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The calcium complexing properties as well as the acid-base behaviour of p,.-lactate have been investi-
gated in both neutral and alkaline media by Ca-ISE potentiometry, >°C NMR spectroscopy, ESI-MS
spectroscopy and solubility measurements. In close to neutral solutions the formation of the Calac™
and Calac) complexes were detected with formation constants of logK11=0.99+0.02 and
logB12=142+0.03 (I=4M, T=25°C). These data are consistent with previously reported literature

data measured at lower ionic strengths. The alkaline deprotonation constant of lactate has been deter-
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mined to be pK, = 15.8 + 0.2. In highly alkaline medium, the formation of the CaLacOH® and CaLac(OH)3
complexes were detected with the corresponding formation constants being log(111 =1.35+0.09 and
logB112 = 1.43 + 0.06. The structures of the Calac" and CaLacOH® complexes were optimized by mo-
lecular modelling calculations.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Hydroxy carboxylates are known to be effective complexing
agents. In neutral medium, both the carboxylate and the hydroxy
groups are possible binding sites. Their complexing ability, how-
ever, is more pronounced in alkaline medium, where the hydroxy
groups may be deprotonated yielding a more efficiently seques-
tering alcoholate function.

Under the highly saline and highly alkaline conditions prevailing
in low and intermediate level (L/IL) radioactive waste repositories,
the presence of small molecular metal chelators are considered to
have significant impact on the mobilization of actinides and lan-
thanides [1-5]. Such complexing agents are formed during the
alkaline degradation of cellulose, which is present in these L/IL
wastes in significant quantities [6—9]. The main degradation
product of cellulose is a-p-isosaccharinate; however, lactate (2-
hydroxypropanoate, Lac™) was also shown to be formed in the
course of these reactions [6,10—12].

The complex formation of Lac™ has been studied with a series of
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metal ions [13]. In neutral solutions containing both Ca®* and Lac™
ions, the formation of the plausible CaLac* complex was detected.
The formation constant, log K; 1, was found to be 0.48—1.47 at 25 °C
at the ionic strength (I) range of 0—1 M [13—21]. In some of these
works, however, the formation of the neutral CaLacg complex was
also reported [20,21]. The corresponding stability products, log K11
and log (12, were determined to be 0.90 and 1.24 [20] as well as
0.92 and 1.62 [21]. The binding sites of Lac™ in the CalLac™ complex
were also revealed by '>C NMR spectroscopic measurements. Lac™
was found to act as a bidentate ligand binding Ca®* through both
the COO~ and the OH groups [22]. For the Mglac™ species,
conversely, the ligand was suggested to be bound to the COO~
moiety through a water molecule forming a solvent-shared ion-
pair [22].

In acidic medium, in the presence of lanthanides, the formation
of MLac?t, MLac3, MLac} and MLacs has been shown, where
M = La(Ill), Ce(IIl), Pr(Ill), Nd(III), Sm(II), Eu(Ill), GA(III), Thb(III),
Dy(III), Ho(II), Ex(1), Tm(II), Yb(II) and Lu(Ill) [23]. The coordi-
nation environment of the La(Ill)-lactate complexes was studied by
DFT calculations [24]. Barkleit et al. also suggested the formation of
AmlLac®**, AmLacs and AmLac§ as well as EuLac®*, Eulac and
EuLacd in the presence of Am(Ill) and Eu(Ill), respectively [25]. In
Nd(IIl)-containing solutions, the presence of NdLac?*, NdLac3 and
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NdLac) has been proposed [26].

To the best of our knowledge, the behaviour of Lac™ in highly
alkaline medium has not been investigated before. The scope of the
present work was to describe the composition, stability and
structure of complexes forming between Lac™ and Ca®* both in
neutral and highly alkaline media at high ionic strength (I = 4.0 M)
relevant to nuclear waste disposal.

2. Experimental
2.1. Reagents and solutions

CaCly stock solutions were prepared by dissolving CaCl,-2H,0
(Sigma Aldrich, > 99% purity) in water. The exact concentrations of
the solutions were determined by complexometric titrations using
EDTA. Stock solutions of NaOH were made by diluting a carbonate-
free concentrated NaOH solution [27], and were standardized
against HCl of known concentration. Sodium lactate solutions were
prepared by neutralizing racemic p,L-lactic acid (Acros Organics,
85% m/m) with NaOH. The ionic strength was adjusted to 4.0 M by
sodium chloride (Molar Chemicals, a. r. grade) in each sample. Milli-
Q Millipore water was used to prepare all solutions.

