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I, INTRODUCTION
A, Some Chemical Properties of Thorium

The group 1IVA metals are relatively poor electron acceptors and
within the group the basicity increases fram titanium to thorium,
Willisms (L1) pointed out that the free energy change of chelation of
a tetravalent cation is due largely to the increase in entropy, and
advised the analytical chemist to choose a reagent for this group
which coordinates weakly to avoid interferences from the better
electron acceptors, This implies that one should choose reagenta
which coordinate through oxygen rather than nitrogen., In genersal the
reagents which have been found most useful are of this type. The
neutralization of charge and the independence of solubility on forma-

tion of a continuous lattice are other requisites for such reagents.

Thorium precipitates with oxalie acid as Th(czoh) 2.61{ 2O. However,
thorium oxalate dissolves in armmonium oxalate to form '.!.‘ht)::,.;h (36),

indicating a coordination number of eight. Acetylacetone reacts with
thorium, as do ssveral p-diketones, to foﬁn compounds of the form

ThA), (36), and with ammonla present to form (ThAh)Z.NH3 (36). The
latter compound is interesting in that it appears that thorium has a
coordination number greater than eight. Thorium pyrophosphate precipi~
tates as a dihydrate (3L), exhibiting a coordination mumber of eight
for thorium. Double carbonates have been made of the form (l\mh)2
Th(003)3.6}120 (36)« Double sulfates are of the form M2Th(SOh) 3 and

MhTh(SOh)u (36) , indicating coordination numbers of six and eight for



thorium, Recent work by Kraus (19) suggests that the thorium ion is
asaociéted with eight molecules of water in aqueous solution. Finally,
thorium oxide has been found to have the fluorite structure (38) which

gives thorium a coordination number of eight,

More information of this type is available but it already seems
clear that thorium usually attains its maximum coordination mumber of

eight in these compounds in which it is coordinated with oxygen,

Zebroski (L2) reported reaction constants for the camplexation
of thorium with phosphoric acid, as well as several other acids. The
most prevalent complex ions involve a two to one ratlo of phosphorus

to thorium,
B. The Arsonic Acids in Analytical Chemistry

Since the first announcement of analytical applications of benzene-
arsonic acid by Rice, Fogg and James (32), much information has appeared
about this group of compounds. Kapulitzas (1l) tested the sensitivity
of a group of substituted benzenearscnic acids. Inspection of these
Cata showed that the changes in sensitivity on substitution were only
slight. The best reagent was only four times as sensitive as the

poorest.

In general the arsonic acids have been found to precipitate all
tetravalent cations, including U(IV), Sn(IV), Ce(IV), Ti(IV), zr(IV),
HE(IV) and Th(IV) (37). Since U(VI), Sn{II) and Ce(ITI) are not pre-

cipitated, interference from these elements can usually be avoided,



Peroxide is used to prevent interference from titanium. With some
difficulty zirconium can be determined in the presence of thorium by
virtue of the greater solubility of the thorium salt in acid (32).
Several trivalent ions tend to interfere, including Bi(III), Fe(III)
and AL(ITI) (32, 37) ,l but the interference can be avoided by virtue of
the greater solubility of the compounds formed, in acid, Bismuth has

been separated quantitatively as Bi(OH) (06H5A803) (32).

The gravimetric determination of zirconium is completed by ignition
to the oxide, The ignition must be carried out at a very high tempera-
ture or in the presence of hydrogen (32). The determination of thorium
is completed by dissolving the arsonate, precipitating the thorium as

the oxalate and finally igniting to the axide (32, 37).
C. The Phosphonic Acids

Although the literature contains vast quantities of information
about the organic chemistry of phosphorus, no mention is made of

analytical application of phosphonic acids,.

Credit should be given to Michaelis for his very early elucidation
of the nature of orgsnophosphorus compounds and to Kosolopoff and Toy

as contemporary leaders in the field.

A few gsalient comparisons of arsenic and phosphorus are of interest
here. The crystal radii of the X(V) ion in X03' are 0.3L and 0.L7 A
for phosphorus and arsenic, respectively (28)., The corresponding

electronegativities are 2.1 and 2.0 (30). The nitrogen family undergoes



an essentially regular change from a true non-metal to an almost true
metal, The so~called inert pair of electrons appear in arsenic and
become a dominant characteristic of bismuth (36).

The ionization constants (Table 1) of the H 3X0h compounds are
nearly the same (36).

Table 1. Ionization Constants of Phosphoric and Arsenic Acids

K HBPOh H3Asoh
Ky 7.5 x 10™3 L8 x 10>
K, 6.2 x 10"8 1 x 10~7
K, 1 x 10732 1 x10783

Jaffe, Freedman and Doak (11) and Lesfaurier and Rumph (22)
determined lonlzation constants for a long series of substltuted
benzenephosphonic acids and calculated Hammet (9) reaction constants
for both ionizations. Pressman and Brown (31) presented similar data
for a series of arsonic acids., Tabulation of the reported constants
(Table 2) for the unsubstituted acids shows that the phosphonic acids

are gignificantly stronger acids.

Pressman and Brown (31) concluded that the most important
resonance structures concerned in the lonizations did not involve a
charged arsenic atom. Structures which involve 1O electrons around the

central atom were suggested. Jaffe’ and co-workers correlated



Table 2, The pK! Values and Hammet Reaction Constants
of Benzenephosphonic and Benzenearsonic Acids

Acid 12{ 2 e1 P o
CeH5POH, 1.83 7407 04755 0.9L9
CHzhs0H, 3.47 8.48 04953 0.87h

polarizability of the central atom with reactlon constants and felt
that other data (10) showed that the above-described resonance structures

were unlikely,.



II, STATEMENT OF THE PROBLEM

The general similarity between phosphonic acids and arsonic acids
indicates that the former compounds might be valuable analytical
reagents just as the latter have proved to be. The increased acid
strength of the phosphonic acids was expected to decrease the solubility
product of the complexes formed, since one expects the anion of the acid

to be the reacting species.

The aim of this work was to investigate the use of benzenephosphonic
acid as an analytical reagent for thorium and to obtain some information

about the fundamental chemistry involved in the reaction with thorium,



III., EXPERIMENTAL PART

A. Materials and Apparatus

1. Primary and secondary standards

1) Potassium acid phthalate., Primary standard grade lot number
X 538, mamifactured by Lastman Kodak Co., Rochester, New York, was
used. This material was dried at 110° C. for about 2 hours before

gsamples were taken. This material was used as a primery standard acid,

2) Disodium hydrogen phosphate. A. U. S. National Bureau of
Standards standard sample 186 II was used as a phosphate standard after

it was dried at 110° C.

3) Standard pH solutions. Backman buffer powers numbers 1h0OLlL
and 1h0L9 were used according to the specifications supplied, for pH L
and pH 9 buffers, respectively. A concentrated buffer solution, also
sold by Beckman Instruments, Inc., Pasadena, California, was used to

prepare a pH 7 buffer solution,

k) Standard weights. A class M set of weights which had been
calibrated by the manufacturer (Wm. Ainsworth and Sons, Denver,
Colorado) against a U. S. National Bureau of Standards certified
secondary standard, was used to calibrate the class S weights used in

this work,



2, Materials

1) Benzenephosphondiamide, 06H5P0(m{2) oe This was prepared
according to Michaelis (26), m. p. 192 to 193° C, as compared to

189° C. reported.

2) Benzenephosphondianilide, C 6H5P0(c 6H5NH) o+ This was prepared
according to Michaelis (26), m. p. 209 to 211° C. as compared to 211° C,

reported,

3) Benzenephosphonic acid, C 6H5P03H2. Eastman practical grade
was used, The melting point (161° C,) agreed very well with literature
values (17). Potentiometric titration with standard base showed that
the equivalents of base between endpoints was equal to the equivalents
to the first end polnt. The ratio of the former to the latter was
1.003. Solutions were prepared by dissolution in deionized water and
filtering. Solutions were standardized where necessary against standard

alkali.

i) Benzenephosphonyldichloride, 06H5P0012. This material was
obtained fram the Viector Chemical Works, Chicago, Illinois. The re=-

fractive index (nDZS) was 1.553 as compared to 1.558 reported (17).

5) Dimethylbenzenephosphonate, C 6H5PO(OCH3) 0* This material was
prepared by the reaction of benzenephosphonyldichlorids with methanol
(18) and purified by vacuum distillation. The refractive index
(n§5 = 1,5060) compared well with that obserwved by workers at the
Victor Chemical Works laboratary (n§5 = 1,500) (3).



6) Phosphobenzene, C 6H5PO »* This chemical was prepared according

to Michaelis (25), m. p. 100 to 103® C. as compared to 100° C. reported.

7) Thorium nitrate. Hydrated thorium nitrate obtained from the
Lindszy Chemical Co., West Chicago, Illinocis, was recrystaliized from
water. Solutions were prepared by dissolving in deionized water and
filtering. Solutions were standardized by the classical oxalate

method (34).

8) Karl Fisher reagent and standard water in methanol reagent.

These reagents were made according to Seaman, McComos and Allen (35).
9) All other chemicals used were of reagent grade,
3, Apparatus

1) Balances. A type TCX keyboard analytical balance nanufactured
by Wm. Aingworth and Sons, Inc., Denver, Colorado, was used for most
weighings, in conjunction with a set of class 3, rhodium-plated, bronze,
two-plece weights. The class S weights were calibrated against a
class M set. Some weighings were made with a five-place Gramatic
balance distributed by Fisher Scientific Co,, Pittsburgh, Pennsylvania.
An Ainswprth type FDJ micro balance was used where six«place accuracy

was necessary.

2) Conductance apparatus. A number L866 conductivity bridge
manufactured by Leeds and Northrup Co., Philadelphia, Pemnsylvania, wag
used, with a dipping conductivity cell number L4920, also made by Leeds
and Northrup.
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3) Glassware. Pyrex class A pipettes, mamufactured by the
Corning Glass Works, Corning, New York; Exax volumetric flasks pro-
duced by Kimble Glass, Toledo, Ohlo; and Normex and Ultramax burettes
made by Kimble Glass and the Nalge Co., Rochester, New York, respectiv-

ely, were used.

}) TFilter crucibles. Selas crucibles of number 10 porosity pro-
duced by the Selas Corp. of America, Philadelphia, Pemnsylvania, were
used, Alundum crucibles made by the Norton Co., Worchester,

Magsachusetts, were used for high temperature ignitions.

5) Oscillometer. The Sargent Model V Chemical Oscillometer with
cell holder type B, manufactured by Sargent and Go., Chicago, Illinois,

was used.

6) pH Meters. Beckman pH meters model G and Hps produced by

Beckman Instruments Co,, Inc., Pagsadena, California, were used.

7) Spectrophotometer. The Cary recording spectrophotometer, a

product of the Applied Physics Corp., Pasadena, California, was used.

8) Thermobalance. The automatic recording balance made by
Brown et al. (2) was used. The temperature was increased in the up-
right muffle furnace by hand operation of a Variac and messured with a

cromel~alumel couple in conjunction with a potentiometer,

9) Water determination apparatus. The azeotrope distillation

apparatus of Roberts and Levin (33) was used. Automatic zeroing
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Ultramax burettes were fitted by means of glass joints to the titration
flask, and gravity fed from storage bottles which were protected from
the atmosphere by drying tubes filled with indicating silica gel. The

dead stop end-point device of McKinney and Hall (2L) was used.
Be. Data and Results

1. Dewelopment of precipitation procedure of thorium with benzene-
phosphonic acid

A serles of qualitative tests determined optimum conditions for
the precipitation of thorium, One hundred fifty ml. of a golution of
thorium nitrate containing about 0.1 g. of thorium was used for each
tests Acidity was adjusted with concentrated hydrechloric acid., In
most tests the solutions were digested hot for an hour or more; there~
fore, the final acidity was not known exactly. Complete precipitation
was ascertained by neutraligzation of the decanted supernatent solution
with sodium hydroxide.

