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1. Introduction  

Polyhydroxy carboxylic acids can be synthetized by the oxidation of car-

bohydrates. D-gluconic acid, being a member of this family, is used in gen-

eral as an additive for food industry, while its sodium salt (NaGluc) is applied 

in chelation therapy, metallurgy as well as in paper industry. 

NaGluc, applied as an additive for the formulation of cementitious mate-

rials, is likely to be present in the pore water of low- and intermediate-level 

radioactive waste repositories established in underground salt mines. Based 

on literature results, highly stable binary and ternary complexes are formed 

between Gluc–, trivalent actinide ions (An3+) as well as Ca2+ ions arising from 

Portland cement. The ligand therefore can facilitate the mobilization of radi-

onuclides, originally deposited in the form of hydroxides of low solubilities. 

Hence, the complexation equilibria taking place between these species are 

pivotal to be quantitatively described from the point of view of environmental 

protection. 

In our previous works, multinuclear complexes were found to be formed 

between Ca2+ and Gluc– ions in strongly alkaline medium. For Nd3+, being 

frequently used as a model for An3+ ions, the formation of mononuclear com-

plexes was only detected to date. Moreover, the impact of the configuration 

of the ligand on various association processes is still not fully understood. 

The stereochemistry can affect both the stability and the structure of coordi-

nation compounds being important in fundamental research. 

 

2. Aims of the work 

During this research, we aimed at determining the composition, stability 

constant and the metal ion-binding sties of complexes forming between Nd3+ 

and Gluc– ions in the pH range of 2–8. Furthermore, our goal was to assess 

how the incident multinuclear complexes would affect the equilibria occur-

ring in radioactive waste repositories. 

In order to reveal the role of configuration, the diastereomer of D-glu-

conate, L-gulonate (Gul–) that is, was chosen as a model compound. For a 

comprehensive description, we studied the lactonization processes taking 
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place in acidic medium as well as the Ca(II) complexation reactions occurring 

in neutral and alkaline solutions. We compared our results with those reported 

in the literature for D-gluconate and D-heptagluconate (Hpgl–). The effect of 

different functional groups for the stability was investigated via the com-

plexes forming between Ca2+ ions and the derivatives of D-glucose. 

 

3. Experimental 

The protonation constant of Gul– was determined by potentiometric titra-

tions, polarimetric, 1H and 13C spectroscopic measurements, while the γ- and 

δ-lactonization constants for gulonic acid were estimated with the aid of 13C 

NMR spectra. In order to validate the results, the lactoniziton experiments 

were carried out with gluconate as well, and the results were compared with 

literature data. The relative stability of gulonolactones was assessed via quan-

tum chemical computations as well. The time dependence of lactonization 

was followed by 13C NMR spectroscopy and polarimetry. 

Concerning Ca2+ ions and D-glucose or its derivatives (D-sorbitol, D-

mannitol, D-gluconate, D-heptagluconate, D-glucuronate and D-glucarate), 

the complex formation equilibria taking place in neutral medium were studied 

by potentiometric titrations applying Ca2+ ionselective electrode (Ca-ISE). 

In the presence of Ca2+ and Gul– ions, the association and deprotonation 

processes occurring in neutral and alkaline media were followed potentiomet-

rically employing Ca-ISE and hydrogen electrode. The conformational 

changes of the ligand upon complexation was studied by polarimetry, while 

the structure of the CaGul+ species was modelled by quantum chemical cal-

culations. The possible coordination sites of Gul–, Gluc– and Hpgl– were de-

duced on the basis of 1H and 13C NMR spectra. 

The complex formation processes between Nd3+ and Gluc– ions were 

studied by means of potentiometry and spectrophotometry. The binding sites 

were assigned on the basis of 1H NMR spectra, whilst the structure of the  

NdGlucH–2
0 species was optimized by quantum chemical methods. 
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4. New scientific results 

T1. Of the five- and six-membered cyclic esters of L-gulonic and D-

gluconic acids, the L-gulonic aid γ-lactone (γ-HGul) was proven to be by 

far the most stable species. 

The lactonization constant was estimated on the basis of the 13C NMR 

peak areas belonging to the lactone or the acid form. Our calculations were 

validated by comparing the determined and the literature values for the glu-

conolactones. As a result, the lactonization constant of γ-HGul is higher 

nearly by one order of magnitude than that of the other three isomers (δ-HGul, 

γ-HGluc, δ-HGluc). According to the time dependence of the lactonization 

reactions, the formation of the δ-lactone is much faster; however, the hydrol-

ysis of the γ-lactone is much slower yielding larger equilibrium constant. 

