
sibility of [Th(OH)I3+ could not be excluded by the 
data. 

In  view of the inconclusive and conflicting litera- 
ture concerning the nature of the hydrolysis products 
of thorium, we felt that, a t  the very least, the results 
of a light-scattering study of the system might settle 
the degree of aggregation a t  various stages of hydrolysis. 

Experimental 

ies, 1L16 

Stock Thorium and NaC104 Solutions .-Stock thorium solu- 
tions were prepared by precipitating approximately 0.25 mole 
of hydrous Tho2 from a large volume of the aqueous nitrate and 
washing with distilled water until the supernatant liquid reached 
a pH of 7-8. In  some cases, significant amounts of thorium 
were lost by peptization in this procedure. The assumed 0.26 
mole of Tho2 was dissolved in a volume of standardized 70-72Yo 
HCIOa (found 11.69 M )  necessary to give solution compositions 
of Th( ClO4)r (series A), Th(OH)2( C104)~ (series E ) ,  and Th(0H)a- 
c104 (series D) .  The resulting solutions were diluted to 500 ml. 
with distilled water. Individual stock solutions were prepared 
directly or indirectly from these solutions, as described below. 

Series A Stock, ?i = 0.0.-Two different crystalline products 
obtained by slow evaporation a t  room temperature of the Th- 
( C104)4 solution’* gave solutions free from chloride but containing 
excess HC104. (Found: Th,  0.4753 M; c104-, 2.116 M; 
C104-:Th, 4.452.) The excess HC104 was neutralized with 
standard XaOH, yielding a Th( C104)4 solution in dilute NaC104. 

Series B Stock, ii = 1.0.-This was prepared by the addition 
of sufficient standard NaOH to  the series A stock so as to  neu- 
tralize the free acid and result in a solution containing one added 
OH- p e r z h  atom. (Found: Th ,  0.2614 ild.) 

Series C Stock, E = 1.6.-Considerable losses of Tho2 during 
washing led to  a final solution composition of higher C104-:Th 
than the intended 2 : l .  (Found: Th, 0.4875 M; Clod-, 1.158 
M; This was used as a stock solution of 
hydroxyl number 1.6. 

Series C Stock, rl = Z.O.-Some series stock solution was 
titrated with standard KaOH so as to increase 0 H : T h  to  2 : l .  
(Found: Th, 0.3886 M.)  

Series D Stock, rl = J.O.-The solution prcpared from the 
reaction of ca. 0.26 mole of ThOs with 0.25 mole of HC104 re- 
mained slightly turbid after vigorous stirring a t  room tempera- 
ture for 3 days. Filtration through medium-porosity sintered 
glass gave a solution which still showed a strong Tyndall beam. 
After final dilution to  500 ml. and after standing 2 weeks, a per- 
ceptible turbidity persisted. Unlike all other stock solutions, 
the thorium in this solution was only partially absorbed on Dowex 
50W-X8; consequently the perchlorate content was determined 
by the tetraphenylarsonium chloride method after addition of 
HC1 to destroy any colloidal Th02. (Found: Th, 0.4650 M; 

Concentrated stock solutions of NaC104 were prepared by 
dissolving the recrystallized 1-hydrate in sufficient distilled water 
so as to give a final concentration of a t  least 6 M .  

Analyses.-Thorium was determined gravimetrically as the 

CIOd-:Th, 2.38.) 

c104-, 0.4849 M; ClOa-:Th, 1.04.) 

