
Vol. 1, No. 2, May 1962 2-AMINO-2- (HYDROXYMETHYL) - 1,3-PROPANEDIOL C O M P L E X E S  409 

CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY OF 
WEST VIRGINIA UNIVERSITY, MORGANTOWN, WEST VIRGINIA 

Copper(I1) Ion and Nickel(I1) Ion Complexes with 
2-Amino-2 - (hydroxymet hy1)- 1,3-propanediol. 
Reactions with Sodium Hydroxide1 

BY JAMES L. HALL, JOE A. SWISHER, DONALD G. BRANNON, AND THOMAS M. LIDENZ13 

Received September 5, 1961 

The solid compounds Cu( AOH)zSO4, Cu( AO-)z*HzO, and Ni( AOH)2( C104)2 have been prepared from 2-amino- 
2-( hydroxymethy1)-1,3-propanedio14 and the corresponding copper( 11) or nickel( 11) salts. In the presence of 
an excess of the amine salt, copper(I1) and amine complexes may be formed in the ratios, in the order named, 
1: 1, 1:2 and 1:3. The successive formation constants are, in terms of log K ,  3.98, 3.49, and 3.2. At and above 
pH 10 the stable species present in solution is Cu(AO-)z. In  solution Ni(AOH)+2 and Ni(AO-)+l species are 
formed. For Ni(AOH)+2, log K is approximately 2.86. Above PH 9 a polynuclear species is formed. 

Introduction 
Ligands which have an amine nitrogen atom 

and a hydroxyl oxygen atom separated by two 
carbon atoms, such as ethanolamine and hydroxy- 
ethyl ethylenediamine, have been of interest to 
this Laboratory for several years. Such mole- 
cules have the possibility of forming five-mem- 
bered chelate rings with coordination a t  the 
nitrogen and oxygen atoms. It has been shown 
that the copper(I1) complexes of such ligands re- 
act in solution with strong base6 and i t  has been 
presumed that in this reaction a proton is lost 
from a hydroxyl oxygen atom of the ligand and 
that this oxygen atom is coordinated to the metal- 
lic ion. 

The present study concerns the copper(I1) and 
nickel(I1) ion complexes of 2-amino-2-(liydroxy- 
methyI)-l,3-propanedi01.~ 

Experimental 
Apparatus and Methods.-Spectrophotometric studies 

were made with a Beckman Model DU spectrophotometer 
using 1-cm. cells. Unless otherwise specified the solvent 

(1) Presented before the 140th National Meeting of the American 
Chemical Society, Chicago, Ill., September, 1961. 

(2) In part abstracted from M.S. Theses at West Virginia Uni- 
versity by J. A. Swisher (1959), D. G. Brannon (19601, and T. M. 
Liden (1961). 

(3) A portion of this work was supported under contract with the 
Office of Ordnance Research, U. S. Army. 

(4) The amine, HzNC(CHsOH)s, is commonly known as tris- 
(hydroxymethy1)-aminomethane. It will be abbreviated AOH in the 
formulas, AO- indicates the ion formed by loss of a proton from 
one of the hydroxyl groups. 

(5) (a) J. L. Hall, F. R. Jones, C. E. Delchamps, and C .  W. 
McWilliams, J .  Am.  Chem. Soc., 79, 3361 (1957); (b) J. L. Hall 
and W. E. Dean, ibid. ,  80, 4183 (1958); (c) J, L. Hall and W. E. 
Dean, i b i d . ,  83, 3300 (1960); (d) J. L. Hall, W. E. Dean, and E. A. 
Pacofsky, ibid., 82, 3303 (1960); (e) A. E. Martell, S. Chaberek, 
Jr., R. C .  Courtney, W. Westerback, and H. Hyytiainen, ibid., 79, 
3036 (1957). See this last article for several references to previous 
work. 

was water and the solutions were made 0.5 M in potassium 
nitrate for the copper(I1) complexes or 0.5 M in sodium 
perchlorate for the nickel( 11) complexes. Wave lengths for 
analysis of the data by the method of continuous variations 
were selected following the method given by Vosburgh and 
Cooper.6 The potentiometric titration method as used in 
this Laboratory has been described recently.bd For the 
determination of the data for ii and PA, advantage was 
taken of the expanded scale of the Beckman Model GS pH 
meter. The solutions for determination of W and pA were 
made 0.05 M in the amine, 0.06 M in nitric acid, 0.005 M 
in the metallic ion, and 0.1 M in potassium nitrate. Titra- 
tion was with 0.985 N sodium hydroxide. 

