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Complex formation between nickel and citrate 
ion (citric acid = H3L) has been investigated on 
account of the reported hyperaccumulation of nickel 
by some primitive plants. Evidence is given for the 
formation of a polynuclear complex species of the 
composition Ni4(OH)4L:- or Ni40H(H_,L):- in 
weakly alkaline solutions. The result is in agreement 
with a crystallographic study. The stabilities of the 
polynuclear complex and of the mononuclear species 
NiL:- and NiHL were determined. 

nickel complexes formed in weakly alkaline solutions, 
where a deprotonation of the alcoholic group of the 
ligand may take place. 

Introduction 

Bobtelsky et al. have investigated several metal 
citrate and tartrate systems. In the nickel citrate sys- 
tem [4] they found evidence of hydrolysis reactions 
to occur leading to complex species with an OH/N1 
ratio of 1:l and 2: 1, respectively. A more recent 
equilibrium study has revealed the presence of poly- 
nuclear species in solution [5]. The experimental 
points in the early part of the buffer region were 
explained by introduction of the dimeric complex 
Ni&I_,L)z, but it was admitted that other hydroxy 
species may be present in solution as well. 

The uptake and translocation of cations by plants 
is a problem of considerable interest. It has been 
demonstrated [l] that plants respond to excess 
levels of cations by an increased synthesis of organic 
acids, and that the transport of cations in the xylem 
fluid is facilitated by the formation of metal chelates 
of moderate stability. The ligands in question may be 
ether-extractable organic acids or specific hydroxy- 
carboxylic acids such as malic and citric acid. 

The role of citric acid in cell physiology relates 
mostly to cellular metabolism. Released from 
metabolic sites and moving in the xylem fluids the 
anion will have chelating properties masking the hy- 
drolysis of most transition metal cations. 

A crystallographic study of the nickel complex of 
quadruply ionized citrate ion has been reported by 
Strouse et al. [6]. The crystal structure can be 
described as two clusters of Ni,OH(HrL)$- con- 
taining the ligand in its quadruply ionized form and 
a triply bridging hydroxide ion. The two clusters are 
joined together through bridging citrate carboxyl 
groups. J. Strouse [7] also reported the results ob- 
tained from solution studies of Fe(I1) and Ni(I1) 
citrate complexes. It was assumed that the two nickel 
citrate clusters are separated in solution and that the 
triply bridging hydroxide ion is replaced by a quadru- 
ply ionized citrate ion resulting in a tetrameric com- 
plex of 4:4 nickel: citrate stoichiometry. 

It has been shown that iron uptake by plant roots 
and transport to the xylem involves complex forma- 
tion with citrate ion [2]. It has also been suggested 
that the hyperaccumulation of nickel (O.l-5% Ni of 
dry mass) by some primitive angiosperms is due to 
nickel citrate complexes [3] . This extraordinary 
property is mainly shown by species of the order 
Violales (Flacourtiaceae and Violaceae) growing on 
ultrabasic rocks in New Caledonia. 

Experimental 

The aim of the present paper is to reinvestigate the 
nickel citrate system. The investigation was carried 
out to elucidate the composition and stability of the 

The investigation was carried out at 25 * 0.1 “C 
in solutions of ionic strength 0.1 mol/l (KNOs). All 
chemicals were of reagent grade, and were used as 
received. The experimental setup was as described in 
our previous paper [S], where the protonation 
constants of the ligand were also given. 

Results 

*On leave at Inorganic Chemistry Laboratory, University Most of the stability constants given in the litera- 
of Oxford, Oxford, U.K. ture [9] are reported for 1: 1 chelates of the type 
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NiHL and Nil Y. A re resentative value for the com- 
plex NiL- is log K&r’ = 5.30 (25 “C, 0.1 mol/l 

KNW ]5,91 . The formation of a NiLz- complex is 
probable. The situation was clarified by a potentio- 
static titration at pH 7.0 (urotropin buffer) in Fig. 1. 
The formation of a weak NiLi- complex was ob- 

NIL 

Fig. 1. The absorbance at 390 nm of 50 ml of a solution con- 

taining 4.2 mmol of a Ni(l1) salt as a function of added 

amount of citrate. The pH of the solution was kept constant 

at a value of 7.0. 
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Fig. 2. The molar absorbtivity at 400 nm as a function of pH. 

