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figure. The points of intersection of generalized helices 
with equidistant planes always form regular polygons in 
parallel planes with each polygon being rotated by a 
constant angle with respect to the preceding polygon. 

An interesting feature of this structure is that  the 
molecules are almost centrosymmetric5 but are ar- 
ranged in a noncentrosymmetric space group. This is, 
apparently, a rare situation ; Herbstein and SchoeningZ1 
were able to find only five examples of such an occur- 
rence. Kitajgorodskijz2 maintains on the basis of his 
theory of close packing that  i t  is impossible for centro- 
symmetric molecules to form a noncentrosymmetric 
structure. This view received support when van Nie- 

(21) F. H. Herbstein and F. R .  L. Schoening, Acta Ciyst . ,  10, 657 (1957). 
(22) A. I. Kitajgorodskij, KiislaZlog~a.fiya, 3, 391 (1968) ; “Organiche- 

skaya Kristallokhimiya,” Izd. Akad. lUauk S.S.S.R., 1955, Chapter 3. 

kerk and BoonstraZ3 showed that the molecules of 4,4‘- 
dinitrodiphenyl (which had been one of the more reliable 
of the five examples of Herbstein and SchoeningZ1) are in 
fact noncentrosymmetric in the crystal. They were in- 
clined, from this discovery, to infer that  possibly the 
remaining known exceptions to the rule would be found, 
on further study, to conform. However, the present 
work establishes the structure of bis(acety1acetonato) - 
nickel(I1) as a definite exception to Kitajgorodskij’s 
rule and therefore calls this rule to question. 
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A potentiometric study of complex formation between citric acid (H3L) and the uranyl ion a t  25’ and ionic strengths of 0.1 
and 1.0 ( K S 0 3 )  is reported, From the concentration dependence of the formation constant, it is concluded that  polp- 
nuclear complexes are formed in which bridging between metal ions occurs through carboxylate and hydroxyl groups of the 
ligand. The values of the logarithms of the formation constant of the metal chelate [UOZL--]/[UOZ*’-”] [L3-] and of the 
dimerization constant [(U02)zL22-]/[U02L-] are found to  be 7.40 and 4.07, respectively, a t  ,u = 0.10, and 6.87 and 3.96 a t  
,u = 1.0. Infrared absorption measurements of protonated and dissociated carboxyl groups in aqueous uranyl citrate 
system indicate the presence of both carboxylate and hydroxide bridging in the polynuclear complex. On the basis of the 
“core plus links” treatment of polynuclear complexes, the polymeric species in solution in the buffer region between 3 and 
42/3 moles of base per mole of metal complex appears to be predominantly ( UOZ )zL2( (OH ):,( U02)2L2 )216-. 

Introduction 
As a part of a general investigation of olation reac- 

tions of uranyl c o m p l e ~ e s , ~ ) ~  a study of the nature of the 
uranyl citrate complexes formed in aqueous solutions 
and the conditions under which polynuclear complexes 
may be formed was undertaken. The probable forma- 
tion of binuclear and ternuclear uranyl citrate chelates 
in the pH range 2-8 was reported by Feldman and co- 
w o r k e r ~ ~ ~ ’  on the basis of polarographic, potentio- 
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Chemical Society, Atlantic City, N. J., Sept. 1962. 
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(4) K. S. Rajan and A. E. Martell, J .  I n o r g .  1-d. Chem.,  26, 789 (1964). 
(5) K. S. Ka jan  and A. E. Martell, ibid., 26, l 9 2 i  (1964). 

metric, and spectrophotometric determinations. Sub- 
sequent potentiometric work by Feldman, et aLj8 
was given as confirmation of the original suggestion 
that a binuclear diolated uranyl citrate complex is 
formed a t  low pH and that  a ternuclear species is 
formed as the pH is increased. A formation constant 
for the binuclear complex was reported. On the basis 
of nonequilibrium ultracentrifugation measurements of 
the 1: 1 uranyl citrate system, Gustafson and Martellg 
have reported the formation of a dimer and a probable 
mixture of trimers and hexamers a t  3 and 42/3 moles of 
base per mole of total metal species, respectively. 