(15) A. Zhukov, et el., Zh.  Xeoygau.  Khinz., 7 ,  1448 (1062). 
(16) A. Zhukov, el al . ,  ib id . ,  8, 871 (1963). 
(17) H. Bilinski, et al., Cvoat. Cheni.  Acta, 35, 19 (1963). 
(18) P. R. Murthy and C. C. Patel, J .  Iizovg. Nzccl.  Chenz., 25, 310 (1963). 

oxide.IB Perchlorate was determined either by passing aliquots 
of the solution through a Dowex 50W-X8 ion-exchange column 
and titrating the elnted HClOa or by precipitation with tetra- 
phenylarsonium chloride and weighing as ( C6Hj)4AsC104.20 
Stock solutions of IiaClOa were analyzed as before 21 

Experimental Solutions.-For each series of stock Th solutions, 
experimental solutions containing 0.01-0.10 M Th were preparecl 
by taking aliquots of the freshly-analyzed stock and diluting to 
100 ml. after addition of the calculated volume of Sac104 so as to 
give a supporting electrolyte concentration of 1.00 M .  That  
NaClO4 already present in any stock solution (series A,  B, and 
C)  was taken into account in the adjustment to unit molarity of 
NaClOa. 

All experimental solutions prepared were visibly clear, in- 
cluding those of hydroxyl number 3.0 (series D). Presumably 
the addition of NaClOd and dilution had the effect of eliminating 
whatever was responsible for the visible turbidity of the parent 
stock solution. 

Light-scattering measurements were made with a Brice- 
Phoenix photometer (Model 1974), dry, thiophene-frec benzene 
being used as our secondary-type standard. The value 7.71 X 

cm.-’ was taken as the absolute turbidity of benzene.22 
The  instrument calibration was checked by determining the 
molecular weight of raffinose (found, 508 f 10; calcd. for an- 
hydrous C18H32016, 504). One 3-cm. square scattering cell was 
used for all measurements with 4358 A. light. KO dissymmetry 
was found for the series D solutions using a special cylindrical 
cell; measurements between 50 and 130” gave an average dis- 
symmetry ratio of 1.02 3~ 0.02. Solutions were clarified by 
filtration through 450-mp Millipore filters directly into the scattcr- 
ing cell. 

Each value given for the turbidity represents an average of 12- 
20 measurements taken over 5-15 filtrations. In  almost every 
case, the turbidity was constant after an initial five filtrations. 
The turbidity of the 1 .OO .M SaClOi background was taken as the 
limiting turbidity of cach scrics of solutions as thc Th  conccntra- 
tion approached zero; this was subtracted from the gross tur- 
bidity of the solution to give the excess turbidity, 7* ,  due to the 
thorium species. 

Rcfractive index increments were obtained as previously 
described.21 

Other Measurements.-Densities were determined pycno- 
metrically a t  25’. The pH of each experimental solution was 
measured a t  2.5’ using a Leeds and iSorthrup pH indicator stand- 
ardized with saturated aqueous potassium hydrogen tartrate. 
Ultraviolet absorption measurements were made with a Pcrkin- 
Elmer Model 202 recording spectrophotometer. 

Results and Discussion 
The light-scattering data were interpreted in the 

usual manner.23,24 The data were treated for a pseudo- 
three-component system consisting of solvent (com- 
ponent 1)) a monodisperse polymer (component 2 ) ,  
and supporting electrolyte (component 3). In such a 
system, the degree of polymerization ,V is related to 
the excess turbidity, T * ,  due to the thorium-containing 
solute by 

(19) W. F. Hiliebrand, et al.,  “Applied Inorganic Analysis,” 2nd Ed., 

(20) J. K. Ruff, Dissertation, University of North Carolina, lB60. 
(21) F. C. Hentz and S. Y. Tyree, Jr., I~zorg .  C h e m . ,  3, 844 (1064). 
(22) D. K. Carpenter and W. R. Krigbaum, J .  Chenz. Phys. ,  24, 1041 

(23) I<. S. Tobias and S. Y. Tyree, Jr., J .  A m .  Chem. Soc., 81, 6385 (1950). 
(24) R.  S. Tobias and S. Y .  Tyree, Jr., ibid., 82, 3244 (1960). 

John Wiley and Sons, Inc., New York, S. Y. ,  1953, pp. 504,542. 