Tests with a 2,5 per cent solution of benzenephosphonic acid
showeds 1) Precipitation was complete in solutions initially O.L to
1.0 N, if a ten-fold excess of reagent was used (assuming a two to one
reaction of the reagent with thorium). 2) Precipitation was complete
from solutions initially 1.0 N in acid, if a two-fold or greater excess
of reagent was useds 3) Complete homogeneous precipitation could be
effected with the customary use of urea and approximately a three-fold
excess of reagent. The quality of the precipitate, however, was not

improved. L) The quality of the precipitate was bettered in the
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direct preclpltation, when the hot reagent solution was added slowly
to a boiling sample solution., 5) In general, the quality of the
precipitate varied directly with the acidity of the solution,

6) Digestion in fairly concentrated acid for 1 hour improved the

character of the precipitate.

In the tests using dimethylbenzenephosphonate, the ester was added
to the boiling sample solutions and the bolling was continued for 1
hour, The following observations were mades 1) A ten~-fold excess of
reagent precipitated thorium completely from solutions initially 1.0 N
in acid, but precipitation was incomplete from solutions initially less
acide 2) A four~ to ten-fold excess of reagent completely precipitated
thorium from 1,0 N acid, whereas a two-fold excess was insufficient,
3) The quality of the precipitate was excellent, 1)) The rate of

precipitation varied directly with the acidity on the solution,

Tests made using the reagent phosphobengene as a frash alcohol
solution showed:t 1) A ten-fold excess of reagent completely precipi~
tated thorium from O.4 to 1.0 N acide 2) From 1.0 N acid, precipita-
tlon was complete with a ten-fold excess of reagent but not with an
eight-fold exceas or less. 3) The quality of the precipitate was no
better, using this reagent, than that of the precipitate effected with
the free acid reagent. l) Precipitation occurred immediately upon

addition of the reagent.

Tests with benzenephosphondiamide showed that fresh soclutions of

this reagent in glscial acetic aclid precipitated thorium incompletely
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from 1,0 N hydrochloric acid, 1f boiled for an hour. Considerable
reagent precipitated upon adding the acetic acld solution to the

aqueous sample solution.

Benzenephosphondianillide was also prepared in glacial acetic
acid, but the reagent precipitated upon being added to the aqueous
thorium solution, After bolling for an hour, it was apparent that very

little or none of the thorium was precipitated.

With these tests as a hasis, further testing was made of the use
of the free bénzanephosphonic acid, phosphobengene and dimethylbengene-
phosphonate, The procedure followed was: 1) A thorium nitrate
sample containing 0.02 to 0.2 g, of thorium was placed in a 600-ml,
beaker. 2) A 100~ to 150-ml, portion of 1:3 hydrochloric acid solu-
tion was added. 3) The solution was heated to boiling., L) The
reagent was added., Either 0,60 g. of phosphobenzene, dissolved in
alcohol, l.2 ml. of dimethylbenzenephosphonate, specific gravity 1,195,
or 50 ml, of 2.5 per cent benzenephosphonic acid solution were used in
each case to provide at least a five-fold excess of reagent. 5) The
solution was then boiled 1 hour. 6) In thoss cases where phospho-
benzene or dimethylbengenephosphonate were used, 10 ml., of 2.5 per cent
benzenephosphonic acid were added at this point. 7) The solution was
diluted to 300 to yoo ml, B8) The pH was adjusted and the precipitate
was allowed to settle for several hours, 9) Selas filter crucibles
were used to collect the precipitate which was then ignited and weighsd,

10) The filtrate was tested for thorium with ammonia.
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At this stage in the experiments there were three important
variables in the precipitating procedure to be determined: 1) The
pH range of complete precipitation. 2) The amount of excess reagent
for complete precipitation, 3) The drying or ignition temperature.
The iast veriable was estimated by the preliminary thermogravimetric
curves, subsequently described, which showed the best plateau at 100°
to 200° C. To precisely determine the maximum drying temperature, a
series of precipitations were made according to the above procedure.
Fifty ml. of 2.5 per cent benzenephosphonic acid, about a nine-fold
excess, was used as the reagent and the pH was adjusted as shown in
Table 3. BFach precipitate was dried for 3 hours at 110°, 120°, 130°,
140°, 150°, 160°, 170%, 180°, and 190° C. The results are shown in
Table 3. The filtrates were all tested for thorium by neutralizatlon
and all the filtrates remained clear even after several days, showing

that precipitation was complete,

It was of interest next to establish the low extreme of the pH
range. Table 3 shows that the low extreme is less than 0.5. To gain
this information, two sets of precipitations were carried out, one at
pH 0.5, a second at pH 0.l. The precipitates were dried at 120° C. to
constant weight. The pertinent data are in Table 4. All of the
filtrates were neutralized with ammonia, Those filtrates from the

pH 0.1 series became cloudy; those from the pH 0.5 series remained clear,

The final thing to determine wes the necessary amount of excess

reagent. Tables 3 and 4 show that a nine-fold excess is adaquaie.
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Table 3. Effect of Drying Temperature on Thorium Benzenephosphonate Precip
Sanple Semple wte Weight of precipitate dried ati

no, pH (g. Th) 1d°¢c. 120°c, 130°C. 1d*c. 150°c. 160°c. 170°C. 180°¢C
1 0.5 0.,06651 0.1767 0.1745 0.1720 0.171h 0,1712 0.1711 0.1711 0,171
2 0.5 0.08868 02292 0,2280 0.,2273 0,2271 0,2268 0.2268 0,2267 0.226
3 0.5 0.11085 042920 0,2891 0.2866 0,2856 0.2856 0.2856 0.2855 0,285
L 1.0 0,06651 0,1768 0.1743 0.1719 0.1717 0,170k 0.1705 0.170Lk 0,170
5 1.0 0,08868 042272 0.2261L 0,2256 00,2254 0.2252 0,2252 0,225) 0,225
6 1.0 0.11085 0.2878 0,2857 0.2841 0,2838 0,2836 0.2837 0.2835 0,283
7 1.5 0.06651 0,1753 0.1732 0.1710 0.,1700 0.1698 0,1698 0.1699 0,169
8 1.5 0.08868 0.2266 0.2265 0.2262 0,2260 0.2259 0.2260 0,2260 0,225
9 1,5 0,11085 0.2854 0.2843 0.2832 0,2829 0.2828 0.2829 0.2828 0,282
10 2,0 0,06651 0.,1751 0.173h 0.1717 00,1704 0.1703 0.1705 0.170k 0,170,
11 2.0 0.08868 0.2309 0.2300 0.2285 0.2279 0.2278 0.2282 0.2280 0,228

12 2,0 0.,11085  0.2920 0.2893 0.2867 0.2857 0,285h  *# * *
13 2.5 0.06651 0.1692 0.1691 0.1689 0,1688 0.1687 0.1690 0,1689 0,169
1 2,5 0,080868 0.2290 0.2273 0.,2261 0.2259 0.2258 0.2260 0.2259 0,226
15 2.5 0.11085 0.2902 0,2884 0,2869 0.2863 0,2859 0.,2860 0.2858 0,285
16 3.0 0,06651 0.172h 0.1722 0.1718 0,1717 0.1715 0.1717 0.1715 0.171
17 3.0 0.08868 0.2281 0.2279 0.2276 0,2275 0.227h 0.,2275 0.227h 0.227
18 3,0 0,11085 0.2903 0.2878 0.2857 0.2852 0.2851 0.2852 0.2849 0,285
19 3.5 0.06651 0.,1749 0,173 0.1723 0.1721 0.1719 0.1720 0.1719 0.172
20 3.5 0.08868 0.2286 0,2283 0.,2282 0,2280 0.2279 0.2280 0.2279 0.227
22 3.5 0,11085 0.2861 0.2858 0.2856 0.2855 0.2853 0,2854 0.2853 0.285

*Sample accidéntally spilled.
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Effect of Drying Temperature on Thorium Benzenephosphonate

Precipitate Weights

VWielght of precipltate dried ats

Welght lost

t. from
110°¢. 120°c. 130°c. 1o"c. 150°c. 160°c. 170°c. 18¢°c. 19¢°C. 140°-180° C.
0.1767 0.1745 0.1720 0,171 0,1712 0,1711 0.1711 o0.1710 ¥ 0,000k
02292 0,2280 0.2273 0,2271 0,2268 0.2268 0,2267 0.2267 0.2260 0.000L
0.2920 00,2891 0,2866 0.,2856 0.2856 0.2856 0.2855 0.2852 0,2846 0.000L
0,1768 041743 0.,1719 0.1717 0.1704 0,1705 0.170L 0.1705 0.1702 0.0002
0.2272 0.,2261 0.2256 0,225h 0.,2252 0.2252 0,2251 0,2251 0,2245 0.0003
0.2878 0,2857 0.2841 0,2838 0.2836 ©.2837 0.2835 0,2832 0.2823 0.0006
0.1753 0.1732 0.1710 0.1700 0,1698 0,1698 0.1699 0.1697 0.1695 0.0003
0.2266 00,2265 042262 0,2260 0.2259 0,2260 0.2260 0.2259 0.,2258 0.0001
0.2854 0.2843 0.2832 0,2829 0.2828 0.,2829 0,2828 0,2829 0,2825 0.0000
0.1751 0.,1734 0.1717 0.1704 0.1703 0.1705 0.170k 0.1705 0.1703 0,0001
0.2309 0.2300 0.2285 0,2279 0.,2278 0.2282 0,2280 0,2280 0.2270 0.0001
0.2920 0.2893 0,2867 0.2857 0.2854  # 3* * 3#* *
0.1692 0.1691 0.1689 0.1688 0.1687 0.1690 0.1689 0,1691 0.1689 0,0003
0.2290 0.2273 0.2261 0.2259 0.2258 0,2260 0.2259 0.2260 0.2259 0,0001
0.2902 0,288L 0.2869 0.2863 0.2859 0.2860 0,2858 0,2857 0.2855 0.0006
0.172h 0.1722 0.,1718 0.1717 0.1715 0.1717 0.1715 0.1715 0,1715 0,0002
0.2281 0,2279 0.2276 0.,2275 0.227h 0.2275 0.2274h 0.2273 0,2273 0.0002
0.2903 0.,2878 0.,2857 0.2852 0.2851 0.2852 0.2849 0.2850 0.2848 0,0002
0.1749 0.1734 0.1723 0.1721 0.1719 0.1720 0,1719 0.1720 0.1718 0,0001
0.2286 0,2283 0.2282 0,2280 0.2279 0.2280 0.2279 0.2279 0.2278 0,0001
0.2861 0.2858 0.2856 0.2855 0.2853 0.2854 0.2853 0.2852 0.0002

0.2853

ally spilled.
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Table L, Effect of pH on Thorium Benzenephosphonate Precipitate
Yeights

(Dried at 120° C.)