However, on the basis of potentiometric measure- 
ments, Li and co-workers10 reported that  equimolar 
concentrations of uranyl ion and citric acid react a t  low 

( 6 )  I. Feldman, J. R.  Havill, and W. F. Newman, J. Am. Chem. Soc., 76, 

(7) W. F. Sewman,  J. I<. Havill, and I .  Feldman, i b i d . ,  73, 3593 (1951). 
(8) I. Feldman, C. A, North, and H. B. Hunter, J .  Phys .  Chenz., 64,  

(9) It. L. Gustafson and A. E.  Martell, J .  A m .  Chem. .SOL., 89, 2571 (1963). 
(10) N .  C. Li, A.  Lindenhaum, and J. &I, White. J ,  I n o i g .  Xucl. Clzewz., 

4726 (1954). 

1224 (1960). 

12, 1 2 2  (1959). 
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pH to form only a mononuclear chelate having a 
composition which corresponds to the interaction of 
uranyl ion with the three carboxylic acid groups of 
citric acid. They have also reported stability constants 
for the mononuclear complex. 

Heitner and Bobtelsky’l have demonstrated the 
existence of uranyl citrate chelates in alkaline solution 
having 1 : 1 and 2 :  3 molar ratios of uranyl to citrate 
ions. 

In  view of the contradictory nature of the published 
reports on the uranyl citrate chelates, a detailed 
quantitative study of the equilibria involved in the 
interaction of uranyl ion with citric acid over a wide 
range of concentration and pH is presented in this 
paper. 

Experimental 
Reagents.-Aqueous uranyl nitrate solutions were prepared 

from Baker and Adamson analyzed reagent and were standardized 
gravimetrically by ignition of suitable aliquots to U308. Aqueous 
stock solutions of citric acid (Fisher certified reagent) were 
freshly prepared for each series of experiments and were stand- 
ardized potentiometrically with standard carbonate-free NaOH. 

The experimental method consisted of making potentiometric 
measurements of the hydrogen ion concentrations of the ligand 
citric acid in the presence of and in the absence of uranyl ion. A 
Radiometer pH meter (Type PHM4) fitted with glass and calo- 
mel extension electrodes was used for measuring hydrogen ion 
concentrations. The electrode system was calibrated as described 
p rev i~us ly .~  Potentiometric measurements were made a t  a 
temperature of 25.0 f 0.05’ and a t  ionic strengths of 0.1 and 1.0, 
maintained constant by the addition of potassium nitrate. 

Since the uranyl citrate system is light-sensitive and the equi- 
librium was reached slowly, the titration of the uranyl chelate was 
carried out in the dark on a series of individual solutions contain- 
ing equimolar amounts of uranyl nitrate and citric acid, and to 
which varying amounts of base were added. The pH values were 
recorded a t  24-hr. intervals until equilibrium was reached, as in. 
dicated by the fact that no further change in pH occurred. 

Spectral Measurements.-Infrared spectral measurements 
were made with a Perkin-Elmer Model 21 infrared spectropho- 
tometer fitted with sodium chloride optics. For measurements in 
“aqueous” solutions, 0.1-ml. cells of 0.0021-cm. thickness, with 
silver chloride windows, were employed. “Aqueous” solutions 
were made with 99.5% DzO purchased from New England Nu- 
clear Corporation, Boston, Mass. The concentrations of the 
solutions employed were in the range of 5-6 wt. yo of uranyl 
citrate 

Results 
A typical set of potentiometric titration curves of 

citric acid and uranyl citrate systems containing one 
mole of ligand per mole of metal salt is shown in Fig- 
ure 1. The titration curve of citric acid (Figure 1) 
gives an inflection a t  3 moles of base per mole of the 
ligand indicating that  the dissociation of all three 
carboxylic acid groups takes place in overlapping steps. 
Calculation of the acid dissociation constants of the 
ligand was carried out by means of a modification of 
the method outlined by Carlson, et ~ 1 . ~ ~  The values of 
the dissociation constants obtained are presented in 
Table I. 

Potentiometric titration of solutions containing 
equimolar amounts of uranyl ion and citric acid (Figure 

(11) C. Heitner and M. Bobtelsky, BuZL SOL. chim. Fvance, 356 (1954). 
(12) G A. Carlson, J. P. McReynolds, and F. H. Verhoek, J .  A m .  Chem. 

SOC., 67, 1335 (1945). 