Crystalline Compounds. Bis-( 2-amino-2-( hydroxy- 
methyl)-l ,3-propanediol)-copper( 11) Sulfate.-Dissolve Cu- 
SO4.5H60 in the minimum amount of water. Add the 
amine in 1:2 ratio; then add about 2 volumes of ethanol 
and cool on an ice-bath. The fine blue crystals may be 
recrystallized from water. Anal. Calcd. for Cu( C,Hll- 
OaN)&O,: Cu, 15.81; N, 6.97. Found: Cu, 15.79; N, 
6.85. 

Bis-( 2-amino-2-( hydroxymethoxo)-l,3-propanediol)- 
copper(I1) 1-Hydrate.-Dissolve freshly precipitated and 
washed copper( 11) hydroxide in the minimum amount of 
amine in ethanol, with cooling. Dilute the solution with 
ethanol and allow to evaporate slowly. Deep blue crystals 
form which may be washed with acetone, but may not be 
recrystallized. Anal. Calcd. for Cu( C4Hlo03N)z.H20: 
Cu, 19.75; C, 29.85; H, 6.89; N, 8.70. Found': Cu, 
19.41; C, 29.72; H, 6.86; N, 8.68. The sample showed no 
loss of weight upon drying a t  100" for two weeks, indicating 
that the water molecule is quite firmly bound. 

Bis-( 2-amino-2-( hydroxymethy1)- 1,3-propanedio1)- 
nickel( 11) Perchlorate.-Ni( C10&.6H20 and amine, in 
1 : 2 ratio, are dissolved in the minimum amount of meth- 
anol. The solution is allowed to evaporate slowly. The 
blue crystalline compound which separates is washed with 
1-propanol. Anal. Calcd. for Ni( C4H&N)2( C104)2: Ni, 
11.75; N, 5.60. Found: Ni, 11.83; N, 5.85. 

Attempts to prepare a compound of the type Ni(AO-)2 

(6) W. C. Vosburgh and G. R. Cooper, ibid. ,  63, 457 (1941). 
(7) Carbon and hydrogen analyses by Galbraith Microanalytical 

Laboratories. 
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resulted in a solid ill d i ich the nickel(I1) ion, amine, and 
sodium hydroxide had reacted, in the order named, in the 
ratio 1:2:3. This compound could not be purified, holy- 
ever. 

Results and Discussion 
Spectrophotometric Studies.---Unlike ammonia 

and the  ethanolamine^,^,^ tris-(hydroxymethy1)- 
aminomethane and copper(I1) salts may be mixed 
in any proportion in dilute aqueous solution to 
form stable, clear solutions. Hence the spectro- 
photometric method of continuous variations may 
be used to study this system. In the present work 
these studies showed reaction of the copper(I1) 
ion and amine in the ratios, in the order named, 
of 1 : 1, 1 : 2 ,  and 1 : 3, and indicated that there was 
some further, incomplete reaction with an excess 
of the amine. Figure 1 shows Y, Y', and Y" 
curves at selected wave lengths as calculated 
from spectra for solutions which had a total con- 
centration of amine plus copper(I1) salt of 
0.02 M. 

Figure 2 shows spectra of several solutions con- 
taining copper(I1) ion and the amine in various 
ratios and in addition shows the spectra of two 
solutions to which sodium hydroxide had been 
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Fig. 1.-Derived curves from tlit a ~ ~ c c t t o ~ ~ l i o t o t ~ ~ c t l ~ c  
method of continuous variations for thc 5) stem copper( 11) 
ion and tris-( hydroxymethy1)-amiiiomethane. 
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Fig. 2.--Xbsorption spectra of solutions 0.01 iii 
copper(I1) perchlorate and containing various ratios of 
tris-(hydroxymethy1)-aminomethane and of sodium hy- 
droxide. 