Sample Sample wt., ‘ Wt. ppte Wt. ppte. per

II0e ' (go Th) (g-) 232,12 Ee Th
pH = 0,1
1 0.0hk3hL 0.1128 588.1
3 0.04L3L 0.1139 593.8
N 0.06651 0.1687 586.3
5 0.,06651 0.1715 596.1
6 0.06651 041700 590.9
7 0,08868 0.2265 590.4
8 0.08868 0.227h 592.8
-9 0.,08868 0.22l3 584.2
10 0.08868 04,2257 588.3
11 0.,11085 042834 591.0
12 0.11085 0.,2853 595.0
13 0.11085 0.2832 590.7
W 0.11085 0.2831 590.4
Av, 5900h
PH = 0-5

15 0.04h3k 0.1152 603.1
16 0.0LL3L 0.,1148 601.0
17 0.0Ll3L 0.11h2 597.8
18 0.06651 0.1700 591.7
19 0.06651 0.1759 612,2
20 0.06651 0.1713 59642
21 0.,08868 02276 59644
22 0.,08868 0.2330 610.5
23 © 0,08868 0,2307 60h.5
2L 0.08868 0.2291 600.3
a5 011085 0.2859 598.7
26 0.11085 0,2856 598,0
27 0.11085 0.2881 603.3
28 0.11085 0.2851 597.0

Av. 600.8
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Table 4 (Continued)

Sample Sample wte. Wt. ppt. Wt. ppt. per
no. {ge Th) (ze) 232,12 g. Th

PH = 1,0
29 0,06651 0.1743 608,.5
30 0.08868 0,2261 591.9
A 0.11085 0.2857 598.3
Av, 59906

pH = 105
32 0.06651 0,1732 60l 6
33 0.,08868 0.2265 593.0
3 0,11085 0.2843 595.3
Av, 597.6

pH = 200
35 0.06651 0.173h 605.3
36 0.,08868 0.2300 602.1
37 0.11085 0.2893 605,.8
Ave 60kL.ht

pH - 205
- 38 0.06651 0.1691 590.3
39 0.08868 0.2273 595.1
40 0.1108% 0.288L 603.9
A'V'o 596.h

pH = 3,0
1 0.06651 01722 601.2
L2 0.08868 0.2279 596.6
L3 0.11085 0.2878 602,7
Av, 600,2
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Table l (Continued)

Sample Sample wi, Wte ppte Wt. ppte. per
no. (ge Th) (g4) 232,12 g. Th
pH » 305
Ll 0.,06651 0.173h 605,3
15 0.,08868 0.2283 59767
Lé 0.11085 0,2858 _ 598.5

Av. 600 05

Table 5 shows the effect of a l.7- to 13.8-fold excess of reagent. The
filtrates from gample numbers kL, 5, 6, 7, 8, 9, 12, 13 and 1l in Table 5
were tested for thorium by neutralizing with ammonia. Filtrate number 12

showed a slight opalescencey numbers 13 and 1L were definitely cloudy.

The precipitating procedure used in the remainder of the work (with
the exception of the thermogravimetric work), was that outlined in the
early part of the section, with the following added stipulations:

1) Benzenephosphonic acid was used exclusively as the reagent. 2) A
five-fold or greater excess of reagent was used. 3) The pH was adjust-
ed, after the bulk of the precipitation had occurred, to 0.5 to 1.0,

L) The precipitates were dried to constant weight at 150° C.

2. Thermogravimetric study of thorium benzenephosphonate

The thermogravimetric data were obtained in two distinct experi-

ments. In the first experiment, the automatic recording balance of
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Table 5. Effect of Varying kxcess Reagent on
Thorium 3enzenephosphonate Precipitate Weights

(Precipitated at pH 0.5; dried at 120° C,)

Sample Amount reagent used Wte ppt. Wte. per

Sample wte dried 232.12
no. - (ge Th) (ge) (Times excess) 1h0* C. ge Th
1 0.0665  1.25 13.8 0,171 598.7
2 0.0887 1.25 10,3 0.2271 594.3
3 01060 1.25 8.7 0.2735 598.9
b 0.,1060  1.25 8.7 0.2734 598.7
[ 0,1060  1.25 8.7 0.2741 600,2
6 0.1108  1.25 8.3 0.2856 598.3
7 0.1108 0,90 5.9 0.2823 591.4
8 0.,1108 0,90 5.9 0.,2832 593.3
9 01108 0.70 Leb 0.2838 595
10 0.2120 1.25 he3 0.548L 600414
1 0.2120  1.25 h.2 0.5L499 602.1
12 0.1108 0.50 3.3 0.2832 593.3
13 0,1108  0.50 3.3 0.2788 58L.1
1 0,1108 0.25 1.7 0.,2799 586.h
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Brown et al. (2) was used. This experiment was made as a part of the
work designed to set up the speclfications for quantitative precipi-
tation of <thorium benzensphosphonate. The samples used were not,
results of quantitative precipitations., The weights of thorium in the
initial precipitates were not known; therefofe s only transition
temperature ranges and relative weights of the compounds formed could

be observed.

In the experiment, samples of thorium benzenephosphonate, dried
to constant weight at 120° C., were weighed into a size 000 Cot;rs
crucibls. The crucible was suspended in a quartz ring, on the end of
2 quartz rod, in the center portion of a vertical muffle furnace. Of
course, the quartz rod was suspended from the left end of the balance
beam. The thermocouple was mounted 5 to 10 mm, beneath the crucible.
The sensitivity of the balance was adjusted to about 1,35 scale divi-
sions per milligram, . The sensitivity was observed by dropping a series
of 10emg. weights on the balance pan and observi;ng the deflection
before and after each run. A series of 22 such determinations showed
an average deviation of 0.5 mg. The rate of increase in temperature
was 6° C. per minute or from 100 to 1000° C. in 2 1/2 hours as recome
mended by Duval (5). The accuracy in temperature was limited by the
ability of the operator to properly adjust the controlling Variac.

The error involved was of the order of % 10° C. After each run the
samples were weighed on an analytical balance, and the final sample

weight determined as a chack on the psrformance of the automatic balance.
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The data are presented in Table 6, The column headed "Fraction
original wt." presents the welght data in such a manner that succeed-
ing results may be directly compared. A reproduction of the thermo-

gravimetric curves is given in Fig. 1.

The second experiment was designed to alleviate the shortcomings
of the first. Samples of known thorium content, i.e., results of quan-
titative precipitations, were used. Quantitative precipitation was ine
sured by testing filtrates by neutralization. The dryings and ignitions
were carried out in a drying oven at 120° and 25° C. and in a muffle
furnace at 500°, 900°, 1000° and 1200° C. (temperatures corresponding to
the beginnings of the plateaus observed in the first experiments) to
constant weight, It was felt that more accurate weights could be ob=-
served by the latter method of ignition, rather than by use of the auto-
matic balance. It was decided, furthermore, to restrict this study to
the use of benzenephosphonic acid as precipitating reagent, since the
use of phosphobenzene presented no advantages and the dimethyl ester
appeared to precipitate a non-homogeneous material (see p. 66). The
drying temperatures were measured with a mercury thermometer and were
accurate to : 2* C. The temperature of the muffle furnace was
measured with a calibrated microvoltmeter in conjunction with a chromel-
alumel thermocouple. The meter was checked with a thermocouple-
potentiometer combination and found to be accurate to = 10° G. The
high temperature (1200° C.) ignitions wers made on weighed quantities of

thorium benzenephosphonate, previously dried at 150° C., in tared
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Table 6. Preliminary Thermogravimetric Data

Precipitating Temp. ranges Wte ppt. Fraction
reagent of stability original

(° Co) (go) Wte
Benzene= 100-250 0.254 1,000
phosphonic 300-400 0,247 0.972
acid 650-790 0,189 0.7hh
1000- 0,182 0.717

Final wt. 0,181
Benzeng« 100-210 0.237 1.000
phosphonic 270=490 0.227 0.958
acid¥ 640-850 0,185 0.781
1000~ 0.171 0.722
Phospho= 100«240 0.253 1,000
benzene™ 300«L)10 0.2L5 0.968
610-820 0.200 0.791
1000= 0.183 0.723

Final wt, 0,181
Phospho~ 100-~240 0.248 1.000
benzene 290=}430 0.2h1 0.972
600-870 0,191 0.770
1000- 00176 00710

Final wt. 0.178
Phospho=- 100-230 0.252 1,000
benzene 270=1:60 0.2h5 0.972
600=850 0.195 0.77h
1000= 0,182 0.722

Final wt. 0,182

*These runs were recorded in Fig. 1.
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Table 6 (Continued)

Preciplitating Temp., ranges Wt. ppte Fraction
reagent of stablility original
(* c.) (g4) wt.
Dimethyl- 100-280 0.251 1.000
benzene- 600=820 0.159 0,633
phosphonate 970=1000 0.152 0.610

Final wt. 0,158

Dimethyl- 100~280 0.3h5 1,000
benzene- 650-870 0.211 0.612
phosphonate 990~1000 0.195 0.565

Final wt. 0.194

*These runs were recorded in Fig. 1.
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alundum crucibles., The ignitions were carried out in a high temperature

muffle furnace. Table 7 summarizes the final thermogravimetric data,

3. Analyses of thorium benzenephosphonate

8. Thorium, All of the gravimetric results in which quaﬁtitatim
precipitation of thorium was proved by testing the filtrates with
ammonia, may be construed as thorium analyses. These resulis are
included in Table 7, Similar data in Table 11 also may be termed thorium
snalyses, since the precipitating procefiure used had been proved to be
quantitative. The average result from Table 7 was 38,60 ' 0.28 per cent
thoriumj from Table 11, 38.76 ? 0.14 per cent thorium, The latter value
is probably more accurate, since the preferred drying temperature of

150° C, was used.

b, Water. Following the recammendation of Mitchell (27), a search
for a sultable nonaqueous solwvent for thorium benzenephosphonate was
made, It was found that dioxans, alcohol, methanol, acetone, pyridine,
nitrobenzene, mesityl oxide, benzene and dimethylformamide would not

dissolve thorium benzenephosphonate in appreciable quantities.

A titration of a slurrxy in methanol, even after violent mixing for
geveral hours, showed no water to be relsased. The dead~stop end point
apparatug did not function well in the slurry and the visual end point

was extremely difficult to see,

Next, the azeotrope distillation method of Roberts and Levin (33)

was tried. This technique involved distilling benzene in the presence
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Final Thermogravimetric Data

and Thorium Determinations

Wte Th  Wt. ppte % Th  Wt. ppte per Dev, from

Sample used 232,12 g Th av,
no. (go) (g.) (ge) p. /1000

Dried at 120° C.
1 0.0LL3L 0.1151 38,52 602.5 2.2
2 0.0Lk3h 0.1148 38,62 601,0 0.3
3 0.0Lk3NL 0,112 38.83 595.4 9.6
N 0.06651 0.1703 39,05 594.h 11.3
5 0.06651 0,1762 37.75 61L.9 22,8
6 0.06651 0.1716 38.76 598,9 3.8
7 0.08868 0.2279 38,91 596.5 7.8
8 0,08868 0.2331 38.0L 610.1 1h.8
9 0.08868 0.2309 38.41 6oL 1y 5.3
10 0.08868 0.2293 38,67 600.2 1.7
11 0.11085 0.2861 38.75 599.1 3.2
12 0.11085 0.2858 38.78 598.5 ko5
13 0.11085 0.2883 38.45 603.7 L.2
1 0.11085 0.2852 38.87 597.2 6.6
Av, 38,60 601.2 7.0

Dried at 250°* C.
2 0.0LL3NL 0.1126 39.38 587.0 1h.7
8 0.08868 0.2207 10,18 575.3 S.5
12 0.11085 0.2773 39.97 57843 0.3
Av, 39096 57805 703

Iznited at 500° C.

