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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). 
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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 - 
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not previously been measured for their water soluble, 
tetrasulfo derivatives (structure I). 

(-J ... 
SO; 

I 

Experimental 
Materials.-The monosodium salt of 4-suliophthalic acid was 

obtained from the Aldrich Chemical Co.  and used without 
further purification. All other chemicals were of reagent grade. 

Magnetic Measurements.-Magnetic moments were obtained 
a t  room temperature by the Gouy method, using mercurp(I1) 
tetrathiocyanatocobaItate(I1) and demineralized, doubly-dis- 
tilled water as standards. Each value reported is an average of 
a t  least two, and more often five, independent determinations. 
The values are generally reproducible to 1 0 . 0 5  B.M. for 0.025 
M solution and to 10 .10  B.M. for the solids, with the average 
deviation in no case exceeding 1 0 . 1 5  B.M. This greatest de- 
viation occurs with solid samples a t  the lowest magnetic field 
strength. The results of a magnetic anisotropic study* and 
Pascal’s constants’ were used to calculate the diamagnetism of 
metal-free tetrasulfophthalocyanine. These corrections are - 550, 
-543, and -569 X for the tetrasodium salt, the trisodium 
salt, and the oxygen-containing monosodium salt, respectively. 

Analyses.-Microanalyses were performed by Schwarzkopf 
Microanalytical Laboratories and by Gabraith Microanalytical 
Laboratories. 

Tetrasodium Salt of Cobalt(I1) 4,4’,4’’,4’’’-Tetrasulfophthalo- 
cyanine 2-Hydrate .-The procedure is adapted from the methods 
of Baumann8 and F ~ k a d a . ~  The monosodium salt of S-sulfo- 
phthalic acid (43.2 g., 0.162 mole), ammonium chloride (4.7 g., 
0.09 mole), urea (58 g., 0.97 mole), ammonium molybdate (0.68 
g., 0.0006 mole), and cobalt(I1) sulfate 7-hydrate (13.6 g., 0.048 
mole) were ground together until homogeneous. Nitrobenzene 
(40 ml.) was added to a 500-ml. three-necked flask fitted with a 
thermometer, a condenser, and a cork. The nitrobenzene was 
heated to 180”. The solid mixture was added slowly, with 
stirring, while keeping the temperature between 160 and 190’. 
The heterogeneous mixture was heated for 6 hr. a t  180”. The 
crude product, a solid cake, was ground and washed with meth- 
anol until the odor of nitrobenzene could no longer be detected. 
The remaining solid was added to 1100 ml. of 1 117 hydrochloric 
acid saturated with sodium chloride. This step is crucial for 
the removal of excess cobalt(I1) from the product. The solution 
and accompanying undissolved material were briefly heated to 
boiling, cooled to room temperature, and filtered. The resulting 
solid was dissolved in 700 mi. of 0.1 N sodium hydroxide. The 
solution was heated to 80” and insoluble impurities were immedi- 
ately separated by filtration. Sodium chloride (270 g.) was 
added to the solution. At  this point some of the solid product 
precipitated. The slurry was heated and stirred a t  80” until 
ammonia evolution stopped. The product was obtained by 
filtration and the initial reprecipitation process was repeated two 
additional times. The solid was separated and washed with 

(6) K. Lonsdale, J .  Chem. Soc., 364 (1938). 
( 7 )  B. N. Figgis and J. Lewis, “Modern Coordination Chemistry,” J. 

Lewis and R. G. Wilkins, Ed., Interscience Publishers, New York, S. Y., 
1960, p.  403. 

(8 )  F. Baurnann, U. S. Patent 2,613,128 (1932). 
(9) PI’. Fukada, .Vippon Kagaku Zasshi ,  76, 1141 (1954). 

8070 aqueous ethanol until the filtrate was chloride-free. This 
product was refluxed for 4 hr. in 200 ml. of absolute ethanol. 
The blue, pure product was filtered and dried overnight in 
vacuo over P20b; yield 80%. 

Anal. Calcd. for C~~H~?PI~~O~~S~N~~CO.~HZO: C, 37.82; H, 
1.59; S, 11.03; S, 12.62; Co, 5.80. Found: C, 38.01; H, 
1.80; X, 11.09; S, 12.55; Co, 5.68, 5.75. 