2.2. Potentiometric titrations

Potentiometric titrations were performed with the aid of a
Metrohm 794 Titrando instrument using a combined calcium ion
selective electrode (Ca-ISE) from Metrohm. All measurements were
carried out at constant 4.0 M ionic strength in a double-jacketed
titration cell thermostated to (25.0+0.1) °C, and the titrands
were stirred continuously during the reactions.

For the calibration of the electrode, a solution containing
[Ca2+]-50 =10"*M with V= 45 mL initial volume was titrated with
0.2030 M CaCl, up to V=95 mL. Hereafter, for species X, [X]ro or
[X]r denotes its initial total concentration (titrations) or total con-
centration (NMR and solubility measurements), while [X] repre-
sents its equilibrium concentration. The response of the Ca-ISE was
determined in the —4.0<log([Ca®*]/M)< —15 range, and was
found to deviate from the Nernstian (linear) behaviour at the two
ends of this interval. Thus a nonlinear calibration procedure was
used by fitting splines into the calibration curve using the Spline
Calculus program [28]. Three sets of measurements were per-
formed with solutions containing [Ca2+]T‘0 =10"*M and
[Lac™]rp = 0.105, 0.240, 0.480 M using the same titrant as for the
calibration.

2.3. 3C NMR measurements

13C NMR spectra were recorded on a Bruker Avance DRX
500 MHz spectrometer equipped with a 5 mm inverse broadband
probe head furnished with z-oriented magnetic field gradient
capability. The magnetic field was stabilized by locking it to the 2D
signal of the solvent prior to the measurements. The sample tem-
perature was set to (25 + 1) °C during all spectra acquisitions. For
the individual samples, 128 or 256 scans were collected to record
the '>C NMR spectra. Each highly alkaline solution was placed into a
PTFE liner, and the liner was placed into an external quartz tube
containing D,0.

To study the behaviour of Lac™ in the presence of Ca®* in (close
to) neutral medium, a solution set containing [Lac™ ]y = 0.321 M and
[Ca**]r=0-1.029 M was prepared. To determine the deprotona-
tion constant of the hydroxy group of Lac™, two solution sets were
prepared with [Lac”]r=0.0960 and 0.1525M, while [OH" |1 was

systematically increased from 0 to 3.871 and 2.630 M, respectively.

2.4. ESI-MS measurements

ESI-MS measurements were performed in positive ion mode
using a Micromass Q-TOF Premier (Waters MS Technologies,
Manchester, UK) mass spectrometer equipped with an electrospray
ion source. Samples were introduced into the MS by using the
direct injection method: the built-in syringe pump of the instru-
ment with a Hamilton syringe was used. The electrospray needle
was adjusted to 3 kV, and N2 was used as the nebulizer gas.

For ESI-MS experiments, a solution was prepared by dissolving
Ca0 in a solution of lactic acid in order to exclude the presence of
sodium ions. The thus obtained solution contained [Lac” |;=0.10 M
and [Ca®*]r = 0.05 M.

2.5. Solubility measurements supplemented with ICP-OES

In order to determine the formation constant of the complex(es)
forming in highly alkaline medium, a solution set was prepared as
follows: solutions containing [Lac"]lr=0.5M and
cNaoH = 0.14—2.64 M were prepared. After that, 0.2 g solid CaO were
added to the solutions, then they were stirred during 24 h at room
temperature ((25+2) °C). The samples were filtered through a
0.22 um hydrophilic PTFE syringe filter. The filtrates were diluted to
1:100 ratio to reach optimal concentrations of Ca(ll) as well as to
decrease the ionic strength to allow for the measurement of the
metal ion. The pH of each solution was set to ~2 with HCI solution to
avoid the incidental dissolution of CO, and the subsequent pre-
cipitation of CaCOs.