TABLE I 
FORMATION CONSTANTS OF 1 : 1 URANYL CITRATE CHELATES 

AT VARIOUS CONCENTRATIONS AT 25” 

dissociation TL or TM, 
Ligand 

Ionic strength constants M log KML 
0 . 1  K, = 10-2.79 1 . 7 0  x 1 0 - 2  8.60 f 0.01  

Kz = 10-4.30 8.50 X 8.47 i 0.03 
K~ = 10-5-66 3 .40 x 10-3 8.30 i 0.02 

1.70 X 8.14 f 0.03  
6.80 x lo-* 7.93 f 0.02 

1 .o K I  = 10-2.63 1.61 X loe2 8.03 f 0.03 
K~ = 10-4.11 4.36 x 10-3 7.79 f 0.02 
K3 = 8.13 X 7.41 f: 0.04 

6- m 4 6 

Figure 1.-Potentiometric titration of L, 4.1 X M citric 
acid solution, and M, 4.0 X M citric acid solution containing 
an equivalent concentration of uranyl nitrate; t = 25.0’; p = 
0.1 (KNOa); m = moles of sodium hydroxide added per mole of 
uranyl salt present in the solution. 

1) gives inflections a t  3 and 42/3 moles of base per 
mole of uranyl salt, respectively. The first inflection 
a t  three equivalents of base (m = 3) is in accord with 
the assumption that  the metal ion combines through 
the dissociation of the three hydrogens from the car- 
boxylic acid groups of the ligand. If i t  is assumed 
that  the metal ion does not hydrolyze in this pH range, 
the reaction which may be taking place in the first 
buffer region involving the addition of up to three 
equivalents of base per mole of metal chelate compound 
can be represented by the equations 

U02’+ + H3L e U02L- + 3H+ 

where 

and 
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x=--.+- m + 1 3  M + I Z  +- [H+I + I 
KIK2Kg KzK3 Ka 

T\I and TI. represent the total concentration of uranyl 
ion and ligand species, respectively, TOH is the total 
molar concentration of the hydroxide ion added to the 
solution, and H3L is the acid form of the ligand. The 
dissociation constants K1, KS, and K3 represent the 
dissociation of the carboxylic acid groups of the citric 
acid. 

The value of h-,, which was calculated from six 
equilibrium measurements at Ti1 = 3.40 X JI 
is 1U-4.4410.02 This corresponds to a value of 

These measurements were then extended by varying 
the concentrations of the chelate to test for the pos- 
sibility of polynuclear complex formation. The data 
thus obtained a t  an ionic strength of 0.1 (KN03) are 
given in Table I. 

Since the concentration of the uranyl salts a t  p 
5 0.1 (KNOd) in Table I constitutes a considerable 
fraction of the total ionic atmosphere, there must be 
an appreciable change in the ionic atmosphere resulting 
from the substitution of alkali metal ions by uranyl 
ions, as the result of the dependence of interionic 
forces on the nature of the electrolyte. In  order to 
achieve a more constant ionic atmosphere in the com- 
parison of solutions containing widely differing concen- 
trations of uranyl ion and uranyl citrate, i t  was de- 
cided to carry out a series of determinations a t  an 
ionic strength of 1.0 (KN03). The values of log 
K I ~ L  obtained under these conditions are also given in 
Table I. 

The formation constants listed in Table 1 show an 
increase of log K Y L  with increase in concentration of 
total metal salt. Such a trend indicates that  polym- 
erization reactions may be taking place in solution. 
As a basis for the mathematical treatment of the data in 
the range of neutralization values between 0 and 3 
equivalents of base per mole of ligand or per gram-ion 
of metal, the formation of dimer may be tentatively 
assumed. On this basis the reactions taking place in 
solution may be represented by eq. 3 and the relation- 
ship 

2u022+ + 2 ~ 3 -  e ( u o ~ ) ~ L ~ ~ -  

LVhen Tal equals TI,, the usual material balance expres- 
sions may be employed to give the relationships 

[U02L-] 
KML = ~ [ L3- ] 2x ( 5 )  

Tbi  - [L3-]X - [UOzL-] 
KD = ~ ( 6 )  2 [L3-]2X2 

and [L3-] and X are evaluated as indicated above 
Equations 5 and 6 may be rearranged to give 