6 0.06651 0,1325 50,20 460.5 1.7
9 0,08868 0.1775 119.96 162.7 3.0
10 0.08868 0.1748 5073 155.7 12,1
13 0.11085 0.2236 L9.58 h66.3 10.8
A'Vo 50.12 h6103 6.9
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Table 7. (Continued)
Wte Th  Wt. ppte £ Th  Wte ppte per Dev, from
Sample used 232,12 g« Th av,
no, (g) (g.) (go) p. /1000
Ignited at 900° C.
2 0.0lh3kL 0.0815  5h.50 h2kh.9 0.9
5 0.06651 0.123h 53,90 428,3 8.5
8 0.08868 0.1643 53,97 428.3 7ol
12 0.11085 02025 Shie7h h22,3 7ol
N 0.11085 0.2024  5h.77 L22,1 75
Av, 536 Lh25,.3 662
Ignited at 1000° G.
2 0404l 3l 0.0815  5L.L0 h2k.9 0¢5
5 0.06651 0.1233 53.9h L28.5 8.0
6 0.06651 0.1216  5he70 h22.6 5.9
8 0.08868 0.1642 Sh.0o1 ;28,0 6.8
9 0.08868 0.1633  5h.30 L25.7 1.4
10 0.08868 0.1622  5h.67 h22.8 Sk
12 0.11085 0,202} S5he77 h22,1 Tel
13 0.11085 0,2052 54,02 L27.9 6.6
1 0.11085 0,2023  5L.79 421.9 7.5
Av. 5’4.’.&0 ,42501 506
Ignited at 1200° C.
15 0.208L* 0.3807  S5h.7h 423.9 1.2
16 0.4260% 0.7803  Sh.59 L25,2 2.8
17 0.2317% 04240  5h.65 h2k.7 07
Ave 5h.66 LWkl 1.9

¥Samples weighed as Th(06H5P03)2.3H20; dried at 150° C. Weight of

thorlum calculated.
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of the sample into a titration vessel. The water is expected to be

leached from the sample and distilled with the benzene as an azeotrope.

In this experiment, it was found that even when the utmost pre-
cautions were taken, portions of benzene distillate, when no sample was
present, required a significant volume of Karl Fisher reagent. This
effect was more apparent than real and mainly due to the strength of
the reagent (0,538 mg. water per ml,). The amount of water titrated in
a series of 100-ml, portions of distillate usually was less than 1 mg.

and was constant within } 0,05 mg, for any given series.

The following procedure was finally developed. The distillation
flask was filled with about 750 ml. of redistilled benzene. About half
of this was distilled into the titration vessel, and discarded. The
gsample (dried at 150° C.) was added, the liquid in the titration vessel
was titrated to the end point and the distillation was continued. Each
100=ml. portion of distillate was titrated and discarded as the distil-
lation proceeded, until a very small amount of benzene remained in the
flask. The end points were approached each time with the standard water

solution since this method has been recommended (27).

In each determination it was found that very nearly the same
quantity of reagent was required for the second 100~ml. portion of
distillate as for the third and fourth portions, indicating that all
of the water that could be removed from the sample was distlllsd over

in the first 100-ml. portion. The excess reagent was necessary to
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titrate small amounts of water that contimued to distill over as long

as the distillation proceedsd.

It was also found, on going through the procedure without a
sample, that similar smounts of reagent were required for the first
100=ml, portion as for the succeeding ones. Following the reasoning
outlined above, this indicated that no water was involved in excess of

that small amount that was a linear function of the distillate collected.

The results are shown in Table 8. Included also in Table 8 are
results from similar experiments in which xylene was substituted for
benzene with the idea of realizing some benefit from the higher boiling

point of the water azeotrope.

The Karl Fisher reagent was standardized by titrations with weighed
samples of water. The strength of the reagent was 0.538 mg. of water

per milliliter. The samples used were dried at 150° C,

¢e. Fhosphorus, FPhosphorus was determined in thorium benzene-
phosphonate samples which had been ignited to comstant weight at 1200° C.,
The analyses were performéd according to the following procedure,
Samples were weighed into tall (about LY~inch) platinum crucibles. About
1 g. of potassium bifluoride was added and the mixture was heated until
all of the material was fused. This quantitatively converted thorium
as thorium fluoride, The solid material was next taken up in L8 per cent
hydrofluoric acid solution. Slight heating was necessary to dissolve the

soluble part and reduce the thorium fluoride to a powder. The solution
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Table 8. Water Determination in Thorium Benzenephosphonate

Sample Sample Ml. K. F. reagent Blank Net ;4
no. whe per 100-ml. distillate cor- K. Fo H20
(gs) rec- reagent

1l 2 3 b tion

Benzene as azsotrope former

1 0.0L5L 3,25 2,03 2,07 2.20 2.10 1.15 1.h
2 0.0521 1,08 0,67 0.83 0.75 0.33 0.
3 0.1267 2,90 1,45 1. 1.hh 1.hh 1.6 0.6
L 0.0000 2,85 2.82 2,83 2.83 0.02 0.0

Xylene as azeotrope former

5 0,053 2,33 2,13 2,16 2.15 0.18 0.0
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containing phosphate was separated from f,he precipitate by centrifuga-
tion in lusteroid centrifuge tubes. The precipitate was washed three
times with approximately 1:1 hydrofluoric acid solution by decantation,
and the washings were added to the phosphate solution. The acid
fluoride solution was put in a platinum dish, where 20 ml. of concen=
trated perchloric acid was added, This mixture was evaporated almost to
dryness with an infrared evaporator. The evaporation removed fluoride
fraom the solution, leaving potessium perchlorate and potassium phosphate,
This material was dissolved in 300 ml. of deionized water. The large

volume was necessary to dissolve the potassium perchlorate.

Finally, this solution was titrated with standard base, using a
Beckman Model H2 pH meter, to measure the pH. The end points were
detected by the method of Gran (7). The number of equivalents of
phosphate were represented by the difference in the two end points. Any
perchloric acid or hydrofluoric acid which remained after evaporation
was tltrated with the first hydrogen on the phosphoric acid. The titra=-
tion of the second phosphate proton occurred without interference, The
method was proved by analysis of primary standard disodium hydrogen
phosphate, The results of all the phosphate analyses are given in
Table 9. The standard base was prepared by mixing a nearly saturated
solution of sodium hydroxide, which had been centrifuged, with freshly
deionized water, The base was stm&ardized by titration with primary
standard potassium acid phthalate, using the pH meter to detect the end

point,
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Thorium Benzenephosphonate

Sample Sample Ml. bage ZP Dev. from
no, whe {0.1907 N) ave
(gO) p./lOO
1 0,2128 5.35 1.9 2
2 0.1534 3.81 1.7 1
3 0.227h 5469 U8 1
h 0.1664 L.12 .6 0
5 0.201 bo 8l 1,2 3
6 0.1487 3.62 b 1
7 0.3554 846l Us.ly 1
8 0.2998 Te39 1.6 0
9 0.h27h 10.L41 b 1
Av, 1h.6 1
NazﬂPOh 0.100h 3.72 21,9 0
NaZHPOh 0.1387 5.17 22,0 1
Av, 21.8 1

Calculated 21.8
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d. Benzenephosphonate., Thorium benzenephosphonate, dried at

150° C., was analyzed for benzenephosphonate by virtue of its spectra
in the ultraviolet, Concentrated hydrochloric acid was found to be a
good golvent, since it dissolved the sample readily and does not absorb
appreciably at the wavelength used (26L.6 mp). Thorium benzenephos-
phonate solutions were made up by mixing appropriate volumes of a
standard thorium and standard benzenephosphonic acid solution to obtain
& thorium to benzenephosphonic acid ratio of 1:2 and dilution with cone
centrated hydrochloric acid in a volumetric flask., Sample solutions
were prepared by dissolving weighed samples, dried at 150° C., in con-
centrated hydrochloric acid and dilutihg to volume in a 200-nl,

volunetric flask,

The standard thorium solution was made by dissolving 0.077h4 g. of
thorium metal in concentrated hydrochloric acid solution and diluting
with the concentrated acid to 200 ml. in a volumetric flask. The
molarity of the thorium solution was 0.00167 and this solution was found
not to absorb at 26L.6 m M o The standard benzenephosphonlic acid solu-
tion (0.1748 M) was an aqueous solution which had been standardized with

standard base, The data from this experiment are in Table 10,

The synthetic thorium benzenephosphonate solutions were used to set
up a calibration curve for the determination of bengzenephosphonate., The

analytical results which are in Table 10 were used to make this curve.
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Table 10, Benzensphosphonate Determination in
Thorium Benzenephosphonate

(b = 1.003 cme3 A = 264,6 mp)

Sample Sample A - % Dev. from
Noe wte HGGHBPOB 06H5P03. avVve
(g.) x 10° p./100
Calibration data
1 2,74k 2.80
2 2,064 2.10
3 1.3%0 1.ho
b 0467k 0.70
Analyses
S 0.1094 1.84k 1.85 52,8 1
6 0.,0991 1,651 1.66 52.4 0
7 0,0862 1.439 1.h5 52.4 0
8 0.0725 1,196 1.2 52,1 1
Ave 52.h 1
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he Gravimetric determination of thorium with benzenephosphonic acid

a, Analyses. The determinations of thorium in thorium nitrate
solution, tebulated in Table 1l were performed according to the follow=~
ing proceduret 1) One~ to 5-ml, portions of a standard thorium nitrate
solution containing 0.0kl to 0,11 g. of thorium were transferred to
covered 600-ml, beakers. 2) About 150 ml. of 1:3 concentrated hydro=
chloric acid solution were added and the solutions were heated to nearly
boiling., 3) Fifty ml. of a 2.5 per ocent solution of benzenephosphonic
acid were added. L) The solutions were boiled for about 1 hour.

5) The beakers were removed from the hot plate and diluted with dis-
tilled water to about 500 ml. ‘6) The pH was adjusted with concentrated
ammonia to 0.5 to 1.0« 7) The solutions were allowed to settle,
usually overnight. 8) The precipitates were filtered with coarse Selas
filter crucibles and washed at least six times with hydrochloric acid

of pH 0.5 to 1.0 9) lThe precipitates were dried at 150° C. to
constant weight. 10) The calculations were based on the precipitate's

being thorium benzenephosphonate 3-hydrate, Th(C H_PQ 3

e .3H20, or having

)2
a molecular weight of 598.3.

The precision of the method was estimated, Values for the average,
standard and probable deviation have been calculated below. Formulae
for these quantities were obtained from the Kolthoff and Sandell (15)

text.

Average deviation of & _ 3 ldl L 8L.3 .
single determination =" - a3 - ol P./1000 (L
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Table 1ll, Gravimetric Determination of Thorium
AB Th(06H5P03) 2.31120

Sample Wte Th wt, Wte Th Dev,

no. taken Ppte found P./1000
1 0.06651 0.1712 0.066lh2 1.3
2 0.080868 0,2268 0.08799 Te3
3 0.11085 0.2856 0.11080 Q.
b 0.06651 0.170L 0,06612 5.9
5 0.11085 0.2836 0.11003 7okt
6 0.0LL3L 0,115} 0.04h77 9.7
7 0.04k3L 0.1151 0.0llé5 7.0
8 0,0kli3h 0.,11k2 0.0L431 0.7
9 0.,06651 0.1703 0,06607 646

10 0.06651 0.1716 0.06657 0.9

1 0.08868 0.2279 0.08842 2,9

12 0.,08868 0.2309 0.08658 1.1

13 0.08868 0.,2293 0.,08896 3.1

1 0.11085 0.2861 0.11099 1.3

15 0.11085 0.2858 0.11088 0.3

16 0.11085 0.2883 £.11185 9.1

17 0.11085 0.2852 0.,11065 1.8

18 0.1060 0.2735 0.1061 0.9

19 0,1060 0.2734 0.1061 0.9

20 0.2120 0.5L48L 0.,2128 3.8

21 0,2120 0.5L498 0.2133 6.1

22 0.1060 027h2 0.106h 2.8

Av, dev. 3.7
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2

Standard deviation of a Zd 500.8 _

single determination = {m 22 4.8 p./1000 (2
2

Probable deviation of a 2 d

single determination  ° 0+67 |75 = 3.2 p./1000 (3)

The accuracy of the method was estimated by a calculation of the

apparent average constant error (15) given below,

Apparent ave. constant error = 2d, }géz = 0,6 (L)
n

Since the average constant error is less than 1/2.5 times the average
deviation from the average (15), a constant error in the method cannot

be assumed.

be Interferences. Nitrate, chloride, perchlorate and sulfate

solutions of 30 cations were tested for interference in the gravimetric
method outlined in detail previously. The amount of interfering ion
used varied from twice to one fourth the molar quantity of thorium used.