The total amount of Ca(Il) was measured with a Perkin Elmer
Optima 7000DV Inductively Coupled Plasma Optical Emission (ICP-
OES) spectrometer at the wavelength values of 317.93, 393.37 and
396.85 nm (with 3 replicate measurements).

Additionally, 1 mg/L yttrium(IIl) was added to the samples and
the signal of this internal standard was collected at 371.03 nm.

2.6. Quantum chemical computations

The initial structures for the Calact and CaLacOH® complexes
were adjusted assuming all possible coordination modes. Further-
more, the dihedral angles were systematically varied along the
freely rotating C—C bonds. The geometry optimizations were per-
formed at the M11 range-separated hybrid meta-GGA DFT func-
tional [29] coupled with the def2-TZVP basis set as implemented in
the Gaussian09 software package [30].

The calculations were carried out in the implicit framework of
solvent molecules by utilizing the CPCM solvation model (where
water was considered as the solvent) [31]. To model the first co-
ordination sphere of the metal ion, five explicit water molecules
were added to the structures. Thus, the coordination number of
Ca®* was 6 or 7 depending on the denticity of Lac™. The stability of
each structure was checked with frequency calculations.

Coupled cluster single point energy calculations were per-
formed on all the optimized structures using the domain-based
local pair-natural orbital coupled-cluster method including single
and double excitations and perturbative correction for connected
triples (DLPNO-CCSD(T)) [32—46] coupled with the def2-QzZVP
basis set as implemented in the ORCA 3.0.3 software package
[47—55]. These single point calculations utilized the same solvation
model and performed using very tight convergence criteria.
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3. Results and discussion

3.1. Complex formation between Ca®* and Lac™ ions in neutral
medium

In order to examine the Ca** complexation of Lac™ in neutral
medium, Ca-ISE potentiometric titrations were performed at
I=40M (NaCl) and T = (25.0+0.1) °C (Fig. 1) The systematic
decrease in [Ca?*] with increasing [Lac™ |1p is a sound evidence for
complex formation. The three data sets were fitted simultaneously
with the PSEQUAD program [56] by minimizing the F fitting
parameter (F is the average difference between the observed and
calculated data).

Assuming the formation of the 1:1 complex, CaLac*, the corre-
sponding formation constant can be expressed as:

[CaLac]c®

17 [l

(1)

where ¢ is the standard molar concentration, 1 mol dm3. Fitting
the experimental data, log K11 + 3 SE (i.e., standard error) was found
be to be 1.23 +0.04 with F=0.073 log ([Ca®*]/M) units (dashed
lines in Fig. 1).

Conversely, F can be markedly decreased if the CaLac) species is
also taken into account. For this complex, the stability product
reads as:

[CaLac,®)c?

(2)

This model yields log K11 =0.99 + 0.02 and log 12 =1.42 +0.03
with F=0.011 (solid lines in Fig. 1). In addition to the significant
decrease of in the F parameter, these constants are consistent with
the literature data: log K11 =0.90, log 812 =1.24 (I=1M) [20] and
log K11 =0.92, log 12 =1.62 (I=0.5M) [21], respectively. The dif-
ference is most likely due to the different ionic strength applied
during the measurements.

The concentration distribution diagram (Fig. 2) shows that the
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Fig. 1. Ca-ISE potentiometric titration curves of solutions containing Lac~ and Ca®* in
neutral medium as a function of the added titrant volume. Experimental conditions:
[=4.0M (NaCl), T = (25.0+0.1) °C. Titrand: Vo=45mL, [Ca®"}ro=10"*M, titrant:
[CaCl;}r=0.2 M; the initial total concentrations of Lac™ are shown in the figure.
Symbols: measured data, solid and dashed lines: fitted data assuming different
chemical models.
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Fig. 2. Distribution of Ca(Il) among the various aqueous species in a solution con-
taining [Lac™ ]y = 0.24 M as a function of log ([Ca®*]/M) using the formation constants
of log K11 =0.99 and log 1, = 1.42, respectively (I=4M (NaCl), T=25°C).

formation of the CalLac* and CaLac3 complexes reaches 48% and
31%, respectively.