A plot of the left-hand term of eq. 7 us. [L3-I2X would 
give a straight line with a slope equal to 2Ku and an 
intercept equal to KAII,, if the predominating species in 
solution is the dimer [(U02)2L12-]. Potentiometric 
data obtained in 0.1 and 1.0 X KN03 media are 
treated in accordance with eq. 7 and the linear plots 
obtained with the method of least squares are shown in 
Figures 2 and 3. The values of the equilibrium con- 
stants taken from the lines in Figures 2 and 3 are pre- 
sented in Table 11. 
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Figure 2.-Dernonstration of formation of a binuclear complex 
from uranyl and citrate ions in accordance with eq. 7; TM = 7 1 .  
= total concentration of metal or ligand species; HaL represents 
the neutral ligand; X = [H+I3/K1K2K3 + [H-12/KdG -t 
[H+] / K 3  + 1 where K, represents the acid dissociation constants 
of citric acid: e ,  [UOZL-] = 1.70 X AI;  6, [UOzL-I = 

1. iO X 10-3 ill; 0, [UOaL-] = 6.80 X X ;  p = 0.1 (KXO3): 
I = 2 5 O .  

8.50 x 10-3 M ;  0, [UO~L-] = 3.40 x 10-3 M; 0 ,  JUO~L-I  = 

TABLE I1 
INTERACTION OF URASYL ION KITH CITRIC ACID AT 25' 

log of 
Ionic strength equil. 

Eqiiil. quotient" (KNO8 medium) constant 

7.40 f 0 .21  
1 . o  6.87 f 0.11  

[M*L22-1 0 .1  18.87 f 0.06 Kn --_____ 
[ h.12 '1 * [ L3-] ? 17 , iO  i 0 .04  

ICd = [M .=I 2 L - 2  - 0 . 1 4 . 0 7  f 0 ,:3,7 
[ML-] * 1 . 0  3 .96 f 0.18 

[ML-I 0 . 1  
K ~ I I .  = - 

[W+] [L3-] 

1 . o  

a M2f represents uranyl ion 
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Figure 3.-Demonstration of formation of a binuclear complex 
from uranyl and citrate ions in accordance with eq. 7 a t  p = 1.0 
(KNOs) andt  = 2 5 ” :  6 ,  [UOzL-] = 1.61 X 10-’kf; 8 ,  [UozL-] 
- - 4.36 x 10-3 M; e, [UO~L-I = 2.18 x 10-3 M ;  a, [UO~L-I 
= 8.13 x 1 0 - 4 ~ .  

Alternately, if it  is assumed that  a trimer is formed 
the expression 

is obtained. A plot of the left-hand term of eq. 8 vs. 
[L3-I4X2 would give a straight line, if trimers pre- 
dominate, with a slope equal to  KT and an intercept 
equal to K M L .  

Aqueous Infrared Spectra.-Preliminary infrared 
absorption measurements were made on “aqueous’ ’ 
(z.e., DzO) solutions of citric acid (0.3 M )  and 1 : 1 U02- 
citrate (0.1 M )  solutions as a function of pH. The 
spectra are shown in Figures 4 and 5. Ratios of 
[COOD]/( [COOD] + [COO-]) are obtained from the 
spectra by using the values of extinction coefficients of 
COOD and COO- in D2O ( e c o o ~  240 mole-’ em.-’ 
1.; ECOO- 700 mole-1 em.-‘ 1.) reported by Nakamoto, 
et a1 l 3  These “observed” ratios are plotted against pH 
in Figure 6. In  the same figure are also plotted the 
ratios of [-COOHI/( [-COOHI + [-COO-])14 calcu- 
lated from potentiometric equilibrium data according 
to the two possible reactions 

(13) K Nakamoto, Y. Morimoto, and A E Mwtell ,  J A m  Chem. SOL, 
86, 309 (1963) 

(14) For a meaningful interpretation of the results and for comparison 
with potentiometric data i t  is assumed tha t  differences between the ratios 
[COODl/([COODl + [COO-]) and [COOH1/([COOHl + [COO-]) ate 
within the limits of tolerances a t  any given pH of inteiest in the present 
study. 

2UOz2+ + 2HL2- + 2Hz0 e (U0?HLOH)a2- (A) 

2u022+ + 2 ~ 3 -  e ( u o ~ L ) ~  (B) 

(The error in the measurement of -log [H+]  is <0.01, 
and in the evaluation of the ratio [COOD I / (  [COOD] + [COO-]) it is <0.02.) In  the above reactions, H3L 
represents the neutral ligand, HL2- represents the 
ligand containing one neutral (protonated) carboxyl 
group, and L3- is the fully dissociated ligand. Thus 
the binuclear complex ( C‘02HLOH)22- would contain 
two neutral carboxyl (-COOH) groups not bound to 
the metal ion and two hydroxyl ions presumably 
acting as bridges between the uranyl ions. The other 
binuclear complex would not contain hydroxyl ions, so 
that bridging would occur through the ligand. 