4,4’,4’’,4”’-Tetrasulfophthalocyanine Derivatives of Other 
Metals.-Complexes containing nickel(II), copper(II), mangan- 
ese(II), and an oxygen adduct of iron(II1) have been prepared by 
procedures similar t o  that detailed for cobalt(I1) above. These 
procedures are also adapted from those of Baumanns and Fu- 
kada.’0-I4 

Anal. Calcd. for C32HI2P\-*Ol?SIP\-aaPii: C, 39.24; H, 1.24; 
X, 11.44; S, 13.09; Ni, 5.99. Found: C, 39.52; H, 1.66; 
N, 11.38; S, 13.51; Xi, 5.84, 5.74. Yieldgoyo. 

Anal. Calcd. for C32H125jBOl2S4Na4Cu.2Hn0: C, 37.66; H, 
1.58; N, 10.98; S, 12.56. Found: C, 37.55; H, 2.01; S, 
10.71; S, 12.47. Yield 557,. 

Anal. Calcd. for C39H13~~012S4Na3Mn.2H?0: C, 38.83; 
H, 1.73; S, 11.32; S, 12.95. Found: C, 38.86; H, 1.72; 
N, 11.61; S, 12.47. 
A n d .  Calcd. for C3?HlsSsOi4S4r\’aFe.3H?0: C, 38.56; H, 

2.12; K, 11.24; S, 12.87; Fe, 5.60. Found: C, 38.10; H, 
1.95; N, 11.22; S, 12.84; Fe, 5.32, 5.40. Yield 40y0. 

Results and Discussion 
Highly purified samples of the tetrasulfophthalo- 

cyanines have been prepared by modifications of the 
procedures reported by Fukadag-I4 and Baumann.* 
The original methods yield products containing 
variable, but significant amounts of uncomplexed metal 
ion as persistent impurities. Because of this, the very 
high formula weights, and other difficulties, elemental 
analyses do not provide adequate assurance of purity. 
It is especially true for the nickel(I1) and cobalt(I1) 
complexes that the susceptibility measurement pro- 
vides a more sensitive criterion of purity. 

The magnetic susceptibilities and moments of the 
tetrasulfophthalocyanine complexes of manganese, 
iron, cobalt, nickel, and copper have been determined 
in both aqueous solution and in the solid state. The 
results are summarized in Tables I and 11. The 
expected fully spin-paired ground state is observed for 
the nickel(I1) complex. In the solid state (Table I ) ,  
Mn(11)) Co(II), and Cu(I1) all exhibit magnetic mo- 
ment values that vary with field strength, indicating 
intermolecular interactions. Havemann, Haberditzl, 
and Mader3 report that  the magnetic moments of the 
unsubstituted phthalocyanines of Co(I1) and Fe(I1) 
are field dependent. In these earlier studies the ma- 
terials were much more difficult to purify so that the 
possibility of the presence of ferromagnetic impurities 
could not be eliminated. The limited data presented 
in Table I, when extrapolated to infinite magnetic 
field, yield values of p,ff compatible with those ob- 
served for solutions of the Co(II), Mn(II) ,  and Cu(I1) 
compounds. 

In the solid state the magnetic behavior of iron 
tetrasulfophthalocyanine is more complex. The prod- 
uct prepared from hydrated iron(I1) sulfate reacts 

(IO) N. Fukada, ibid., 76, 568 (1954). 
(11) N. Fukada, i b i d . , T 6 ,  378 (1954). 
(12) N. Fukada, ibid., 76, 380 (1954). 
(13) N. Fukada, ibid., 76, 1378 (1955). 
(14) N. Fukada, ibid., 79, 396 (1958). 
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TABLE I 
MOLAR SUSCEPTIBILITIES AND MAGNETIC MOMENTS OF 
METAL TETRASULFOPHTHALOCYANINES (MSPc) IN THE 

SOLID STATE" 
Field 

strength, (complex) 
Compound kgauss XM x 10' fieff ,  B.M. 