Regarding the formation constant of the 1:1 species, it is very
similar to those of p-gluconate (log K11 =1.08) and p-heptagluco-
nate (log K11 =1.00) [57]. For these two ligands, the binding of the
a-hydroxy group was proven by the 4*Ca—'H long-range couplings
that appear in the NMR spectra [58,59]. Consequently, the partici-
pation of the OH group in the Ca®* coordination can be postulated
for the CaLac™ species, too.

The 3C NMR shifts of the different carbon nuclei of Lac™ are
depicted in Fig. 3. It is seen that upon increasing [Ca** |y, the 3C
NMR signals shift downfield as a result of complex formation. The
measured chemical shifts were fitted as a function of [Ca®*]; with
the aid of the PSEQUAD program [56]. Since the proton exchange
between Lac™ and the various complexes is fast on the 3C NMR
time scale, the following equation could be used:

1016
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o
o
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[Ca*]/M

Fig. 3. >C NMR chemical shifts of each carbon atom of Lac™ as a function of [Ca®*]r.
Experimental conditions: I=4.0 M (NaCl), T = (25 + 1) °C, [Lac” ]y = 0.321 M. Symbols:
measured data, solid and dashed lines: fitted data assuming different chemical models.
The chemical shifts () were normalized to the chemical shift of the uncomplexed Lac™
ion (dp,c—) for better visualization.
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Oac-[Lac™] + Ocarac- [Calac*] + dcqrac,o 2 [Calacy?]
[Lac ]t

5obs =
(3)

where Jqps is the observed chemical shift, 3ac, ddarac and 8¢aac2 are
the limiting chemical shifts of Lac™, CaLac* and CalLac), respectively.

Since the limiting chemical shifts of the different carbon nuclei
of Calac™ and CaLac(z) are rather similar, it was not possible to
determine both the formation constants and the limiting chemical
shifts values independently from these measurements.

However, by treating the formation constants (deduced from
Ca-ISE titrations) as non-adjustable parameters, it was possible to
calculate the limiting chemical shifts of the complexes. When only
the formation of the CaLac™ complex was taken into consideration
(with log K11 =1.23), the F fitting parameter between the measured
and the calculated data is relatively large (0.04 ppm, dashed lines in
Fig. 3). Expectedly, the inclusion of the Calac3 complex into the
model yielded much lower F (0.009 ppm, solid lines in Fig. 3),
similarly to the results obtained for Ca-ISE potentiometric mea-
surements. The calculated limiting chemical shifts of C1—C3 for the
different species are listed in Table 1 (where C1, C2 and C3 belong to
the carbon nuclei of the COO~, CH,OH and CHs groups,
respectively).

In the ESI-MS spectrum of the solution containing
[Lac"][r=0.10M and [Ca’*]r=0.05M (Fig. 4), the peak corre-
sponding to CaLac™ is expected to appear at 128.9865 m/z value. For
CaLac), its peak is expected to appear in the spectrum by gaining
one positive charge via binding a proton, i. e, as CalacoH™, at
219.0182 m/z value. The formation of both species are confirmed by
the presence of these peaks, namely the ones at 128.9733 and
218.9961 m|/z, respectively. Moreover, further satellites of low in-
tensity can be detected, due to other, low abundance isotopes. The
peak positions obtained are in excellent agreement with the
calculated ones.

In conclusion, the formation of the CaLac3 species is confirmed
by two independent methods agreeing well with previous litera-
ture results [20,21]. The formation of 1:2 species was also found for
other hydroxy carboxylates, such as p-gluconate [21,57], p-hepta-
gluconate and L-gulonate [57].

Regarding the structure of the complexes, the magnitude of the
variations of the 13C NMR chemical shifts imply that Ca®* is likely to
be bound to the COO™ and the OH groups as well. Apart from NMR
spectroscopy, the other methods applied in this work cannot pro-
vide further information about the binding sites of the complexes
formed. To get further insights to the solution structure of the
Calac™ complex, geometry optimizations were carried out with the
aid of quantum chemical methods.

For the initial structures, three coordination modes were
assumed: (1) monodentate coordination of COO™, (2) bidentate
coordination of COO~ and (3) monodentate coordination of both
the COO™ and OH groups.