Reactions at High pH.-The buffer region of the 
potentiometric curve (Figure 1) between 3 and 42/3 
moles of base per mole of the uranyl chelate can be ac- 
counted for by assuming that  the dimer ((U02)2Lz)2- 
hydrolyzes and polymerizes further. As a basis for the 
quantitative treatment of the potentiometric data, the 
hydrolysis of the dimer followed by the formation of 
the “core plus links” type of polynuclear complex of the 
general form MzLz((0H) J ~ ~ L z ) .  in solution was used. 
This model is based on the mathematical treatment 
given by Si1115n~~~ and SillCn and Hietanenlsb for 

I I I 

1800 1700 1600 

V Crn-’) 
/ 

Figure 4.-Infrared spectra of “aqueous” solutions (0.3 M )  of 
citric acid in 99.5% DzO as a function of hydrogen ion concentra- 
tion; p = 1.0 (KCl); 1 = 25’; numbers on the graph represent 
-log [ H i ] .  

(15) (a) L. G. SillCn, Acta Chern. Scand., 8 ,  299, 318 (1954); (b) S. Hieta- 
nen and L. G. Sillen, i b i d . ,  8 ,  1607 (1954). 
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Figure 5.-Infrared spectra of "aqueous" solutions (0.07 J 4 )  of 

1 : 1 uranyl citrate compound in 99.5yo DaO as a function of -log 
[H+] ; M = 1.0 (KCl);  t = 25'; numbers on the graph represent 
-log [H+]. 

0 
0 a 

0.2 "I 
0.41 

i 0.8 

-LOG [H"] 

Figure 6.-Correlation of infrared measurements with potentio- 
metric data on the polynuclear uranyl citrate system: -2, "calcu- 
lated" values based on potentiometric equilibrium measurements 
for the free ligand; B, "calculated" from potentiometric data 
under the assumption that two hydroxo bridges are present ( L e . ,  
(UO2HLOH)z2- is formed); C, "observed" plot based on infrared 
measurements; D, "calculated" from potentiometric data under 
the assumption that no hydroxo bridges are present (i,e,, 
( U 0 z L ) P  is formed); /I = 1.0 (KC1). 

the hydrolysis and polymerization of metal ions. They 
have shown that if the curves obtained by plotting 
2, the average number of equivalents of protons which 
are dissociated or hydroxyl ions which react per mole of 

metal ion, vs. -log [Hi], for different constant values of 
total metal ion concentration, are found to be parallel, 
then the complexes in solution can be written in the 
"core plus links" form M((OH),M), where t represents 
the number of hydroxo bridges per link in the poly- 
nuclear complex and n represents the number of links 
attached to the core. I t  is found that at  a constant Z 
value, the horizontal spacing between two lines, 
A( -log [H+]),  is proportional to the difference between 
the logarithm of the two different total metal concen- 
trations ( T ~ I )  represented by the lines. Stated dif- 
ferently 

This constant value t has been shown by SillCn and co- 
workers'j to correspond to the number of hydroxo 
groups per link in the polymeric complex M (  (OH) zM)a.  

This method was applied to the potentiometric data 
obtained in the present investigation. In  the uranyl 
citrate system, the species a t  the beginning of the 
buffer region (i.e., 3 moles of base per mole of uranyl 
salt) is assumed to be dimeric and TD represents total 
concentration of dimer. In  Figure 7 are shown the 

-LOG [Hq 

Figure 'i.--Plot of 2, average number of equivaleiits of protons 
dissociated per molecule of uranyl citrate dimer, as a function of 
-log [H+]; u = 1.0 (KN03); t = 25"; the numbers on the 
graph represent values for -log TI,, where TO = the total initial 
concentration of dimer. 

curves of 2 vs. log [H+] for three different constant 
values of total dimer concentration (TD) .  The quan- 
tity 2, the average number of equivalents of protons 
dissociated per mole of dimer species, is given by 