(1956). 
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where + is the solvent volume fraction, N is Avogadro’s 
number, n is the refractive index of the solution, and X 
is the wave length of the light. M‘, z‘, and $’ are the 
molarity, charge, and differential refractive index of 
the “monomeric” component 2.2G For the thorium 
system, the monomeric component is defined accord- 
ing to the hydroxyl number, a, by 

[Th(OH);(C104),(4-”-’)i + (4 - a - v)C104- - 

The definitions of z ’ ,  $’, and Ms then follow as 

z’ = (4 - a - Y )  

$’ = dn/dM’ - (z’/2)bn/bMa 

Ma = 1.00 + (~’/2)A/i’ 

with M’ the total thorium molarity. The corrections 
of ri for free [H+] were found to be practically negligible 
and were not made. 

Refractive Index Increments, Volume Fractions, 
Apparent Molar Volumes, and pH of Solutions.- 
Subtraction of the NaC104 contribution from the gross 
An of the solution gave An for the thorium species. 
Plots of the resultant An as a function of M’ gave 
straight lines with zero intercept and slope &/dM‘. 
Values of $’ were then calculated using z‘ as a parame- 
ter by use of the bn/dM3 data of Goehring.26 

Solvent volume fractions, 9, and apparent molar 
volumes, a, for the monomeric component were 
calculated as before.21 The former varied between ap- 
proximately 0.94 and 0.95 for all solutions. The aver- 
age values calculated for CP were: f i  = 0.0, 134 ml. 
mole-’; a = 1.0, 70 ml. mole-l; ri = 1.6, 94 ml. mole-l; 

= 2.0, 89 ml. mole-1; and = 3.0, 48 ml. mole-’. 
The low value calculated for the ri = 1.0 series is in- 
explicably out of line with the usual trend toward lower 
values of @ with increasing hydroxyl number, but is 
possibly related to the point of transition from mono- 
nuclear to polynuclear species above n = 1.0. 

Table I gives An and T* for the thorium solute species 
and + and pH values for the solutions studied. Values 
found for bn/bM‘ were: series A, 5.43 X IOp2 1. mole-’; 
series B, 4.82 X 
1. mole-’; series C, 3.77 X 1. mole-’; and series 
D, 3.17 X 1. mole-l. As usual, dn/dM‘ decreased 
with ri, with a plot of this quantity vs.  ri showing dis- 
tinct inflections near a = 0.6 and a = 2.1; this is un- 
doubtedly related to marked changes in the stage of 
hydrolysis and/or state of aggregation of the refract- 
ing particles. 

Ultraviolet Absorption Spectra.-Little quantitative 
information could be gathered from the absorption 
measurements between 1900 and 3900 A., nor could any 
spectral trend be noted as the degree of hydrolysis in- 
creased. All series of solutions showed complete 

1. mole-l; series e, 4.14 X 

(25) G. Scatchard, J. Am. Chem. Soc., 68, 2315 (1946). 
(26) J. B. Goehring, Dissertation, University of North Carolina, 1961. 

TABLE I 
EXPERIMENTAL TURBIDITIES (4358 A.), REFRACTIVE INDEX 

INCREMENTS (4358 A.),  SOLVENT VOLUME FRACTIONS, 

Series, n M f 106r* lO3An 6 PH 
A,O.O 0,0143 0.50 0.798 0.953 2.62 

0.0285 0.80 1.606 0.951 2.48 
0.0428 1.26 2.351 0.949 2.40 
0.0570 1.50 3.142 0.947 2.31 
0.0713 1.82 3.907 0.945 2.24 
0.0856 2.05 4.724 0.943 2.18 
0.0998 2.37 5.462 0.940 2.15 
0.1141 2.77 6.223 0.938 2.16 
0,1426 3.10 7.814 0.935 2.07 

B, 1 . 0  0.0105 0.55 0.553 0.955 2.94 
0,0183 0.94 0.970 0.953 2.92 
0.0201 1.34 1.306 0.952 2.90 
0.0523 2.60 2.553 0.951 2.75 
0.0784 3.94 3.826 0.949 2.70 
0.1046 5.30 5.113 0.946 2 .62  

e, 1 . 6  0.0097 1.02 0.449 0.954 3.13 
0.0243 2.36 1.009 0.953 3.02 
0.0340 3.54 1.427 0.951 3.00 
0.0486 5.27 2.046 0.950 2.97 
0.0729 7.64 3.055 0.947 2.93 
0.0971 9.71 4.028 0.944 2 . 8 8  
0,1214 12.33 5.030 0.942 2.85 