In the most stable isomer of CaLact (Fig. 5), the metal ion is
bound bidentately to Lac™ according to scenario (3). Interestingly,
the binding of the two functions is of similar strength: the Ca—O1A

Table 1

Chemical shifts of the different carbon nuclei of Lac™, CaLac* and CaLac3, calculated
from >C NMR measurements. Experimental conditions: I=4.0M (NaCl), T =
(25+1)°C.

Species Oc1 Oc2 Oc3

Lac™ 182.11 67.99 20.05
Calac* 182.56 +0.03 68.75+0.03 20.31+0.03
CaLac 181.70 + 0.09 68.63 + 0.09 20.56 +0.09

distance is 2.339 A, while the Ca—02 one is 2.423 A. Thus, a strong
five-membered chelate ring is formed with the 01A—C1—-C2—-02
dihedral angle being —3.355°. This result agrees with the coordi-
nation mode proposed from the potentiometric data: similarly to p-
gluconate [58] and p-heptagluconate [59], the a-OH group partic-
ipates in the coordination of Ca®* in addition to COO™.

Furthermore, the Ca®* ion is surrounded by all the five water
molecules with the Ca—OW distances ranging from 2.407 to
2.432 A. Thus, the coordination number of Ca®* is 7 and the coor-
dination geometry is that of a distorted pentagonal bipyramid.
Additionally, a hydrogen bond is formed between O1A and O1W
(2.077 A).

The total energy of the second complex is higher by 3.8 k] mol~.
The coordination motif is the same, the difference stems from the
somewhat different orientation of water molecules. When both
oxygens coordinate Ca®*, the energy increases by 8.9k mol~!
compared to the global minimum. The highest-energy structures
were those in which the COO~ act as a monodentate ligand
(AE =19.0k] mol~! at least).

3.2. Acid-base properties of Lac™ in highly alkaline solutions

The deprotonation constant of the alcoholic OH group of Lac™
taking place in highly alkaline medium is defined as

|LacH_+*7] [H*]

Ka = [Lac—]cO

(4)

Upon increasing the concentration of NaOH, the '>C NMR signals
of Lac™ shift significantly (Fig. 6) indicating deprotonation. The
measured d values were fitted with respect to [OH™ | by the PSE-
QUAD program. Since the proton exchange between LacH?7 and
Lac™ is fast on the >C NMR timescale, the following equation could
be used:

Orac-[Lac™] + ey > [LacH_1 2‘]
[Lac™]r

(5)

obs —

where Jqps is the observed chemical shift, i, and 8facy_1 are the
limiting chemical shifts of Lac™ and LacH?7, respectively. During
calculations, the ionic product of water, pKy,, was taken as 14.26
[60]. The thus obtained deprotonation constant, pKy, is 15.8 + 0.2,
which is similar to those determined for methanol and ethanol
(15.5 and 15.9, respectively [61]). The relatively large uncertainty
can be attributed to the low extent of deprotonation, reaching only
~10% even at [OH [r=4 M.

3.3. Complex formation between Ca®* and Lac™ in highly alkaline
medium

Since the acid dissociation constant of the OH group of Lac™ is
rather small (pK;=15.8), Hy/Pt potentiometry is unsuitable to
examine the complex formation between Lac™ and Ca®" in alkaline
medium because of the limited solubility of Ca(OH),(s). Thus, sol-
ubility measurements were chosen to study the Ca(ll) complexa-
tion of Lac™ in strongly alkaline solutions.

The maximum soluble Ca(ll) in solutions containing
[Lac”]r=0.50M and cnaoy = 0.14—2.64 M was measured by ICP-
OES. Fig. 7 clearly demonstrates that [Ca’*]; systematically de-
creases upon increasing [OH™ |1, which is expected considering the
decreasing solubility of portlandite. In the absence of any com-
plexing agents, conversely, log ([Ca®*]r) would be ca. —3.5at
[OH Jr=1-4M [62], whilst the present values are significantly
higher (ca. —2.85at [OH ]Jr=1M and -3.1at [OH [r=2.5M)
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Fig. 4. ESI-MS spectra of a solution containing [Lac™}; =0.10 M and [Ca®*];=0.05 M (positive ion mode), (a): CaLac™, (b): CaLac3.