added. The near identity of the spectra for the 
1 : 3  solution, copper(1I) ion to  amine, to that for 
the 1 : 2 : 1  solution, copper(I1) ion to amine to 
sodium hydroxide, suggests that the colored 
species formed in these two solutions are identical 
Spectral curves for solutions having ratios 1 : 5, 
l : G ,  1:7,  and 1:8 as well as for ratios 1 :3 :1  and 
1 : 4 : 1 were intermediate between the ones shown 
for ratios 1 .3  and 1 . 2 . 2 .  ,411 solutions containing 
more amine and,/or more sodium hydroxide than 
the 1 : 2 : 2 solution produced spectra nearly 
identical with that of the 1 : 2  : 2  solution Reac- 
tions represented by the following equatiolls are 
consistent with the spectrophotometric observa- 
tions. Coordinated water molecules are omitted 
from the formulas. 

(1) Cut2 + AOIl --+ Cu(A01l) 

Cu(AOH)i2 + -101-1 --+ C U ( A O ~ I ) ~  I A (2) 
C L I ( J ~ O ~ I , L + ~  -+ OH- --+ 

cu~.~o1I)(ho ) ' I  + H L O  (31 

Cu(hOH)(;20 -) + OH --+ C ~ ( h 0  1, 1- 1 1 ~ 0  (4) 

In the absence of an excess of thc amine salt, the 
amine is a sufficiently strong base to bring reac 
tion 3 nearly to completion but is not strong 
enough to bring about reaction 4 to any consider- 
able extent. Sodium hydroxide, however, brings 
reaction 4 to completion. The potentiometric 
studies, below, indicate that C U ( ~ ~ O H ) ~ ~ +  may be 
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formed also in the presence of a large excess of the 
amine salt. 

Similar spectrophotometric studies involving 
this amine and nickel(I1) ion were less con- 
clusive. Figure 3 shows spectra for the visible 
range for some nickel(I1) ion-amine and nickel(I1) 
ion-amine-sodium hydroxide mixtures. The 
spectra strongly suggest that the colored complex 
species present in these solutions contain only one 
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Fig. 3.-Absorption spectra of solutions 0.05 M in 
nickel(I1 j perchlorate and containing various ratios of tris- 
(hydroxymethyl j-aminomethane and of sodium hydroxide. 

amine molecule per nickel(I1) ion, and that the 
further reactions involving either amine or sodium 
hydroxide result in removal of a proton from the 
1 : l  complex. Since these spectra do not ab- 
solutely exclude higher ratios of amine to nickel- 
(11) ion, continuous variations studies between 
the nickel(I1) ion and amine were made a t  con- 
stant values of pH. The 1 : 1 : 1 and 1 : 2 : 1 solutions 
were stable but solutions having a higher pro- 
portion of sodium hydroxide showed precipitates. 
The pH of each of the two stable solutions was 
near 8.3 and this value was selected for a con- 
tinuous variations study. The results of this 
study (see Fig. 4) show that all solutions with less 
than 0.5 mole fraction of amine precipitated im- 
mediately and the Y curves were straight lines 
for mole fraction of amine greater than 0.5. 
While this proves only that a t  this pH no complex 
exists with the mole ratio of amine to metallic ion 
greater than 1 : 1, this observation, together with 
the other evidence, makes it probable that the 
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Fig. 4-Derived Y-curves for continuous variations 
studies of the nickel( 11) ion and tris-(hydroxymethylj- 
aminomethane system at  PH 8.3 and $H 10.0. 

stable complex species in these solutions is 
Ni(AO-)+I. A similar study a t  pH 10 showed 
that all solutions with less than about 0.7 mole 
fraction of amine formed precipitates immediately 
and the solutions with this or greater concentra- 
tion of amine precipitated within a few days. No 
clear solutions could be obtained a t  pH 11.5. 
In such alkaline solutions evidently the hydroxyl 
ion is able to displace the coordinated amine 
molecule. The approximately 2 : l  ratio of amine 
to nickel(I1) ion at  pH 10 which is required to 
prevent immediate precipitation is not assumed to 
represent the composition of a stable species 
present. The potentiometric results given below 
show formation of a small amount of Ni(AOH)2+2 
below pH 7.2 in the presence of a large excess of 
the amine salt. 