The curves obtained (Figure 7 )  are essentially parallel. 
The quantity t ,  the number of hydroxo bridges per link 
in the polymeric complex, is given by the derivative 
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CHART I 
PROPOSED PRODUCTS AND INTERMEDIATES IN THE POLYMERIZATION OF URANYL CITRATE 

r 7 

I1 

To determine the quantity t ,  plots of -log TD us. -log 
[Hi-] at different 2 values (0.6, 0.8, 1.0, 1.2, 1.4, and 
1.6) were constructed in Figure 8. From the plots in 
Figure 8 an average value of 5.08 * 0.26 was obtained 

1 

-LOG [M 
Figure 8.-Variation of -log TD, the total initial concentration 

of dimer, as a function of -log [H*] a t  constant 2; fi  = 1.0 
(KNOs); L = 25' 

for the slope t (which can be approximated to t = 5 ) .  
If the derivative in eq. 11 is constant and is equal to 5 
this means that  Z should be a function of X = log 
TD - 5 log [H+]. To check whether this is so, the data 
were recalculated and a plot of y = Z / 5  as a function of 
X = log TD - 5 log [H+] is drawn in Figure 9. 

l i  
II 

m 
\ 
N 

LOG li- 5 LOG [H'] 

Figure 9.-Plot of 2 / 5  vs. log TD - 5 log [H '1 ; data in Figure 
S recalculated on the basis of the assumption that r ,  the number 
of hydroxo groups per link, is equal to 5 ;  fi = 1.0 (KNOs); t = 
2 5 O .  

Discussion 
A complete scheme of the possible equilibria involved 

in the interaction of uranyl ion with citric acid in the 
pH range 2-8 is shown in Chart I. Uranyl ion is in 
equilibrium with mononuclear (1) and binuclear citrate 
(11, VIII) chelates in the pH range 2-4. The mono- 
nuclear complex (I) is shown to be formed through the 
dissociation of three protons from three carboxylic 
acid groups of the ligand. Feldman* and co-workers 
have visualized structure V for the mononuclear species. 
Their interpretation is based on the assumption that  a 
hydroxo uranyl complex containing a monoprotonated 
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ligand anion is formed and was made to account for 
the inflection in the titration curve a t  3 moles of base 
per mole of uranyl salt. It is obvious that the equilib- 
rium constant is the same whether the initial mono- 
nuclear complex is formulated as UOZL- or COS- 
HLOH-, since i t  is impossible to distinguish between 
these species by potentiometric (thermodynamic) 
measurements. The most reasonable assumption 
would be that  the polarizing power of the uranyl ion on 
coordinated water molecules would be reduced by 
coordination with the citrate anion. Therefore, since 
the uncomplexed uranyl ion itself does not hydrolyze 
appreciably below pH 3,  the uranyl group in the uranyl 
citrate chelate would not be expected to be coordinated 
directly to the hydroxyl ion at pH 2.8. Feldman, et u Z . , ~  
have suggested that the tendency of U022+  ion to 
hydrolyze after complexing by a potentially terdentate 
ligand is the result of the deformation of the collinear 
dioxouranium entity, as the result of mutual repulsion 
between the uranyl oxygen atoms and the coordinating 
oxygens of the terdentate ligand. This process is 
presumably accompanied by rehybridization of the 
coordinate bonds of the uranyl ion. They also contend 
that complexes in which the uranyl ion is coordinated to 
mono- and bidentate ligands tend to hydrolyze less 
readily. However, recent studies by Rajan and 
Martel14 indicated that uranyl ion interacts with the 
terdentate ligands iminodiacetic acid and hydroxy- 
ethyliminodiacetic acid in the pH range 2-4 to form 
mononuclear chelates with stability constants (log 
K L ~ L )  equal to 8.93 and 8.32, respectively. There was 
no hydrolysis of the chelates or polymerization through 
olate bridging. On the basis of the considerations given 
above, i t  is suggested that the mononuclear uranyl 
chelate species formed in acid solution is indicated by  
structure 1. 