Fig. 5. Structure of the CaLac™ complex (global minimum). The geometry optimization
was performed at the M11/def2-TZVP level, while the single-point energy calculation
was carried out at the DLPNO-CCSD(T)/def2-QZVP level. The solvent effects were taken
into account applying the CPCM solvation model. The dashed line indicates the
hydrogen bond between O1A and O1W.

corroborating the formation of Ca(Il)-Lac-OH mixed complex(es).
Such model calculations for the increase in solubility of Ca(Il) in the
presence and absence of Lac™ is demonstrated in Fig S1.

The measured log ([Ca®*]r/M) values were fitted as a function of
[OH™] with the aid of the OriginPro software package [63]. During
data evaluation, the formation constants of the following species
were held constant (given in brackets): LacH?7 (pK, = 15.6), CaLac™
(log K11 =0.99) and CaLacg (log B12=1.42); CaOH™ (log K11 =0.34)
and Ca(OH)3 (log $12=0.88) [62], as well as Ca(OH)s) (log
Ksp=—4.52) [62]. The ionic product of water was taken as
pKw = 14.26 [60]. The mathematical relationships applied during
data fitting are detailed in the Electronic Supporting Information
(ESI). The dotted lines in Fig. 7 show the calculated data if only
the CaLacOH? species is considered with log B111=1.7 0.1, where
6111 reads as

[CaLacOHO)c?

ﬁlﬁ,l,l = W (6)

The systematic and significant deviations between the observed
and calculated data (F = 0.078), however, suggest the formation of
at least one more species. By including the formation of the CaL-
ac(OH); species, the F fitting parameter could be lowered to 0.012
(solid line in Fig. 7). The corresponding formation constants are log
ﬂLU =1.35+0.09 and log 61.1,2 =1.43 +0.06, where ﬁm'z is

[CaLac(OH), ] c°?
[Ca2+][Lac~][OH~]

(7)

B112=

When only the formation of this 1:1:2 species is considered, F
increases to 0.053 (dashed line in Fig. 7) pointing to the simulta-
neous formation of these two complexes.

It is worth discussing that the log 611 and log (11,2 constants are
practically the same considering their error intervals. It has to be
noted that dividing eq. (6) by eq. (7) leads to the

[CaLac(OH), "]

B B2
[CaLacOHO] [OH"] ()

B

equation. Since (/81 =1.2, this equation clearly shows that none of
these species can be omitted at around [OH ]r ~ 1 M. This is in
complete agreement with Fig. 7.

By the distribution diagram presented in Fig. 8, both of these
species form in significant quantities. It is seen that above
[OH]r=1M, the CaLac(OH); complex becomes predominant. It is
also shown in Fig. 8 that under the same experimental conditions
(ie., [OH ]r=0.2—2.6 M) but in the absence of Lac™, calcium is
present almost exclusively as CaOH* and Ca(OH)3. Consequently,
both CaLacOH® and Calac(OH); most probably contain a Lac™
ligand coordinated to a CaOH* or a Ca(OH)3 unit. Furthermore, if
the ligand in these species was LacH?7 (i.e., the hydroxy group of
lactate was deprotonated), the formation constants would be ex-
pected to be significantly larger, as the alcoholate moiety is a
significantly stronger base, therefore stronger complexant, than the
hydroxy group. For instance, for p-gluconate, log 111 was found to
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Experimental conditions: [=40M (NaCl), T = (25+2)°C, [Lac"}y=0.50M,
[OH ]t =0.17-2.63 M. Dotted, dashed and solid lines represent the fitted data by
assuming the formation of only the CaLacOH® complex, only the CaLacOH™~ complex or
both species.

be 2.53 [60] as a token of ligand deprotonation.

The structure of the CaLacOH® complex was also studied via
quantum chemical computations. The three coordination motifs
applied for the Calac™ species were also used for the initial struc-
tures of the 1:1:1 complex. For each linkage isomer, further isomers
were constructed by deprotonating the water molecules one by one
as well as by assuming the deprotonation of the OH group.

It was found that the sevenfold coordination of Ca** was not
preferred in the most stable structures. That is, if the COO™~ coor-
dinated in a bidentate manner, it became monodentate or one
water was pulled away from the coordination sphere of Ca®* during

structure optimization. The same phenomenon occurred if both the
COO~ and the OH groups acted as binding sites. As a result, the
sixfold coordination of the metal ion is more favourable in the
deprotonated complexes.