C , 2 . 0  0.0117 1.18 0.467 0.954 3.25 
0.01Q4 1.97 0.760 0.953 3.24 
0.0272 2.91 1.014 0.952 3.20 
0.0350 3.69 1.328 0.951 3.17 
0.0466 4.88 1.794 0.950 3.15 
0.0583 6.06 2.193 0.949 3.14 
0.0777 8.20 2.908 0.947 3.10 
0.0972 10.34 3.663 0.945 3.08 
0.1166 12.33 4.428 0.943 3.06 

D, 3 .0  0,0093 36.90 0.297 0.955 3.10 
0.0139 56.10 0.442 0.955 3.10 
0.0232 93.40 0,629 0.954 3.06 
0.0325 117.5 1.028 0.953 3.02 
0.0465 165.4 1.489 0,952 2.98 
0.0697 254.3 2.212 0.951 2.95 
0.0930 337.5 2.894 0.949 2.92 
0.1162 417.4 3.676 0.948 2 .88  

AND pH 

absorption in the range 2000-2400 A. and very weak 
absorption near 3000 A. Extinction coefficients calcu- 
lated at  3000-3050 A. were approximately 2.5 1. mole-l 
for all hydrolyzed solutions (series B-D) and approxi- 
mately 1.9 1. mole-I for the unhydrolyzed solutions 
(series A). All solutions were transparent in the vis- 
ible region. 

Degrees of Polymerization and Estimated Charges 
for the Thorium Species.-Figures 1 and 2 show plots of 
l/Nz, as a function of M’ with z’ as a parameter. In 
none of the series does the degree of polymerization ap- 
pear to be appreciably concentration dependent. For 
hydroxyl number 0.0, a degree of polymerization of ca. 
0.9 is found a t  z’ = 4+ ; an unhydrolyzed and uncom- 
plexed species, [Th(OH%) +, is therefore indicated. 
These findings are in agreement with those of Kraus 
and HolrnberglO and with a recent determination of 
charge on thorium in HClOl based on Donnan mem- 
brane measurements. 27 Similarly, a mononuclear spe- 
(27) R. M. Wallace, J. Phys. Chcm., 68,2418 (1964). 
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Figure 1.-Series A, Fi = 0.0: 0, z’ = 0; 7, z’ = 1; n, z’ = 

Series B, E = 1.0: 0, z’ = 0; 3, z’ = 
Series c , E  = 1.6: 0, z’ = 0; 0, z‘ = 

2 ;  A,z’ = 3;  0, z’ = 4. 
1; A, z’ = 2;  0, z’ = 3.  
1; A, z’ = 2. 
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Figure2.-Series C, +? = 2.0: 0, z’ = 0; 0, z‘ = 1; A, z’ = 2 .  
Series D, ii = 3.0: 0, z’ = 0.  

cies is found a t  a = 1.0, with z’ = l+.  The low charge 
requirement is attributed to gegenion association with 
the hydrolyzed species, and an ion of the form [Th(OH)- 
(C101)2]+ is suggested for these conditions. The lack 
of a marked dependence of i/;Vs, on concentration a t  
this stage is somewhat in disagreement with the results 
of e.m.f. studies,5~6J~lO the latter showing contributions 
by polymeric thorium species. Unfortunately, the 
turbidity measurements do not give meaningful data 
below 0.01 M Th concentration, where the concentra- 
tion dependence \Tjould be most significant. 