These data are summarized in Table 12.

5. Titrimetric determination of thorium with benzenephosphonic acid

a, Conductimetric. The simple representation of the reaction in~

volved in the precipitation of thorium benzenephosphonate is as follows:
+) +

Although the above equation ignores the hydrolysis of the thorium ion

and lonigzation of the reesgent acid, it is reascnable to expect a
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Table 12, Interference Study of the Gravimetric Determination
of Thorium as Th(CgHzPO4),e3H,0

Interfering Interfering Wte Th  Wte Th Precision Accuracy

substance cation taken found p. /1000 P /1000
moles/mole Th  (g.) (go)

NaCl 2 0.1060  0.1066 1 6
KCl 2 0.,1060  0,1062 2 2
Agh04 2 0.1060  0,1087 2 27
T15S0), 2 0,1060  0,1153 100 93
BeC 1 0.1060  0,1067 3 7
ng(cloy), 1 0.1060 0,106k 1 b
CaCl, 1 00,2120  0,2127 2 3
SrCl, 1 0,2120  0,2143 1 11
BaCl, 1 0.1060  0.,1060 2 0
Cus0), 1 0.2120  0.213% 0 8
ZnCly 1 0.2120  0.213L 1 7
CdCl, 1 0.2120  0,2L40 1 5
Hg(NO 2 2 0.,1060  0.1060 L 0
g) 1/2 0.2120 0.2133 1 6

1/2 0.2120 0,213 1 5

Co(N ) 1/2 0.2120 0,2135 0 7
m(No 1/2 0.2120 0,2132 1 6
Al(c13 f 1 0,1060  0,1060 0 0
La(C10 1) 3 1/h 0.2120  0,2138 2 9
Ge(Gth) 1i/h 0.2120 0,2131 2 5
Na3A303 1/2 0.2120  0,2134 1 7
1/2 0.2120  0.,2475 100 168

Bi NO 3 1/2 0.2120  0,2126 2 3
Feg(sa 1/2 0.2120 . 0,2858 1 348
CrCly 1/2 0.2120  0.2132 1 6
Ti(s0 ) 1/ 0.2120  0.2664 10 30k
Ti(oO 1/h 0.1060  0.1516 200 430
ZrO(C& o 1/k 0.2120  0,2609 1 231
Snclh 1/2 0.2120  0.2911 8 373
1 0.1060  0.1070 N 5

uoz(Smh)h 1/2 0.2120  0.2241 100 51

*3202 was added before precipitation.
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discernible conductimetric end point, when hydrogen ion ceases to be

evolved from the reaction.

Titrations were performed using 0.,0240Lk M benzensphosphonic acid
as titrant and portions of a 0.00959 M thorium nitrate solution in
approximately 200 ml, of water, as samples. These titrations are
shown in Fige. 2. The calculated end point is based on the equation

above,

Titration of 0.5 millimolar thorium and less, showed very diffuse

end points which appeared to occur much past the equivalence point,

be Oscillometric. Titration of millimolar and 1/10 millimolar

aqueous solutions of thorium nitrate with benzenephosphonic acid
falled. Scale reading values were very highy neer the end of the range,
the changes in scale reading were small and the plots gently curved

throughout the course of the titration.

In acetone, 1/10 millimolar solutions of thorium nitrate were
titrated with some success. The end points were not admirably sharp

and the end point error was of the order of a few per cent.

ce Adsorption indicator. A series of qualitative tests with a

geries of indicators in which a few drops of thorium solution were
titrated with bengenephosphonic acid. Several indicators known to form
colored thorium complexes were used; the remainder had been used as
adsorption indicators (16). The following indicators were tested:

thorin, carminic acid, chromazurol blue S, cacothelin, alizarin red S,
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eriochrome black T, eosin, rhodamine 63, metanil yellow, fluorescein,
o~cresol phthalein, bromcresol purple, and bromphenol blue. Chromagurol
blue S, carminic acid and eriochrome black T showed definite color

changes but the end points were too diffuse to be of value,

Bromphenol blue was found to give a reasonably sharp end point
in hot aqueous solution, 50 per cent alcohol or 25 per cent acetons,
The color of this indicator is blue in water; the normal color at pH
values greater than .6 Upon adding the thorium nitrate sample, the
color changed to yellow, the normal acidic color. The first drop of
benzenephosphonic acid changed the color to red, apparently due to

adsorption on the suspension of thorium benzenephosphonate.

Another possible mechanism, that of complexation of thorium by the
indicator, apparently doss not occur here, since a titration of thorium
with versene with bromphenol blue present does not show a color change

in the vicinity of the equiwvalence point,

It was found that the reverse titration gave sharper end points.
This was expected, since the indicating reaction in the reverse titra-
tion was adsorption of the anionic indicator., In the direct titration,

desorption occurred at the end point.

A pH study showed that the greatest color difference between solu-
tions before and after the equivalence point was observed at pH values

between 3,0 and 4.5
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Table 13 presents some typical results. Micro burets, 0.167 M
benzenephosphonic acid and 0,091 M thorium nitrate solutions were
used, Fifteen drops of a 1 g. per 100-ml. bromphenol blue solution
in alcohol were used as an indicator. The pH was kept between 3 and
L, and the first definite color change from yellow to pink was taken

as the end point,

6. Solubility and solubility product of thorium benzenephosphonate
J=hydrate

The solubillty of the thorium compound was determined spectro-
photometrically in the pH range 0,48 to 1.96. Standard series of
solutions of thorium benzenephosphonate were prepared at pH 0.5, 1,0
and 1.5 by diluting 0.,000900 M benzenephosphonic acid with perchloric
acid solutions of pH 0.5, 1.0 and 1.5, respectively. Appropriate
volumes of 0,000:57 M thorium nitrate were added last. The ionic
strength of the perchloric acid solutions was previously adjusted to
1.0 by the addition of sodium perchlorate. The concentration range

6

covered by the standard series was 1.80 x 107~ to 9,00 x 10"6 M

thorium benzenephosphonate,

Saturated solutions of thorium benzenephosphonate were prepared
by two methods: 1) FExcess thorium benzenephosphonate was shaken
periodically with perchloric acid - sodium perchlorate solution of
ionic strength one and varying pH from O.48 to 1.96. 2) Excess
thorium benzenephosphonate was heated to about 80° C. with acld per-

chlorate solutions of ionic strength ons for about 8 hours, then
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Table 13, Titrimetric Determination of Thorium with Benzenephosphonic
Acid Using Bromphenol Blue As Adsorption Indicator

Mg. Th

Taken Found
6.0 5.0
15.8 15.5
19.8 19.4
23.5 23.3
27.6 27.1
35,0 3L.9
39,0 38.8
13.0 L2.6
16,9 Li6.5
50.3 0.k
5.0 She3
58.3 5842
67.8 67.8
772 77.5

96.8 9649
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allowed to equilibrate for a week at room temperature. The room
temperature involved in this experiment was controled quite care-

fully, and was 25 < 2° ¢,

The spectra were observed with the Cary recording instrument in
the range 250 to 290 mp . Ten-cm, matched silica cells were used. The
peak at 263.0 mp was measured. The precision in the absorbance
measurenents of the standard series of solutions at the three pH values
used was not adequate to distingulsh one set of data from the other
two3 therefore, one callbration curve was drawn from the data in
Table 1. The curve drawn obeyed the equation

Absorbance = 0.625(total analytical conc. of 06H5P03H2) +0.1ke (5)

The absorbances and pH values observed in the various saturated
solutions are also given in Table 1L along with the corresponding con~

centrations and calculated solubility products.

The solubility products were calculated with the assumption that
the precipitating reaction is

Th*l + 20 y po_ 2

HPO™ == Th(CgH PO

3)2 ¢
The solubility product is then
+) -272
Kgp = [Th ] [061:15?03 ] . (6)
Bengzenephosphonic acid is, however, only partially ionized at the pH
values used in this work. The doubly charged anion concentration can

be readily calculated from a knowledge of the ionization constants,



L5

Table 1, Solubility and Solubility Product of
Thorium Benzenephosphonate 3-liydrate

(b = 10,0 cme N = 263.0 mp )

b 4 10"6
Calibration data

1 0,50 1.30 9,00

2 0.50 0.78 5.0

3 0650 0456 3.60

h 0.50 0032 1080

5 1.00 1.32 9,00

6 1,00 092 540

7 1.00 0.80 3.60

8 1.00 0.h2 1.80

9 1.50 1.10 9,00
10 1.50 0.82 5.40
11 1.50 0.62 3.60
12 1.50 0430 1.80

Solubility data

13% 0.148 1.5 1.07 5.1
1 0,52 1.h0 0.96 5.38
15 0.52 1.40 0.96 5.38
16 0,96 0.L5 0.2k 2.12
17* 0.99 0635 0.16 077
18 1.03 0.32 0.1h 0.68
19 1.55 0.23 0.07 1.91
20 1,96 - 0e20 0.0L ha2h

Av, 3. 2}4

*30lutions prepared by method 2 which is described in text,
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the analytical consentration of the acld and the pi.

= KyjKacy
G PO - . —
Logtsios”] KKy + Kyaye + ae? “

where o, = Analytical concentration of the acid, or (8)
in the solubility experiments, twice the
concentration of thorium benzensphosphonate,

Ky = First ionization constant of benzenephosphonic acid, (9)

Ky = Second ionization of benzenephosphonic acild, (10)

The solubility products were then calculated from Equation 6. The
thorium concentration was taken as the concentration of thorium
benzenophosphonate corresponding to the absorbance observed., The
benzenephosphonate concentration was calculated from Equation 7, using
experimental values of ¢, (twice the thorium benzenephosphonate con-
centration), and [H+] and ionization constants calculated potentio-
metrically in the next section (Kl = 0,91, X, = 6.41). A swmary of

the findings are in Table 1k,

7. Ionlization constants of benzenephosphonic acid

The ionization constants of bengzenephosphonic acid were determined
from potentiometric titrations of about ki millimoles of scid with
0.241l N sodium hydroxide. Ionic strength was meintained at 1.0
continuously during the titratlons by appropriate additions of a L.O M
godium perchlorate solution. Benzenephosphonic acid was recrystallized
twice from delonized water for this work. The pH measurements were
made with a Beckman Model G pH meter and a typs 1190-90 Beckman glass
electrode, The caloulations of pK! values were mads by classical means
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(6) according to the following formulas

PK' = pH = log(b + ay+) /(a = ay4), (11)
vwhere

a = consentration of unmneutralized acid, and (12)

b » concentration of neutralized acid. (13)

In this caloulation, the pH measurement observed with the pH meter was
agssumed to0 be equivalent to hydrogen ion activitys otherwise activity
coefficients were ignored. The pK' values in Table 15 were results of

several pH measurements from two titrations.