The lowest-energy structure is depicted in Fig. 9. The COO™ acts
as a monodentate binding site leading to distorted octahedral ge-
ometry around Ca?*. Here, an equatorial water molecule which is
disposed trans to the O1A nucleus undergoes deprotonation and
the O1A—Ca—OH bond angle is 153.7°. The Ca—01A bond length is
2.494 A, being considerably higher compared to the CaLact com-
plex (2.339 A). In conclusion, the interaction between Ca** and the
COO™ moiety is significantly weakened by the Ca—OH bond which
is, in turn, much stronger (2.235A) than the one in the Calac*
species (2.423 A).

This structure has a complex network of hydrogen bonds
established between the 4 W water molecule and the OH™ ion
(1.647 A), the 1 W water and O1A (2.288 A), the O2W as well as the
03W water molecules and 01B (2.204 A and 2.221 A). Additionally,
an internal hydrogen bond is formed between the OH group of Lac™
and the O1B nucleus (1.965 A). The Ca—water distances were found
to be 2.408—2.497 A.

The next structure has the total energy higher by only
0.5 kj mol~'. The metal ion is coordinated in a bidentate manner by
COO~, whilst one water molecule seems to be outside the first
coordination sphere (2.568 A).

Having the OH group of Lac™ deprotonated, the structures
become less favourable: the energy of the most stable complex
with an alcoholate moiety is higher by 7.0 k] mol~! compared to the
global minimum. (Generally, it was found that the alcoholate group
abstracts a proton from a neighbouring solvent molecule during the
optimization procedure.)

In conclusion, during the course of the formation of the CalLa-
cOHC species, the deprotonation occurs on a coordinated water
molecule more likely than the OH group of the ligand. This
favourable ionization of the H,O molecules is supported by the
formation constant deduced from solubility measurements as well
as by the present quantum chemical computations.
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Fig. 8. Distribution of Ca(Il) among the various aqueous species in the absence of Lac™ (a) and in the presence of [Lac”|r = 0.50 M (b) as a function of [OH™] assuming heterogeneous

equilibrium with respect to Ca(OH),(s) (I=4 M (NaCl), T=25°C).

Fig. 9. Structure of the CaLacOH® complex (global minimum). The geometry optimi-
zation was performed at the M11/def2-TZVP level, while the single-point energy
calculation was carried out at the DLPNO-CCSD(T)/def2-QZVP level. The solvent effects
were taken into account applying the CPCM solvation model. The dashed lines indicate
the hydrogen bonds.

4. Conclusions

From Ca-ISE potentiometric measurements conducted in
neutral medium, Lac™ was found to form weak complexes with
calcium with 1:1 and 1:2 composition (i.e., CaLac™ and Calacd). The
formation of these complexes was confirmed by >C NMR spec-
troscopy and ESI-MS measurements. The structure of the CalLac™
complex was optimized by molecular modelling calculations, and
Lac™ was found to coordinate the Ca** ion bidentately, through one
carboxylate oxygen and the hydroxy group. The coordination
number around the metal ion was calculated to be seven.

The alkaline deprotonation of the alcoholic OH group of Lac™ has
been investigated by '3C NMR spectroscopy. Lac~ was found to be a
very weak acid, its proton dissociation constant was determined to
be pK, = 15.8 + 0.2, which is somewhere between that of methanol
and ethanol.

The complex formation between Ca®t and Lac™ in alkaline
medium was studied by solubility experiments and the formation
of the CaLacOH® and CaLac(OH); species was deduced. Since the

formation constant of these species is lower than that of complexes
in which the ligand contains an alcoholate moiety, furthermore,
under the experimental conditions applied, calcium is almost
exclusively present as CaOH™ and Ca(OH)$ aqueous species, it is
suggested that in these complexes the water molecule(s) coordi-
nated to the Ca®* ion deprotonate(s). This is supported by the ge-
ometry optimization of the CaLacOH® complex, ie., the lowest
energy structure was found to involve a Lac™ coordinating to the
Ca* ion by the carboxylate group in a monodentate manner, while
one water molecule coordinated to the metal ion was found to be
deprotonated.
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