The results a t  hydroxyl numbers 1.6 and 2.0 indicate 

the presence in solution of small hydrolytic aggregates 
with polymerization numbers (taken a t  face value) 
near 2.3 and 2.9, respectively. At n = 1.6, the data 
correspond closely to a low-charged dimeric species, 
but a distribution of dimeric and trimeric units would 
agree as well with the observed degree of polymeriza- 
tion. A loiT-charged trimer is suggested a t  ri = 2.0. 
The low charge required for concentration independ- 
ence in these cases is similar to that found for polymer- 
ized lead(I1) species.21t25 It is perhaps coincidental 
that the estimate of z’ = 0 requires approximately one 
hydroxyl-bridged C101- per coordinated hydroxide ion. 
Oxyanion bridging has been proposed earlier8,I2 for 
hydrolyzed thorium ions and has been discussed29 in 
relation t o  similar bridging of anions found in the solid 
state for the basic salts Th(OH)2S0430 and Th(OH)2- 
CrO4.H2O3l by X-ray examination. Here infinite 
[Th(OH)2]2+ chains bridged by sulfate and chromate 
are found. It is also interesting to note from this 
work that the chain-like structure persisted in solid 
Th(OH)2S04 prepared by hydrothermal synthesis 
over the entire temperature range 50-200°, while the 
analogous U(1V) compound showed repeating [U- 
(OH)%]%+ units when prepared a t  low temperatures, 
but reverted to distinct [L604(OH)~]12+ units when 
synthesized a t  higher temperatures. The marked 
hydrolytic difference between Th(1V) and U(IV), 
Pu(1V) has also been noted by Kraus and Holmberg.’” 

Extremely large aggregates were found at hydroxyl 
number 3.0. The data here indicate z’ = 0 and poly- 
meric species containing approximately 140-150 tho- 
rium atoms per solute particle. Under these conditions 
of incipient precipitation of thorium (3.6 equivalents 
of OH- per Th  atom results in complete precipita- 
tion3*), the possibility of colloidal species is ruled out 
on the basis of three independent observations in this 
work: (1) the constancy of the turbidity of the solu- 
tions over repeated ultrafine filtrations ; (2) the absence 
of any dissymmetry of the scattering particles; and 
(3) the fact that the refractive index increment was 
found unchanged when measured before and after all 
other measurements and operations. Such interpreta- 
tion of the results a t  this stage of hydrolysis is qualita- 
tively in agreement with previous studies on exten- 
sively-hydrolyzed thorium solutions, 3 3 ,  34 

r t  is interesting to speculate on the length of an ex- 
tended [Th(OH)%I2+ zigzag chain in solution containing 
150 thorium atoms. Using the X-ray data of Lund- 
gren3I and following the structure found in basic tho., 
rium chromate, the value 450 A,,  or about 10% of the 
wave length of light used in this work, seems to be an 
upper liniit for the longest dimension of such an ion. 
A particle of this size would not be expected to show 

(28) 0 .  E. Esval, Dissertation, University of Korth Carolina, 1962. 
(29) G. Lundgren, Swensk. Kem.  Tidsk i . ,  71, 200 (l’J5Y). 
(30) G. Lundgren, Aiiiia Xe in i ,  2,  536 (1950). 
(31) G. Lundgren, i b i d . ,  1, 277 (1949). 
(32) D. I. Iiyabchikov and E. K. Gol‘Braikh, “The Analytical Chemistry 

(33) A. I>obry-Iluclaux, el nl., J .  c h i m .  p h y s . ,  60, 501, 507 (1953). 
(34) A .  Dohry-I)uclaux, Proceedings of the Second International Congress 

of Thorium,” The RIacmillan Co.,  i i e w  York, E, Y. ,  198R, p. 23. 

on Rheology, 1983, p.  9. 
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dissymmetry. Furthermore this length is certainly 
an overestimate since coiling of chains and/or cross 
linking would result in a decrease in the longest dimen- 
sion of the particle. 