The formation constants listed in Table I show an 
increase of log K ~ I L  with increase in the concentration 
of the total metal ion and of the ligand. This variation 
indicates that  polynuclear complex formation may be 
occurring in solution. The degree of correlation shown 
in Figure 3 for the formation of dimer is not found for a 
similar treatment of the data for a trimer. I t  is 
therefore concluded that  the complex species formed in 
solution in the buffer region (pH 2-4) is predominantly 
binuclear. The concentration dependence of log K M  L 

(Table I) is probably not due’ to polymerization of the 
uranyl citrate through hydroxyl ion bridges (olation) , 
since the attachment of the ligand to the metal ion 
reduces its tendency to hydrolyze. Feldman and co- 
workers8 have proposed the formation of a diolated 
binuclear uranyl citrate chelate (structure VI, Chart I).  
However, in view of the above conclusions concerning 
the nature of the mononuclear complex, i t  is necessary 
to look for another mechanism to explain the polym- 
erization reaction. The formation of polynuclear 
complexes in the absence of hydroxyl ion bridging may 
conceivably occur through the ligand in two possible 
alternate ways which are indicated by structures 11 
and VIII, Char t  I. Since increasing the total concen- 

tration would shift the equilibrium to the right, i t  is 
seen that  such a reaction would account for the increas- 
ing values of log K X L  in Table I. The selection of 11, 
which is favored by us a t  present, would imply the 
formation of trimers or even higher polymers a t  very 
high concentration. 

The graphical comparison of the variation of 
[-COOD]/( [-COOD] + [COO-]) with hydrogen ion 
concentration, illustrated in Figure 6, indicates that  the 
“observed” values (curve C) based on infrared absorp- 
tion measurements lie between the two “calculated” 
plots (curves B and D) which are both based on po- 
tentiometric equilibrium data, but calculated accord- 
ing to the formation of two different postulated species, 
nzz., (UOa)2Lz2- (curve D)  and (UOz(OH)HL)22- 
(curve B). The fact that  curve C lies closer to D 
than to B up to pH 2.8 (Figure 6) can be considered 
as an indication that dimerization takes place pri- 
marily by bridging through the ligand groups (struc- 
tures I1 and VIII,  Chart I). However, the possi- 
bility of a small but appreciable amount of dissociation 
of a proton from either the alcoholic (OH) group of the 
ligand or a coordinated water molecule above pH 
2.8-3.0 cannot be ruled out. 

The buffer region of the titration curve between 3 
and 42/3 moles of base per mole of the uranyl chelate 
can be accounted for by assuming that hydrolysis of 
the dimer (V02)?L2*- is accompanied by polymeriza- 
tion. On the basis of a number of different mathe- 
matical treatments of the potentiometric data i t  is 
concluded that polynuclear complexes of the “core 
plus links” type may be present in solution in this 
region. Two plausible interpretations used for the 
treatment of the equilibrium data which failed to show 
correlation with the experimental results are conversion 
of the dimer to a trimer (structure VII, Chart 1) and 
to a hexamer, according to the reactions 

X(UOz)zL2*- f 2(U02)3L3(OH)E8- + 10H+ (C) 

3(UOz)zL2*- f (UO~)E,LF,(OH)~’~- f 10Hf (D) 

The model which gave successful correlation is the 
hydrolysis of the dimer followed by the formation of 
the “core plus links” type of polynuclear complex 
(structure IV, Chart I ) .  The fact that essentially 
parallel curves of 2 vs. -log [H+] (Figure 7 )  a t  three 
different total concentrations of the dimer (U02)2L*2- 
are obtained indicates that the polynuclear species in 
solution can be represented by the “core plus links” 
type of formula and that the reaction occurring in 
solution can be represented by the equation 

(TZ + 1) ((UO~)ZL~)’- + dHsO $ 

( U O Z ) Z L Z ( ( O H ) ~ ( U O ~ ) ~ L Z ) ~ ( ~ ~ + ~ + ~ ~ ” ~  + ntH+ 

The quantity t ,  the number of hydroxo bridges per 
link, is obtained from the derivative (b log T ~ , l b  
log [H+])z = t (z.e., the slope of the plot of -log TU 
us. -log [H+] in Figure 8). An approximate value of 5 
was obtained for t .  The constancy of the value of 5 for 
the derivative is nicely indicated by the fact that  a 
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single curve is obtained when y = 2/5 is plotted as a 
function of X = log Tu - 5 log [H+] (Figure 9). 
The complexes formed in appreciable amounts in 
solution can therefore be written in the form (UOZ)ZLZ- 
((OH) 6 ( UOQ) 2L2) n -“ - ’. 