The lonizatlion constants were also determined by an independent
spectrophotometric method. Jaffe and Freednan (10) reported molar
absorptivities for benzensphosphonic acid and the ionic specles derived
from this molecule., The valuss for the maxima of the secondary band in
the ultraviolet were reported as follows: CH PO4H,, € = 52 at
263.5 mp s CgHgPOH™, € = 383 at 263.0 mp and C HPO,", € = 239 at
258,0 m P o This information showed that differences in molar absorpti=-
vities of the various specles were large enough for a good determination
.of pK!' values,

A series of 1l solutions of doubly recrystallized benzenephosphonic
acld were prepared. Appropriate additions of sodium perchlorate,
‘perchloric acid and sodium hydroxide were made in order to adjust the
ionic strength to 1.0 and the pH to values distributed between zero and

10 The pH values were measured with a Beclaman, Model G, pH meter, and
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Table 15. The pK' Values of Benzenephosphonic Acid
by Potentiometric Titration
Titration 1 Titration 2
PK'l PK' pK'l pK'2
0092 6.51 0.80 6033
0699 6.51 0.89 6.29
0086 6050 0493 6029
0.93 6451 0.96 6431
0,97 6450 6e3h
Av, 0,93 6451 0.89 6.31
Over=-all av.:
pKty = 0.91 2 0,02

pK'z - 6ohl

¥ o0.10
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the spectra observed by means of a Cary recording spectrophotometer,
Arsorbances were measured at 263.6 mp . The analytical concentration,
determined potenticmetrically, of each solution was 0,002497 M in total
benzenephosphonic acid. The pH values, absorbances and the quantitles
A/bc (where A is absorbance; by length of the cell; and ¢, the concen=-
tration, i.,e. the total benzenephosphonic acid concentration) of thesge
solutions are tabulated in Table 16. A plot of these absorbance values
vge pil ig included in Fig. 3. The pH value of ca. =0.3 in Table 16 and
in Fig, 3 was estimated from the known quantity of perchloric acid used

to prepare the solution.

The molar absorptivity of the dinegative anion C 6H5P03' may be
calculated directly from the sbsorbances measured at pH 8,16 and 9.61,
since it is apparent from the curve (Fig. 3) that ionlzation was
complete at these pﬂ values and all of the benzenephosphonic acid was

present as the dinegative anion, It has a value of 198 1./mole~cm,

Similarly, the molar absorptivity of the mononegative species,
394 1,/mole-cm., was caloulated from the absorbance observed at the
midpoint of the break occurring at pH 2 to L5 (Fig. 3). The midpoint

was determined graphically.

A knowledge of the molar absorptivities of the two ionic species
made it possible to calculate the second ionization constant of
benzenephosphonic acid according to the calculation below., The symbols

used are defined as followss



50

Table 16, Absorbance Values of Benzenephosphonic Acid
As a Function of pH

(b = 1,003 Cley € = 0,002497 M3 A = 263.6 mH )

A pH A/bc
10688 22-. =0y 3 675
1.570 035 628
1.311 1.00 52h
1,141 1.29 156
1,010 2.21 Lol
0.972 L.h3 389
0,958 5.06 383
0.935 5.29 37h
0.935 5.32 374
0.780 6419 312
0.573 6.92 229
0.532 7.21 213
0.524 713 209
0.493 8,16 197
0,493 92.61 197
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g = 8" [CesPOsH (k)
[C6H5PO3H2]
ki, = 8" [CeH5PO3™]
[CetisPOsH"] (15)
€1 = molar abeorptivity of CggPOsH, (26)
€p = molar absorptivity of 06H5P03H" (ain
€3 = molar absorptivity of CgHgP0O3™ (18)

cy = analytical concentration of benzenephosphonic acid (19

A = abgorbance (20)

b = length of cell. (21)
From Beer's law and the agsumption that absorbances are additive,

A/o = € [CgHgPOsHs] + €5 [CeHgPOSH™] + €3 [TeHgPO3™] o (22)
From the analytical concentration, |

oy = [CgHzPOH,] +[CgHuPOSH™ | + [CeHLPO3™] = 0,002h5k, (23)
From the data in Fig, 3,

€y = 394 and (2l

In the pH region 4 to 10, the concentration of the unionized species can
be neglected and Equations 22 and 23 become

Afo = 39k [CEHGPORH™] + 197 [CeHgPOy=] and (26)

0,002497 = [CEHPOSH™ | + [CeHgPO3=Te (27)
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Equations 15, 26 and 27 mey be combined to eliminate [C6H5P03H'] and

F6H5P03.g and rearranged to the form

I SEN - i
0.986 - #/6  TIB K, * 0678, (28)

Equation 28 permits calculation of Kty from the slope of a plot of
1/(0.986 = 4/v) vs. a:+e The pH values from 6,92 to 9.61 and corres-
ponding absorbance values were plotted, according to Equation 28, and

from the slope, K'2 was calculated as follows:

A aﬂ+

= 1,48 K¢ s (29)
A 1 2
Kty = 3,0 x 10~ and (30)
pK'2 = 6051. (31)

The value of pK'!', mgy also be taken directly from Fig. 3. From

2
Equation 15 it can be seen directly that at the position where [G6H5P03=]
is equivalent to [CgHzPOJH™ ]| , PK', is equivalent to pH. This condition
is met at the absorbance value half way between that of C6H5P03H' and
that of C6HSP03" At this absorbance the pH is 6.3C. The previously
calculated value is presumed to be the better value, since it was based

on five measurements rather than primarily on one measurement, as in the

latier case.

It was next desirous to obtain values for pK'l and el. It was not

possible to obtain a value for €1 by the direct experimental method as

was done for €, and 63, since at pH values less than zero, the ionic
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strength value of one cannot be retained and, furthermore, at high
acidities another species is apparently predominant., This postulated
now specles 1s evidenced by a very definite change in spectra. It was
possible to determine values for PK'y and < which were consistent

with each other and also consistent with the absorbance-pH data available,

In the pH region of interest here, [CGHSPOB"] can be neglected and

the following are true. From Equations 22 and 2,

Ao = ey [06H5P03H2] + 39) [06HSPO3H"] . (32)
From Equation 23,
0.002U97 = [CeH PO ] + [CHPOH ] o (33)

" A combination of Equations 1li, 32 and 33 designed to eliminate

[06115?03}!2] and [06}15?03};‘] can yield the following equations
1
au+ = K'l Ot (61 - 62) w - K'lo (3L)

A series of estimated values of € in the neighborhood of that
prredicted by the potentiometrically observed value of K'l were inserted
in Equation 3L, Corresponding to each insertion, a plot of 1/(cy €1-A/b)
¥S. ay+ was prepared, the best straight line drawn and a2 value of K*l
fram the intercept on the ay+ axis was taken. At the position where

1/(°t €q - A/v) is zero,

aH"‘ = ’K'lo (35)

At the position where the absorbance was equal to (elbcl - egbcg) /2,
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it was known that [CgHgPOsH,| is equivalent to [0635P03Hf] 3 and
from Equation 1k,
pK* = pH, (36)

Values for pK'1 were taken from a plot similar to Fige 3 and
compared to the pK'l values obtairned graphically as explained above,
A comparison of thesge values is given in Table 17. As is shown in the

table, the best agreement occurs when €, is given the value of 690 1./

1l
mole=cm., which gives pK'l a value of 0,96,

8., Absorption spectra of benzenephosphonic acid and derived ionic
species

The ultraviolet absorption spectra in the range 250 to 290 mp of
benzenephosphonic acld in perchlorate solution of lonic strength one at
pH values of 9.61 and 8.16, previously discussed in reference to the
spectrophotometric determination of pK' values, gave directly the ab-
sorption spectrum of GéﬁSPOB.. The proof of the purity of this specises
was shown in Fig. 3. The concentration of the solution used was
0.002497 M. The spectra are shown in Fig, L and molar absorptivities

at absorption maxima are tabulated in Table 18,

The spectrum of benzenephosphonic acid at pH L.l3, also used in the
pK! determinations, was used to determine the spectrum of 06H5P03H'. At
this pH, [cég5903né] can be neglected and Equation 21 takes the followe

ing form:

A/b o €2 [061‘{5?03}{-] + €3 [GéHSPOB-] . (37)
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Table 17. Calculated pK'l Values for
' Estimated 61 Values

Estimated PK'y from pK'; from
€1 intercept A vs. ay,
695 0.89 0.96
690 : 0.96 0.96
685 1,03 0497
680 1.08 0.97
615 1.15 0.97

670 1.24 0.97
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Table 18. Absorption Spectral Data for Benzenephosphonic
Acid and Derilved Ionic Species

(Range investigated: 250 = 290 mp)

CgHgPOym CgH PO CgHSPOH, (CEHgPOH5,)
Mmp) €, Mmp) e, Mmp) €. Mmp) €

nax

2524 17k 252,2 218

258.4 22 258.1 325 257.3 505 260.3 938
262,5 197 262,17 h16 263.6 690 265.5 1288
26L.6 202

268.8 129 269.6 325 270.1 573 272.4 1059
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The absorbance, length of the cell, and €3 are known directly. From
the total concentration (0.002497 M) and the relative concentrations of
06}!5?03}1' and 06H5P03u, the concentration terms can be evaluated. The
relative concentration was determined from Fig. 3 according to the
following manipulation. At any point on Fig. 3, in this case the point
at pH L.h3, let |

A, = absorbance observed. (38)

Then, from Beer's law and the assumption that absorbances are additive,

It also follows from the definition of Cys Equation 23 that
A /b = (e, = 33) [CéHS‘POBH-] + €50y, (Lo)

Solving for [06H5P03Hj,

[cgtgpog™] = 4/ - €3) o
62 - €3

. (k1)

From Equation 41 and the data in Fig. 3, it was found that at pH L. L3
[C6H5P03H] = 0,987 ¢, . (42)

These data, corresponding to several wavelengths, were fed into
Equation 39 and €2 values were calculated, In this way the spectrum
of 97.8 per cent 36H5P03H- and 2,2 per cent 06H5P03" was corrected to
100 per cent 06H5P03H". Since the wavelength shift at the peaks in the
spectra at pH 2.21 and L.U3 was insignificant, no wavelength correction

was necessary. The data discussed are found in Fig. 4 and in Table 18,
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In a strictly analogous fashion the spectra observed in pK' study,
at pH ca. -0,} were corrected for the 06HSPOBH- present, to obtain the

spectrum of 06}!5?03}12. In this case [66H5P03{| was neglected and

Ayfo = ey [CgHgPOy] + €, [CgHgPOSH™ | (L3)
From Fig. 3, in a manner similar to the previous calculation, it was

found that

[CeHigPoqHz] = 0952 ¢y & (lk)
In the case of ‘06H5P03Hz, wavelength shlfts of maxima due to the con-
taminating specles were considered to be lnsignificant in light of the
close gimilarity of ‘the position of maxima in the two species. The
spectral data for 06H5P03H2 are also included in Fig. 3 and Table 18,
As in the previous cases the wavelength range observed was from 250 to
290 mp .