The results of the present study seem to be best sum- 
marized by a hydrolytic process for thorium whereby a 
continuous series of aggregates are formed above a = 
1.0, beginning with the formation of dinuclear and 
trinuclear species near hydroxyl number 1.5-2.0 and 
leading to the formation of very large particles prior 
to precipitation of hydrous oxide or basic salts above 
hydroxyl number 3.0. Although no measurements were 
made between hydroxyl numbers 2.0 and 3.0, the exist- 
ence of polymers of intermediate molecular weight 
seems quite likely in this range. Such a continuous 
polymerization scheme for hydrolysis would lend cre- 

dence to the hypothesis that  hydrous oxide or basic 
salt structures are approximated in solution prior to 
precipitation, but the validity of this theory and the 
general nature of this phenomenon are subject to the 
results of considerable further work along these lines. 

Finally, the results of this worrk are believed to be 
of the usual accuracy obtained in light-scattering work, 
the polymerization numbers reported being most likely 
accurate to within less than h 10%. 
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The phases occurring in the neodymium-tellurium system are: NdTe, f.c.c. a = 6.2i8 A,, m.p. 2040". A solid solution 
series ATd3Te4-NdzTe3 which has a high temperature, ThsP*-type structure, whose cubic lattice constant varies from 9.434 
to 9.424 A., resyectively; a phase transition occurs a t  1000' to an orthorhombic modification, Pbnm, a = 11.94 d., b = 12.24 
A,, c = 4.407 A.;  NdsTec melts a t  1680' and NdzTes melts a t  1620'. A solid solution series exists over the composition 
range NdTel.74 to KdTez; the tetragonal unit cell for NdTez has dimensions a = 4.419 A., c = 9.021 A., space group P4/nmmr 
and the compound melts a t  1270". The phase NdzTes is orthorhombic, pseudotetragonal, a = 2, = 4.380 A,, c = 44.0 b., 
space group Bmmb, and melt! incongruendly a t  910". NdTea is orthorhombic, Bmmb, and the dimensions of the pseudo- 
tetragonal cell are a = 4.350 A., c = 25.8 A. The compound melts incongruently at 830". 

Introduction 
Two intermediate phases in the neodymium-tel- 

lurium system, NdTe and NdzTe3, have been reported. 
Iandelli2 found that NdTe was isostructural with NaC1, 
and NdzTe3 has been shown by Miller, et al.,3 to exhibit 
solid solubility ranging to the composition Nd3Te4. 
The body-centered cubic Th~Pd-type structure, which is 
frequently observed for rare earth-group VI compounds 
having the 2:3-3:4 composition range, is observed for 
NdzTe3, although Miller3 and Flahaut, et aZ.,4 report a 
phase transformation to the orthorhombic system be- 
low 1000°. No complete investigation of the binary 
phase diagram has been reported and the aim of this 
investigation is to determine all the intermediate phases 
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(4) J. Flahaut, L. Domange, M. Guittard, M. P. Pardo, and M. Patrie, 
Compt. vend., 2S1,  1530 (1963). 
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which exist in this system and to study their crystal 
chemistry. 

Experimental 
Neodymium ingots of 99.9% purity were obtained from the 

Nuclear Corporation of America and tellurium of 99.9970 purity 
was obtained from the American Smelting and Refining Co. 
The region of the phase diagram 60-100 atom yo T e  was investi- 
gated by sealing the appropriate compositions of the elements 
in evacuated silica tubes and allowing them to react for at 
least 2 weeks a t  temperatures below 700". Extensive reaction 
between neodymium metal and the silica surfaces occurred if the 
reaction temperature exceeded 700". The intermediate phases 
NdTea, NdzTe;, and NdTei-NdTel 74- were prepared in this 
manner. Mixtures containing less than 60% tellurium did not 
yield satisfactory results because a t  temperatures below 700" 
equilibrium could not be established and higher temperatures 
caused the formation of Ndz03. In  order to prepare the neo- 
dymium-rich compounds the mixtures were allowed to  prereact 
in silica tubes for approximately 100 hr. and then sealed into 
tantalum tubes. These specimens were then heated in a vacuum 
induction furnace a t  approximately 2000" for 2-5 min. This 
procedure was very satisfactory for the preparation of NdzTes 
and its solid solution compositions and for hTdTe. The reacted, 
neodymium-rich, compositions can be equilibrated in silica tubes 