C0"SPC 7 . 8  + 1225 2.07 
6 . 4  + 1449 2.20 
3 . 2  +1763 2.36 

FeSPcb 7.8 +3369 3.08 
FeSPc' 7.8 f8986 4.80 
MnIISPc 7 . 8  +2972 2.94 

6 . 4  +3516 3.17 
3 . 2  +5653 3.90 

CUI'SPC 7 . 8  + 1449 2.21 
6 . 4  + 1903 2.44 
3 . 2  +2737 2.83 

NiIISPc 7.8 - 358 . . .  
a At room temperature. In  the presence of dry air after 

In  the presence of dry, oxygen- drying 24 hr. a t  100" in vucuo. 
free nitrogen after drying 24 hr. a t  100' in vacuo. 

reversibly with molecular oxygen. When rigorously 
dried in the absence of oxygen, the moment approaches 
a maximum value of 4.80 ( f 0.08) B.M., while equilibra- 
tion with dry air produces a value of 3.08 (=t0.10) 
B.M. After some 30 to 40 absorption cycles, the ac- 
tivity is diminished. Although the probable existence 
of cooperative effects invalidate such a conclusion, 
the oxygen-free system approached the spin-only value 
for high-spin iron(I1). 

From the magnetic moments determined for 0.025 .M 
aqueous solutions of the tetrasulfophthalocyanines 
(Table 11) i t  may be concluded that the cobalt(II), 

TABLE I1 

TETRASULFOPHTHALOCYANINES (MSPc) IN SOLUTION" 
MOLAR SUSCEPTIBILITIES AND MAGNETIC MOMENTS O F  METAL 

Compound XU x 10' f i e f i ,  B.M. 

COI'SPC +940 1.88 
FeIIISPc +824 1.80 
MnIISPcb +lo50 1.94 
Cu"SPc +768 1.77 
NiWPc -441 . . .  

a 0.025 M aqueous solutions a t  20" and 19 kgauss. * Same 
peff a t  19 and 12 kgauss. 

iron(II1) , manganese(II), and nickel(I1) complexes 
are spin-paired. The solution magnetic moment value 
of 1.80 B.M. in the case of the iron compound indicates 
one unpaired electron and, presumably, that  the iron 
is present in the trivalent state. This result clarifies 
an earlier discrepancyi0,l6 and demonstrates that the 
(15) H. Kobayash T. 'Yorii, and N. Fukada, Nippon  Kagaku Zasshi, 

81, 694 (1960). 

species in aqueous solutions that have not been pro- 
tected from air is an iron(II1) complex. The fact 
that the complexes of cobalt(II), nickel(II), iron(III), 
and manganese(I1) are all spin-paired in aqueous solu- 
tion attests to the great ligand field strength of tetra- 
sulfophthalocyanine. Spin-paired complexes of man- 
ganese(I1) are very rare. Only such extreme ligands 
as cyanides1' and isonitriles18 have previously been 
reported to produce spin-paired Mn(I1). Thus, the 
phthalocyanine ring appears to exhibit a ligand field 
strength approaching that of cyanide. l9 

The spin-paired magnetic moment values found in 
solution fortify the conclusion, derived from the solid 
state measurements of cobalt(II), copper(II), and 
manganese(I1) complexes, that  cooperative effects 
exist in the solid state. In  contrast, the results of the 
solution measurements are most easily interpreted and 
lead to the conclusion that the cooperative effects are 
greatly lessened, if not completely eliminated, in 
0.025 M aqueous solution. Although the considera- 
tion of cooperative effects in solution might appear, 
after cursory thought, to be baseless, i t  must be recog- 
nized that the reported tendency of metal tetrasulfo- 
phthalocyanines to dimerize15v20 could yield some such 
effect. The phenomena attributed to dimer formation 
are of a nature that might have implied micelle forma- 
tion rather than true solution. Domain effects in 
the micelles might produce a field dependence under 
circumstances of this sort. The fact that  a solution 
value of 1.94 B.M. was observed a t  both 19 and 12 
kgauss for the manganese(I1) complex (which has the 
strongest field dependence in the solid state) supports 
the conclusion that cooperative effects are eliminated 
by true dissolution in aqueous media. 

To the extent that  the analogy applies between the 
phthalocyanine ligands and the porphyrins occurring 
in nature, i t  may be concluded that these extremely 
versatile natural catalysts involve in-plane fourfold 
coordination approaching the extreme high limit of 
ligand field strengths. 
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