T2. It has been demonstrated that gulonic acid is able to catalyze its 

own lactonization as well as the reverse reaction, the hydrolysis of the 

lactone. 

Assuming solely the well-known proton-catalyzed esterification, hydrol-

ysis does not result in satisfactory fitting between the measured and calcu-

lated optical rotations. The deviations can be markedly decreased by consid-

ering that the formation and hydrolysis of the predominant γ-lactone can also 

be catalyzed by L-gulonic acid as a source of protons. The respective rate 

coefficients are smaller by an order of magnitude than those of the traditional 

acid catalysis. This finding can be explained considering that H+ more readily 

dissociates from H3O+ than from HGul. 

T3. In addition to the known 1:1 calcium(II) complexes, species with 

1:2 stoichiometry were found to be formed with aliphatic polyhydroxy 

carboxylates in neutral medium. 

By means of the potentiometric method, the formation of 1:2 complexes 

can be detected for L-gulonate, D-gluconate as well as D-heptagluconate on 

applying high ligand to metal ratios. Additionally, our findings are confirmed 

by the literature data corresponding to Gluc–. Furthermore, the fact that such 
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species cannot be observed for the cyclic D-glucuronate points to the key role 

of ligand flexibility. 

T4. It has been established that the stability of the 1:1 calcium(II) 

complexes ranges in the order of D-glucose < D-mannitol < D-sorbitol < 

D-glucuronate < L-gulonate < D-heptagluconate ≈ D-gluconate < D-glu-

carate. 

This order reflects the role of (i) ligand flexibility (glucose < sorbitol and 

glucuronate < gluconate), (ii) spatial arrangement of the OH groups (mannitol 

< sorbitol), (iii) participation of the COO– functional group (sorbitol < glu-

conate) and (iv) the number of COO– moieties. 

T5. Our results confirmed that the highly stable Ca3Gul2H–4
0 species 

was readily formed in alkaline medium in agreement with previous find-

ings found for Gluc– and Hpgl–. It was shown that the conformation of 

the complexed Gul– markedly differed from that of the free anion infer-

ring the deprotonation of the OH group(s). 

In agreement with our previous results, the interpretation of the potenti-

ometric titration curves requires the assumption of the trinuclear, neutral 

complex. It can be stated that the complexation reactions of polyhydroxy car-

boxylates are very similar in a given pH-range, while the processes taking 

place in neutral or alkaline solutions are very different. When the Ca2+/Gul–-

system is concerned, the metal-promoted deprotonation of the ligand leads to 

significant change in the conformation, hence, the specific rotation of Gul–. 

T6. It was found that for the complexes forming in alkaline medium, 

the different configurations result in different coordination sites. 

For Gluc–, the C2-OH and C3-OH, while for Gul– and Hpgl–, the C2-OH 

and C4-OH functions (beyond COO–) are the most probable metal ion bind-

ing sites. Consequently, if the configuration of the C2-OH and C3-OH groups 

is threo (Gluc–), the C3-OH, if it is erythro (Gul–, Hpgl–), the C4-OH group 

participates in the complexation. (The arrangement of the C3-OH and C4-OH 

functions is treo in each ligand.) 
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T7. Beside the already known mononuclear species, unexpected binu-

clear Nd(III) gluconate complexes were found to be formed on applying 

higher metal ion concentrations. By our calculations, however, these spe-

cies do not affect the equilibria under the conditions prevailing in radio-

active waste repositories. 

Simultaneous fitting of the potentiometric and spectrophotometric data 

resulted in that the (previously unknown) Nd2Gluc3H–2
+ and Nd2Gluc4H–2

0 

complexes were formed to a significant extent. Conversely, the solubility of 

Nd(OH)3 and the estimated concentration of gluconate being present in waste 

deposits (< 0.01 M) indicates that these binuclear species do not have consid-

erable impact on the equilibria occurring in pore waters. On the other hand, 

the mononuclear NdGlucH–2
0 species becomes predominant upon increasing 

pH. 

 

5. Practical applications 

Although, our work was mostly of fundamental nature, we believe that 

the results presented here help to better understand and model the compli-

cated equilibrium systems affecting the long-term stability of waste reposito-

ries. Moreover, our findings concerning the stability and structure of Ca(II) 

complexes forming in neutral and alkaline media may be useful for the char-

acterization of certain industrial processes, when polyols, polyhydroxy car-

boxylates and/or other metal ions are applied. 
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