In the course of the pK' determinations the spectrum of benzene~
phosphonic acid (0.002497 M) from 250 to 290 m p , in concentrated
perchloric aclid was observed. A spectrum significantly different from
that of 06}{51’03}{2 was found., It was postulated that in the highly
acidic medla, a new specie was formed by the addition of a proton to
the benzenephosphonic acid molecule. The data observed were recorded
in Table 18,
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IV, DISCUSSION

A, The Compounds of Thorium with
Benzensphosphonic Acid and Derivatives

1., The compounds of thorium with benzenephosphonic acid

Thorium forms a white insoluble compound with benzensphosphonic
acld, Conductimetric, oscillometric and adsorption indicator titra-
tions showed end points corresponding to a thorium to benzenephosphonate
ratio of 1:2. This was exactly the stoiciometry expected in order that

the charge requirements be satisfled,

Even after ignition of this compound at 1200° C. no phosphorus is
lost, as is shoun by the retaimment of the 1l:2 ratio of thorium to
phosphorus which was calculated from the phosphate analysis (Table 9)

of the material ignited at 1200° C.

o o \( .
G e R T3 e T
= 0,500 (h6)
= 0.499 (47)
= 0,499 (L8)

Since the thorium to phosphorus ratio was 1:2 at the beginning and end
of the series of ignition products, it must have remained so through
the entire course of the ignition, This caleculation assumes only that

no thorium is lost upon ignition.
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Each of the series of compourxis observed upon ignition will be
discussed in turn. The analysis of the dried (150° C.) material was
38,76 = 0.1k per cent thorium (Tables 7 and 11) and 52.h ¥ 0.2 per cent
06H5P03' (Table 10). These rosults agree well with 38.79 per cent
thoriun and 52,18 per cent CgHgPO calculated for Th(CgHgPO3),e3H,0,
Congideration of the mrecision of the analytical results definitely
established the compound as the trihydrate rather than any other compound

consldered in Table 19,

The upper limit of thermal stability of this compound was estab-
lished as 180° to 190° C, by the drying temperature study (Table 3.).
This limit agrees reasonably well with the 210° to 25%0° C, observed in

the thermogravimetric curves (Table 6 and Fig. 1),

. The next stable compound was observed in the temperature range
from 250° to about L50® C. (Tables 6 and 7 and Fige. 1), The thorium
analysis (Table 7) of 39.96 £ 0.29 per cent agreed very well with L0.00
per cent thorium for Th(06H5P03)2.21-120. The mgnifestation of this
compound was expected inasruch as the eight oxygen atoms avallable cone
veniently fill the coordination sphere of the central thorium atom,

The structure below is suggested as that of Th(06H5P03)2.2H20.

H K

000

000
1 1
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Table 19, Comparison of Observed and Calculated
Analyses of the GCompounds Observed on
Ignition of Thorium Benzenephosphonate 3-Hydrate

Compound Mol:il:la.r % Th A CgPO3™ &P
Th(cénspo3)2.huzo 61643 37.66 50466
Th(CgHgPO3) 5e345H,0 60703 38.22 SL.la
Th(CgHgPO3) 5 3H,0 598.3 38.79 52,18
Th(CgHzP03) 5e245H,0 589,3 39439 52.98
Th(C 6“5P°3) oo 20 580.3 L0400 53.80
Th(06H5P03)2.H20 562,3 L1.28
Th(CgHgP04) , Shlse3 h2.65
Th(HPO)) 4 2H,0 L60.1 50.L5
Th(HPOy) , hako1 5he73 .61
ThP,0, L06.1 57.16 15.26
Tho,, 26l4.1 87.89 0.00
i 38476 2.l
Sanple dried
250° ¢ 39.96
P e oz
100 G 54065 1.6
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A stable compound was observed in the temperature range from 500°
t§ about 800° C. (Tables 6 and 7 and Fige 1)« The thorium analysis from
ignition studies (Table 7) gave 50,12 = 0.36 per cent thorium., The
analysis agrees well with the 50.L5 per cent thorium calculated for
Th(HPOh)2.2H20. The suggested structure below retains the coordination

mumber of eight for thorium.
H H
0 \0/ 0
VRNV
no—r\—\»o;m-o«;r—-ou
0 /é 0
H

/

m/

Some of the findings of Duval (5) tend to substantiate the feasie
bility of retaining water of constitution at temperatures in the range
of 800° C. Thorium pyrophosphate retains water to 5L0° C.; thorium
hydroxide starts to decompose at 380° C., but the transition to the
oxide is not complete until a temperature of 747° C. is reached. The
ignition of the thorium-8-quinolinolo- complex was carried out up to

945° C., at which temperature rapid weight loss was still occurring.

The final compound in the series, stable from 900 to 1200° C,.
(Tables 6 and 7 and Fig. 1) gave thorium analyses of 5h.36, Sh.l0 and
5he65 per cent thorium ignited to 900°, 1000° and 1200° C., respectively.
These results agree very well with the 54.73 per cent thorium calculated
for Th(HPOh)z. Phosphorus analyses (1L.6 per cent obssrved as campared
to 1446 per cent calculated) also agree with the afore-mentioned formula,
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Below 1s a suggested structural formula,

0 0
H—P-+0-Th--0—P—O0H
\0/ AN 0/

Duval (5) reported three cases showing umsual tenacity of phosw
phates for the elements of water, which tend to substantiate the prasent
findings. Boron phosphate is converted to the pyrophosphate very slowly
at 946° to 1000° C. Chromium phosphate continuously loses water up to
9L6° C. ZrO(HQPOh) 2 is converted to ZrP207 only after heating to 850°
to 880° C.

Duval (5) studied the ignition of titanium p-hydroxybenzensarsonate
and flve organic arsonates of zirconium, including the benzenearsonate,
In each case the ignition proceeds to the oxide. The ignitions are all
camplex, as indicated by the number of inflections in the pyrolysis
curves, but there are no plateaus sufficiently flat to allow any distinc-
tion of intermedliate compounds. Duval has not studied the ignition of
any thorium organic arsonates. Welcher (37) stated that the thorium pre-
cipitate of benzenearsonic ascid has the composition Th(06H5A503)2. The
original papers quoted by Welcher (8, 12, 13, 32, 39) do not establish
this composition. It has been found that ignition of thorium benzene-

arsonate does not drive off arsenic quantitatively (32).

2. The compounds of thorium with phosphobenzene

The pyrolysis curves (Table 6 and Fig. 1) of the precipitate formed

with phosphobenzene presented the same plateaus at roughly the same
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temperatures, indicating that identical compounds are formed. This is
consistent with the idea that phosphobenzene hydrolyzes to benzene-

phosphonic aclid before reaction with thorium.

3, The reaction of thorium with dimethylbenzenephosphonate

Few conclusions may be drawn, as the information obtained about
this reaction is insufficient. The pyrolysis curves (Table 6 and Fig. 1)
showaed conclusively that the same series of compounds as observed with
benzenephosphonic acid were not manifested with the dimethyl ester. It
loglcally follows that the reaction with thorium did not occur after the
complete hydrolysis of the esater. It was also observed that the reace
tion occurred slowly, which is consistent with a suggestion that the
reaction probably occurs with the half hydrolyzed ester. Some semie
quantitative tests indicated that the molecular weight of the initial
product was of the order of 900, which would allow the possibility of a
reaction of thorium with four molecules of reagent. The two pyrolysis
curves (Table 6) given for the thorium compound formed with dimethyl-
benzenephosphonate de not agree very well, which indicates the easily
conceived possibility of & non-homogeneous precipitate. The pyrolysis

data are not precise enough for one to be sure of this.
Be Analytical Usage of Benzenephosphonic Acid and Derivatives
1. Gravimetric

Quantitative precipltation of thorium with benzenephosphonic acid

o8 Th(06H5P03)2.3H20 was effected from pH 0.5 to 3.5 (Table L) but not
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at 0.1 pHe A pH of 0.5 to 1.0 was chosen for precipitation in the
recommended procedure, becauss the low pl range was expected to eliminate
the effect of likely interfering ions. At pH 0.5 a four=fold or greater
excess of reagent was found necessary for quantitative precipitation
(Table 5)e A five=fold excess was recommended in the procedure to
allow a reasonable safety factor. The bulk of the precipitation was
best carried out in about L N hydrochloric acid to insure precipitation
of a filterable material, At best, the mrecipitate was not notably easy
to handle, Some of +the precipitate was always contained in a foam on
top of the solution, and this portion of the precipitate showed a
tendency to creep. This property is not thought to have contributed to
the error observed, however, 1t was also observed that the precipitate
adhered tenaciously to scratches on the surface of the glass precipltae-

tion vessel.

The thermogravimetric curves of Th(C6HSP03)2.3H20 displayed four
plateaus corresponding to Th(06H5P03)2.3H20, Th(66H5P03)2.2H20,
Th(HPOh)e.ZHQO and Th(HPOh)z. The last plateau, corresponding to
Th(HPOh)z, is of no practical analytical use. First, because it appears
above the temperature range at which filter crucibles can be used
(900° C.) and, in fact, above the practical range for contirnuous opera=-
tion of resistance furnaces (900° to 1000° C.). Second, because igni=-
tion even at 1200° C. was very slow, requiring 8 hours or more before
constant weight was achievyd. This is probably due to a slow evolution
of the last traces of carbton, as ié observed in the igaition of H@NHh?Oh

with filter paper (LO).



Ignition to Th(HPOh).ZHZO is not advisable on the basis of the
fairly large slope (2 mg., per 100° C.) of the plateau in the pyrolysis
curve corresponding to thls compound. Furthermore, Th(HPOh)a.Zﬂzo,

prepared by ignition of Th(céﬂSPO .3H20 retains an objectionable

32
amount of carbon up to its decomposition temperature., This is evidenced
by the grey color of the preclpitate and the low thorium content
observed (50,12 per cent thorium compared to 50,45 per cent thorium

calculated) .

Ignition to Th(C6H5P03)2.2H20 as a weighing form is feasible, but
the trilydrate was chosen in preference because the observed precision

was slightly better.

The proper drying tempgrature was determined by the experiment
summarized in Table 3. Although this experiment involved changes in pH
of mrecipitation and semple size since there is no trend related to
either of these functlons, all these data were considered significant
to the problem of determining drying temperature. The proper drying
temperature range was taken as 140° to 180° C. for thorium benzene-
phosphonate 3-hydrate. In this range are found five out of 20 results
with a welght change of greater than 0.0003 g., i.e. greater than the
probable error involved in a difference of two weights made on an
analytical balance. The largest weight change was 0.0006 g. correspond-
ing to two parts per thousand change relative to the precipitate weight,
The average change in the temperature range 140° to 180° G. was 0.2 mg.,

or about one part per thousand.
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The analyses (Table 11) show an average deviation in 22 results of
3.7.parts per thousand from the theoretical, or on the average an
absolute error of ¥ 0.1 mg. of thorium. The apparent constant error is
much smaller than the precision, so a constant error in this method

cannot be assumed,

The interference study showsd a general small positive interference,
up to 1 per cent, from nearly all the cations tested (Table 12), This
appears to indicate a general difficulty due to adsorption of foreign
cations, even though the general precipitating procedure for obtaining
pure precipitates suggested by Kolthoff (15) was used., That is, the
precipitation was made from concentrated solution; the suspension was
diluted with water and digested overnight befors filtration. Probably
digestion in fairly concentrated (1 N) hydrochloric acid overnight on a
hot plate would improve the resulis. Certain of the bad positive inter~
ferences were expected, including ‘the tetravalent ions of titaniunm,
zirconium and tin. Positive interference from trivalent iron and
antimony also was not surprising in view of the information awvailable
about the use of organic arsonic acid reagents. Interference from
uranium, gilver and thallium were also observed. In the cases of the
latter two, it should be mentioned that nitric acid was used in place of

hydroechloric acid which was recommended in the general procedure,

Certain potential interferences which were not observed are notable,

including Ce(III), La(III) and Bi(III).
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A multitude of gravimetric separations and determinations of
thorium have been used (3li). The classical oxalate precipitation
probably remalns the most generally applicable with the rare earth ions
ags the only serious interferences. Large amounts of several cations
interfere (3l) to some extent, including Ca(II), Sr(II), Ba(II), Mn(II),
Co(II), Ni(II), Cu(II), Zn(II), Ag(I), Cd(II), Sn(II), Pb(II) and BL(LIL),
Zr(IV), U(VI) and Fe(III) remain in solution by virtue of complex forma-

tion, The determination is readily completed by ignition to the oxide.