CUIVe a. CNl = 0.022 mol/l, CL = 0.067 mOl/i. Curve b. CNl = 

0.036 mol/l, CL = 0.054 mol/l. (C denotes total concentra- 
tion). 

served: log KkcLNiL = 2.85 + 0.02. The calculations 
were based on ‘standard graphical and numerical 
methods (see, e.g., [lo]) and the complex formation 
between sodium and citrate ions (log Kz$L = 0.7 
[9]) was taken into account. The stability of the 
NiHL complex was evaluated from a photometric 
titration where the pH of the solution was varied by 
the addition of a nitric acid solution. The result log 

KN&L Ni H+L = 8 75 + 0.01 is in agreement with previous- 
ly reported data [5,9]. 

The complex formation of the nickel(U) complex 
with quadruply ionized citrate ion is demonstrated 
in Fig. 2. The figure shows that the complex is fully 
formed at a pH value of 10 or 10.5. An investigation 
of the composition of the complex formed can be 
carried out as a potentiostatic titration. The results 
obtained in titrations at pH 10.0 and 10.5, respective- 
ly, are plotted in Fig. 3. The pH-value of the solution 
is maintained at a constant value by addition of 
standardized NaOH solution and the consumption of 
base is plotted as the ordinate in the figure. The 
absorbance of the solution at 400 nm was also 
measured during the titration and the results from the 
titration at pH 10 are displayed in Fig. 3. 

Fig. 3. Potentiostatic titration at pH 10.0 and 10.5 of 2.5 

mmol of citrate ion in 100 ml solution. The amount of base 

consumed (in mmol) and the absorbance at 400 nm (pH 10) 

are plotted as a function of the amount of nickel ion added 

to the solution. 

Figure 3 shows that 1 mol of OH is consumed 
per mole of nickel added. The break in the base con- 
sumption and in the absorbance curves occur at a 4:3 
nickel:citrate ratio. The result can be interpreted in 
terms of a Ni4(OH)(H_,L):- complex in solution. 
The choice of a tetrameric complex, rather than a 
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multiple thereof, is based on the molecular weight 
determinations reported by Strouse [7]. The data 
for the depression of the sodium sulphate transition 
temperature indicated tetramer formation in solution, 
whereas the freezing point depression results obtained 
in solutions of low ionic strength were interpreted 
by Strouse [7] in terms of dimeric species. The latter 
data are, however, equally well explained in terms of 
a tetrameric nickel citrate complex of 4:3 nickel: 
citrate stoichiometry and the excess of ligand as free 
citrate in solution. 

The equilibrium constant for the reaction 

4NiL- (+H,O) + Ni40H(IL1L)g- + L3- + 4H’ 

K tetramer 

was evaluated from the absorbance curves of Fig. 2: 

log Ktetramer = -28.3 + 0.1 or log K(4Ni2+ + 3L3- + 
Ni40H(H_rL)z-+4H+)=--7.1. 

Discussion 

It is well known that the formation of polynuclear 
.hydrolysis products of metal ions is due to the rather 
strong tendency of OH to coordinate more than one 
cation in solution and to form hydroxide bridges. The 
crystal structure of the nickel citrate complex [6] 
shows that the ionized hydroxyl group of the ligand 
exhibits doubly and triply bridging configurations. 
We may consider the citrate ligand as a substituted 
water molecule, and it follows that the composition 
of the metal complexes of quadruply ionized citrate 
may be compared to the corresponding polynuclear 
hydrolysis products. Steric and electrostatic factors 
have to be taken into account. 

The principal polynuclear hydrolysis product of 
Ni2+ is the tetramer [ 111, Nt(OH)i’, which can be 
compared to the Ni40H(H-,L)$- complex investi- 
gated above. The main hydrolysis product of Cu2+ 
is Cu,(OH)$’ and the analogy with the citrate com- 
plex Cus(Hr L):- is striking. In the case of ferric iron 
a dimer Fe2(OH)f’ is the dominating hydrolysis 
product in solutions of moderate Fe3+ concentra- 
tions. The formation of a dimeric citrate complex 
Fe2(H1L):- has been reported [9]. J. Strouse 
reported [7] the formation of a tetrameric iron 
citrate complex. However, polynuclear hydrolysis 
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products of Fe(I1) have not been reported due to 
early hydroxide precipitation [ 1 l] . 

Polynuclear complex formation in solutions of 
moderate concentrations (total concentrations in the 
mmol/l range and an excess of the ligand) starts at 
low pH values in the copper(R) citrate system, but at 
considerably higher pH values (pH > 8) in the 
analogous nickel(H) system. This implies that poly- 
nuclear complex formation may not be the uptake 
mechanism of nickel accumulating plants and a 
mechanism based on ternary nickel-citrate-amino 
acid complexes seems more probable. 
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