Potentiometric Titrations.-Whenever an acidi- 
fied solution of an amine salt in an excess of nitric 
acid is titrated with a strong base such as sodium 
hydroxide, two end points are observed. The 
first, a t  $JH 4.5 for tris-(hydroxymethy1)-amino- 
methane, represents complete neutralization of 
the strong acid and the second one, about pH 
10.2, represents the completion of the conversion 
of the HAOH+ ion to free amine. If this titra- 
tion is repeated, except that the initial solution 
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contains, in addition, some of a complexing metal- 
lic ion, the curve will be displaced from that of 
the amine only at  intermediate values of pH. 
The amount of this displacement is the basis for 
the calculation of the stability constants of the 
complex ions by the method of Bjerrum as modi- 
fied by Chaberek and Alartell.10 Complete de- 
tails of the method as used in this Laboratory 
have been described 

If the reactions in the solution between the 
metallic ion, amine, and base result in the forma- 
tion of complexes of the type K(AOH),+'n only, 
then the two titration curves should converge in 
the vicinity of the second end point. If, however, 
there is additional reaction between the complex 
M(AQH),,+" and the strong base to form, for 
example, Cu(XO-)2, the two curves will remain 
displaced from one another at and beyond the 
second end point and the amount of displacement 
will show the number of hydroxyl ions reacted 
per metallic ion. While the method of Ejerrum 
has been used for many years, the additional in- 
formation which may be obtained by extending 
the titration curves to and beyond the second end 
point frequently has been neglected. 

Table I shows, a t  selected values of QH, for a 
solution initially 0.05 ill in HAOH+ and 0.005 114 

TABLE I 
RESULTS FROM TITRATIOS CCRVES FOR ADDITIOY OF 

SODIUM HYDROXIDE TO HAOH+ AND TO HAOH+- 
COPPER( 11) ION MIXTURE 

#H [CU + S I  7% 1:2 1:4 

4 .5  0.10 0.10 
5.0 .31 .31 
5.5 .76 . i o  
6.0 1.67 1.67 
6.5 2 44 2.58 1.96 
7 . 0  2.87 3.06 1.87 
7 . 5  2.92 3.56 1.64 
8.0 2.76 4.69 1.18 2.36 
5.5 2.36 7.5 0.66 1.32 
9.0 2.13 17.1 .25 0.50 
9.5 2.00 46 .09 .18 

10.0 1.97 400 .03 .06 

A [OH -I/ 

in copper(I1) ion, the displacement, A [OH-]/ 
[ C U + ~ ]  between the two titration curves. For 
this and other titrations involving ratios of metal- 
lic ion to amine from 1 : 1 to 1 :20, the displace- 
ment a t  and beyond the final end point was al- 
ways two equivalents of hydroxyl ion per mole of 

(IO) S. Chaberek, Jr., and A. E. Martell, J .  A m .  Chem. Sod., 74 ,  
6052 (1952). 

copper(I1) ion. For the titration described by 
Table I there is a maximum displacement of 
about three equivalents of hydroxyl ion between 
FH 7 and 7.5. Also shown in the table is, a t  each 
pH, the approximate number of nitrogen atoms, 
n, which would be made available for coordina- 
tion, assuming that all of the hydroxyl ion is used 
for this purpose. This approximate value of n is 
calculated by multiplying the A [OR-]/ [ C U + ~ ]  
ratio by (1 + I < A H t / [ H + ] ) .  The rapid increase 
in this function above $H 7.5 shows that from 
this @H on an increasing proportion of the base 
added in the titration is used for purposes other 
than releasing nitrogen atoms for coordination. 
The third and fourth columns of Table I show 
the approximate amount of base, in terms of 
A [OH-]/ [Cuf2], required to produce Cu- 
(AOH)2+2 and CU(AOH)~+~ in the solution, 
respectively. These are obtained by dividing (1 
+ K A H  t/ [I3 +I) into 2 and 4, respectively. 