Precipitation as the iodate (3L, L) has been used classically to
supplement the oxalate method, in that the iodate precipitation sepa=-
rates thorium from the rare earth ions., DUrying and weighing of
LTh(104) KI04.18H,0 at LO® to L5° C. has been recommended (L) and
contested (5, 29). The determination is usually completed volumetri-

cally (29) or by means of a second precipltation with oxalate,

The pyrophosphate method separates thorium from the rare earth

ilons, although several precipitations are sometimes necessary (3L).

The rare earths are apparently copreclipitated with thorium in the
benzenearsonic acid precipitations (3h). The determination must be

completed by an oxalate precipitation (32).

The gravimetric method proposed in this paper offers a way of
separating thorium by means of one precipitation in the presence of
small amounts of Ce(III), La(III) and Bi(III), Interference from small

amounts of other rare earth ions can reasonably be assumed not to exist,



71

80 this method offers an optional means of supplementing the oxalate
method for thorium, It would have an advantage over the iodate method
in that the dstermination could be completed in one step. The high
molecular weight of the precipitate gives another advantage to the proe

posed method.
2. Titrimetric

Conductimetric and oscillometric detection of the end point cannot

be recommended for analytical use,

The adsorption indicator method cannot be strongly recommended on
the basis of the data avallable. It was found that the end pojnt
became difficult to see if the sample was much larger than 0.l g. of
thorium. It was also observed that end points were very diffuse if
the titrations were carried out in acetate buffer solutions; probably

due to increased ionic strength.
C. Physical Constants Determined

1. Solubility and solubillity product of thorium benzenephosphonate
3-hydrate

The solubility data are not highly precise, since in the determina-
tion very low absorbances were observed with 10-cm. cells, The agree-
ment in the calculated solubility products (Table 1L), although not
startling, is quite good considering that any error in observed concen-
tration is cubed in the solubility product. ITonic strength was maine

tained at 1.0 in this work with sodium perchlorate and perchloric acid,
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It is interesting to calculate the error in the gravimetric method
from solubllity. At pH zero, i.e. just outside the range of quanti-
tative precipitation (Table L), the solubility error would be approxie

mate]y 0.2 mg,

2, Ionization constants of benzenephosphonic acid

The values obtained by thls worker did not agree well with pre-
viously reported values, Table 20 compares the reported values with

the ones found in this work.

The works of Jaffe’ (11) and Lesfaurier (22) were both done
potentiometrically; neither wbrk was done at constant ionic strength,.
The values from the present work are consldered by the author to be
better values inasmuch as the lonic strength was maintained at 1,0 and

results from two independent experimental methods were used and found

to check each other reasonably well.

No effort was made to estimate activity coefficients; therefore,
these results are concentration equilibrium constants rather than

thermodynamic constantse

Table 20, Comparison of pK! Valuss Observed
in This Work with Those Previously Reported

_ This work This work
Jaffe’ Lesfaurier potentio= spectropho-
ot al, (11) et al. (22) metric tometrio
pK‘l 1083 10&) 0,91 0.96

PK‘ 2 7007 6.85 60’-’1 6051
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3. Absgorption spectra of benzenephosphorﬁ.c acid and derived ionie
ggcies

The wavelengths at maximum absorption agree very well with the
work of Jaffe (10), but the molar absorptivities do not, as shown in
Table 21. A portion of the discrepency can be ascribed to the differ=-
ence in pK! values in the two works (11),

Table 21. Comparison of lolar Absorptivities and

VWavelengths of Maximum Absorption Observed
in This Work with Those Previously Reported

¢ 6H5Po3' CeHPOH™ CgHi FOSH,
AMmp) € nax Mmp)  €pax Mn p) € max
Jaffe” (10)  258.0 239 263.0 383 263.5 52l
This work 2584 248 262.8 Lo3 263.4 690

The C6H5PO H species suggested to account for the spectra
observed in concentrated perchloric acid cannot be discussed very fully
ag too little is known about it. It seems reasonable to expect this
. specie to form, however, in the very acid media (23), even as similar

species form with carboxylic acids (1),
D. Suggestions for Further Work

It is suggested that the following investigations be made to

further the work reported in thils fohesis.
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1) The gravimetric method discussed in this paper should be
tested for interference by rare earth ions other than the two already

tested, Varying amounts of interfering rare earth ions should be tried,

2) A methodical study of wash solutions might find a method of

alleviating the small positive interferences observed with most cations,

3) The dimethyl ester of benzenephosphonic acid was found to
homogeneously precipitate thorium quantitatively in an extremely
easlly filtered form. This problem would be interesting to pursue, .
although one would first want to prove hoamogeneity of the precipitate
before proceeding to any great length with the work. A few pyrolysis
curves on precipitates formed under somewhat different conditions

should prove homogeneity or non-homogeneity.

i) More study should be expended on the suggested titrimetric
method for thorium involving an adsorption indicator, A methodical

interference study should prowe the merit of the method,

5) This work was limited to a study of benzenephosphonic acid
with thorium. It is knoun that the compounds formed by titanium and
zirconium with benzenephosphonic acid are also only slightly soluble.
It would be of interest to ascertain the anslytical importance of these
campounds. Here, too, pyrolysis curwes would supply a large share of
the information desired.

6) The most obvious extension of this work would lie among the

different phosphonic acld reagents, Substituted benzenephosphonic acids
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probably would not be significantly different from the unsubstituted
canpound, Substituted benzenearsonic acids have not shown properties
very significantly different from those of the parent compound (11, 1k,
37). Jaffe et al. (11) pointed out that since the Hammet (9) reaction
constant for the ionlzation of the benzenephosphonic acids is less than
that for the benzenearsonic acids (31), less effect by substituents can
be expected in the case of the benzenephosphonic acids. The author

hesitates to recommend vork im this direction,.

7) This work has included the attempted use of a few hydrolyzable
derivatives of benzenephosphonic acid., More derivatives could be tried,
but the work done with the methyl ester indicates that thorium reacts
with the half hydrolyzed material, and the probability of obtaining a

homogeneous preclipitate under these conditions is not very good.

8) It would be interesting to compare o-hydroxyazo compounds
having a phosphono group in the ortho position with the analogous

arsenic compounds studied originally by Kusnetsov (20, 21},

4]
el
HO—P OH

og

S
9) It would be interesting to learn more about the postulated

cationic species observed spectrophotometrically in highly acid solu-

tions of benzenephosphonic acid,
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V. CONCLUSIONS

1) Thorium is precipitated by benzenephosphonic acid as
Th(C6H5P03)2.3H20. Upon ignition the trihydrate loses a molecule of
water forming a dihydrate, which is stable from 250° to about L450° C.
From 500° to about 800° C., the occurrence of Th(HPOh)2.2H20 is

indicated. From 900° to 1200° C. Th(HPO, ). was found,
L2

2) Phosphobenzene, an anhydro compound of benzenephosphonic acid,

also precipitates thorium as Th(06H5P03)2.3H20.

3) Dimethylbenzenephosphonate precipitates thorium, apparently in
an homogeneous fashion, but not as Th(06H5P03)2.3H20. It is indicated
that the reaction uses four moles of the ester per mole of thorium,

The product is suspected to be non-homogeneous.

i) A gravimetric method for thorium is proposed, in which thorium
is precipitated with a five-fold excess of benzenephosphonic acid at a
pH greater than 0.5, preferably 0.5 to 1.0, The analysis is completed
by filtering, washing with 1 M hydrochloric acid and drying at 150° C.

to Th(C6H5P03)2.3H20.

5) Adsorption apparently gives rise to a positive error up to
1 per cent for many foreign cations. The serious interferences were
from Ti(IV), 2r(IV), Sn(IV), U(VI), Fe(III), Sb(III), Ag(I) and TL(I).
Notable separations were made fram small amounts of Ce(III), La(III),

Bi(III) and AL(III).
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6) The method is offered as a supplementary method to the
clagsical oxalate procedure, sgince it sebarates thorium from small
amounts of rare earth ions., It would have an advantage over the lodate
method usually employed for this separation, in that the analysis can

be made without a2 second precipitation.

7 A titrimetric method using bromphenol blue as an adsorption
indicator has been shown to function adequately on pure thorium nitrate

solutions.

8) The solubility of thorium benzenephosphonate was determined in
the pH range 0.L8 to 1,96, The solubility product (Kgp = [Th*“]

[b6H5P03n] 2) was found to be of the order of 3.2L x 10-31.

9) The pK' values were determined potentiometrically and spectro-

photometrically. The pK' values 0,91 and 0.96 and pK'2 values 6.h1

1l
and 6,51 for the potentiometric and spectrophotometric determinations,

respectively, agree reasonably well.

10) Absorption spectra of the species C,H_FO. , C,H _PO_H , and

) sorp sp e species G/ 5P 32 Cg SP 3H s an
06H5P03H2 were determined in the range 250 to 290 my . The agreement
with the literature data available is reasonably good (9). Isolation
of each species was insured by corrections based on a pH ¥s. absorbance

plot. Data from the spectra of a proposed 06H5P03H3+ specie are

reported,
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VII, ADDENDA
A. Rare Earth Interference

A significant experiment concerning rare earth interference in the
gravimetric method proposed was performed after the thesis was written,
the data of which are presented in Table 22. It was shown that small
amounts of lanthanum or cerium do not interfere, and it was desired to

know if larger amounts would be bothersome.

Table 22, A Study of Rare Earth Interference

Interfering Amount inter- Wte Th Wt. Th No. of Error
substance ferin% c§tion taken found results (mg.)
Ee

La(C10 )3 06025 0.2120  0.2138 2 1.8
Ce(C10 )3 0.025 ' 0,2120 0.,2131 2 1.1
ce(No3 3 0.025 0.1060 0.1075 3 1,5
Ge(N03)3 0.050 0.1060 0.,1069 3 0.9
Ce(N03)3 04100 0.1060 0.1088 3 2,8
ce(No3)3 0.150 0.,1060 00111k 3 Seli
Ce(No3)3 0.200 0.1060 0.,1119 3 5.9
Ce(N03)3 06250 0,1060 0,1197 3 13,7
Mixture of 0.105 0.1060 0.,1189 1 12,9
Ce, La, Sm, Pr, 0.210 0.1060 0.12hY 1 18.h
Nd, Er, Yb 0.315 0.1060 0.1666 1 8046
*Ce(N03)3 0,200 0.1060 0.1072 2 1.2
#None 0.1060 0.1052 1l - 0,8
**Ce(NO3) 5 0,200 0.1060  0.1078 2 1.8
**None 0.1060  0,1056 1 - 0.k
***Ce(no3)3 0.200 0.1060  0.1065 1 0.5

*One gram citric acid added prior to precipitation,
*¥pe(III) Specific Versene, 0.5 ml. added prior to precipitation,
***Precipitation made in twice the recommended volume of solution,
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The data show that rare earth ions do indeed interfere. Use of
citric acid or Fe(III) Specific Versene (Bersworth Chemical Company,
Framingham, Massachusetts) to complex the rare earth ion cannot be

recommended since thorium precipltation is apparently retarded as well.
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