In  view of the fixed stoichiometry (1 : 1) of the uranyl 
citrate system under investigation and on the basis of 
the fact that a definite inflection of the titration curve 
occurs a t  42/3 moles of base per mole of uranyl chelate, 
the value of n in the “core plus links” formula should 
be equal to 2. Thus, the polynuclear species present 
in the buffer region of the titration curve between 3 and 
42/3 moles of base per mole of uranyl chelate appears to 
be predominantly hexameric and has the formula 
(U02)2L2((OH)6(COz)21d2)~16- (structure IV, Chart I). 
The hexameric chelate may be formed either directly 
or through the formation of a tetranuclear chelate 
intermediate (structure 111, Chart I). By applying 
the method of calculation repqrted by SillCn and 
Hietanen15 and Hietanen, the equilibrium constant 
(Kz) for the formation of the hexanyclear chelate was 
determined. 

A consideration of the results of the uranyl citrate, 
uranyl malate, and uranyl tartrate5 systems brings out 
a striking similarity, viz., in each of these systems the 
complex species formed in solution iu the buffer range 
(pH 2-4) is predominantly binuclear. Above pH 4, 
each of these binuclear chelates reacts with hydroxide 
ions and polymerizes further. The dimerization con- 
stants (Kd) follow the order citrate > malate > 
tartrate. However, the differences in stability con- 

(16) S. Hietenan, Acta Chrm. Scand., 8 ,  1626 (1954). 

stants do not exceed 0.6 log K unit. Consideration of 
the nature of the equilibria involved in the formation of 
these binuclear chelates and a comparison of the 
dimerization constant (Kd) would strongly suggest the 
involvement of the a-hydroxyl group of the ligands in 
bridging. In the light of this observation i t  is of 
interest to reconsider the data thus far reported on the 
polynuclear uranyl complexes. The hydrolysis of the 
uranyl-Tiron chelate (pyrocatechol-3,5-disodium sul- 
fonate) and formation of a ternuclear species a t  pH 5 
has been reported by Gustafson, et al.I7 They have 
visualized a possible structure for the polynuclear 
uranyl complex which involves both the hydroxo 
groups and the ligand groups containing oxygen donors 
in the bridging of the uranyl ions. Richard, et ul.,lB 
have reported the formation of a binuclear uranyl 
chelate with 8-quinolinol-5-sulfonate which would 
presumably involve the phenoxide ion of the ligand in 
the bridging. In the polymerization of the uranyl- 
HIM DA chelate* (N-hydroxyethyliminodiacetic acid), 
it could be suggested that  the bridging between the 
uranyl ions may take place through the alkoxide group 
of the ligand. It should thus be noted that  all the 
polynuclear uranyl complexes thus far reported have 
ligands with hydroxyalkyl or phenolic groups. Of 
course, the reverse is not true; many ligands with 
these functional groups do not form polynuclear uranyl 
complexes. This interesting observation leaves open a 
fundamental question for future investigations, viz. 
how fundamental or how essential are hydroxyorganic 
groups in the polymerization reactions of uranyl com- 
plexes? 
(17) R. L. Gustafson, C. F. Richard, and A. E. Maitell, J .  A m  Chciiz. 

Soc., 82, 1526 (1960). 
(IS) C. F. Richard, R. L. Gustafson, and A. E. Martell, t b z d . ,  81, 1033 

(1959). 
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The tetrasulfophthalocyanine complexes of manganese, iron, cobalt, nickel, and copper have been prepared in high purity 
and the magnetic moments of these substances have been determined both in the solid state and in solution. Solid state 
determinations are complicated by cooperative interactiony. The iron( 11) complex is a reversible oxygen carrier in the 
solid state. The ligand field strength of tetra- 
sulfophthalocyanine is comparable to that of cyanide ion. 

In aqueous solution, Mn(II), Co(II), Ni(II), and Fe(II1) are spin paired. 

devoted to the magnetic properties of unsubstituted Introduction 
a number Of inuestigations1-5 have been metal phthalocyanines, magnetic SusceDtibilities have - 

(1) H. Sneff and W. Klemm, J .  pvakt. Chem., l S 4 ,  73 (1939). 
(2) I,. Klemm and W. Klemm, ibid., 148, 82 (1935). 
(3) R. Havemann, W. Haberditzl, and K. H, Mader, ZI physik.  Chem., (4) B. N. Figgis and R. S. Kyholm, J .  Chem. Soc., 338 (1959). 

( 5 )  J. A. Elvidge and A. B. Lever, PYOC. Chem. Soc., 123 (lY59) 218, 71 (1961). 