From the results and calculations shown in 
Table I, and from similar results and calculations 
based on solutions containing other ratios of amine 
salt to metallic ion, several conclusions may be 
drawn. First, as the ratio of amine salt to metal- 
lic ion is made greater than 2:1, some Cu(A40H)3+2 
is formed as the QH is raised above about 6.2. 
In  the 1O:l solution there is near complete for- 
mation of CU(AOH)~+~  at  pH 7.2 and there is 
probable formation of some CU(AQH)~+~ in the 
range $H 7.2 to 7.6. Second, as the pH is in- 
creased above about 7.0 to 7.5, depending on the 
concentration of the amine salt, there is reaction of 
these complexes to form Cu(AO-)2, and the con- 
version of all complex species to this last one is 
complete a t  pH 10 and above. Third, for the 
1O:l and 20:l solutions, i t  is evident that the 
values of pA and f i  which were calculated by the 
modified method of Bjerrum are valid only for 
values of of 2.8 and less. 

A study, similar to that of Table I, for the 
titration of HAOH+ and nickel(I1) ion showed 
that A [OH-]/ [Ni+*] increased from zero at  pH 
6.0 to 1.05 a t  pH 7.6, decreased to 0.77 a t  PH 8.4, 
then increased to 1.5 a t  $H 10 and above. The 
formation of Ni(A0H) +2 evidently was complete 
a t  about pH 6.9 but possibly not more than one- 
fifth of the nickel(I1) ion was converted to Ni- 
(AOH)z+z at  pH 7.5. Above pH 7 protons are 
removed from these complexes and at pH 10 and 
above a polynuclear species must be present with 
the ratio of nickel(I1) ion to reacted hydroxyl ion 
being I : 1.5. The values of a and p A  ns calculated 
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Fig. 5.-Plots of pA as a fuvction of fi for tris-(hydroxy- 
methyl)-aminomethane with copper( 11) ion and with 
nickel(I1) ion. 

by the modified method of Bjerrum” should be 
valid if rt is 1.2 or less. 

Figure 5 shows the values of f i  as a function of 
pA for the copper(I1) ion and nickel(I1) ion and 
amine systems. These data are for solutions in 
which the ratio of amine species to metallic ion 
was 1 O : l .  Only very slightly different values 
were obtained in solutions in which the ratio was 
20:l. These curves are plotted only over the 

range for which the values were shown to be 
valid, above. For the copper(I1) and amine 
system, the values of PA given by the curve are 
4.20,3.57,and3.13atfiequalto0.5,1.5,and2.5, 
respectively. Estimating that the true value of 
PA is 2.5 a t  f i  = 3.5 and using the method of ob- 
taining the temporary constants and the conver- 
gence equations given by Bjerrum, l1 the succes- 
sive formation constants for addition of the amine 
to copper(I1) ion were calculated. This method 
should yield reliable values for log K1 and log K z  
and these are 3.98 and 3.49, respectively. A 
value of log KS of 3.2 is a reasonable estimate and 
of log Kq of 2.7 is a rough approximation. 

For the plot of PA as a function of f i  for the 
nickel(I1) ion, the value of PA of 2.99 a t  fi = 0.5 
is reliable. To obtain K1, however. it  is necessary 
to estimate the true value of PA a t  rt = 1.5. 
Making this estimate as 1.95, assuming that only 
1 : 1 and 1 : 2 complexes are formed, and using the 
convergence equations, there results a reasonable 
value of log K1 of 2.86 and a rough estimate for 

Conductometric Studies.-Conductometric ti- 
trations, made in solution in methanol, revealed 
the existence in such solutions of metastable poly- 
nuclear species of the type Cu,(AOH),(OH),, 
where x may be 4 or 5 and y plus z may be from 6 
to 12. Protons removed from the amine are 
included in z.  These results are similar to those 
reported for the copper(I1) -monoethanolamine- 
sodium hydroxideB and copper(I1)-diethanol- 
amine-sodium hydroxide systems.12 

log Kz of 2.1. 

(11) J. Bjerrum, “Metal Ammine Formation in Aqueous Solu- 
tion,” P. I-Iaase and Son, Copenhagen, 1941, pp. 36-38. 
(12) W. E. Dean and J. L. Hall, Proc. W. Va. Acad. Sci., 33, 

55 (1961). 


