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Abstract — Complex formation of propionic acid with ions of rare-earth metals of the yttrium subgroup
(D,O, 5.0 M NaNQOy) in the absence and presence of diamagnetic Mg?* cations was studied by 1H NMR
spectroscopy in combination with mathematic simulation of complicated equilibria. Stability constants for
monopropionate complexes of rare-earth ions decrease when the rare-earth cation and Mg?* are present in the

system together.
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Complex formation of rare-earth metals with
monocarboxylic acids have been studied for many
years. Recently the interest in lanthanide monocar-
boxylates has mounted in view of the fact that com-
plexes of rare-earth metals with monocarboxylic acids
play a dominant role in geochemical migrations and
transformations of rare-earth metals [1-4].

It is assumed that the stoichiometry and types of
propionate complexes of rare-earth metals in agueous
solutions are well-understood [5, 6]. At the same time,
the stability constants of these complexes, determined
by different authors for equa ionic strengths and
compositions of background electrolyte, vary essen-
tially. For example, in [7-13], different stability
constants the same conditions are given. Severa
reasons can be responsible for this discrepancy.

First, complex formation models advanced a priory
are not subsequently statistically substantiated. For
example, Debert et al. [14, 15], in spite of the high
accuracy of pH-metry and attempts to make the most
account for interparticle interactions, neglected the
formation of triacetate complexes of rare-earth metals,
even though the ratio of the equilibrium concentra-
tions of acetate and rare-earth metal ions was some-
times no less than 60. Under such conditions the
accumulation of triacetate complexes of rare-earth
metals can be rather significant and their mole fraction
can exceed 60% [16].

Second, the acid dissociation constants of ligands
taken for a required ionic strength but determined at a
different composition of background electrolyte are
often used. For example, Partanen et a. found [17-19]
that the dissociation constants of acetic acid, deter-
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mined for its aqueous solutions with similar back-
ground electrolytes (NaCl, KCI, and LiCl), vary
considerably at equa ionic strengths.

Third, most authors neglect complex formation
with background electrolyte anions, even though the
accumulated fraction of such complexes is obviously
significant. In this connection illustrative are the
results of Wood et a. [20] whose proved that
adequate formation functlons and thermodynamic
stability constants of Nd** acetate complexes |n
agueous solutions of NaCl (0.1 mol kg 1 can only
obtained if the formation of NdCI“* and NdCI2+
complexes is taken into account.

Fourth, specific interparticle interactions and effect
of ionic strength on the stability constants of com-
plexes are accounted for in terms of different models,
namely, those of Pitzer [21], Broensted-Guggenheim-—
Scatchard [22], Debye-Huckel and Gosh-Bjerrum
[23, 24], Bromley [25], and Helgeson [26].

In the last few years, high-resolution NMR spec-
troscopy on various nuclei [27] has found expanding
application as an alternative to the classical potentio-
metry for determination of ionic equilibrium constants.
At the same time, the commonly accepted NMR prac-
tice involves a number of serious methodical draw-
backs: No information on the effect of ionic strength,
composition of electrolyte, internal standards, and
contents of uncontrollable amounts D,O in samples
on chemical shifts is available. A variety of experi-
mental conditions, the absence of unified procedures
and recommendations not infrequently result in con-
Siderable scatter in measured constants. In this con-
nection critical analysis of the modern practice of
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application of NMR spectroscopy to ionic equilibria,
development of an NMR titration method and general
recommendations are of doubtless interest. The
urgency of this problem has been recognized by
IUPAC, under which a special project no. 2001-038-
2-500 has been developed [28].

Note that systems containing simultaneously
paramagnetic rare-earth metal atoms and diamagnetic
salts are topical to study, since magnetic resonance
experiments involving simple and complex com-
pounds of rear-earth metals as selective shifting and
relaxation reagents are carried out in practice in bio-
logical media and agqueous and aqueous-organic solu-
tions in the presence of diamagnetic salts as com-
ponents of media under study. Furthermore, at present
there is no unambiguous theory alowing for predict-
ing the direction and values of changes in magnetic
resonance parameters (paramagnetic chemical shift in
NMR spectra, relaxation time, and width of ESR
lines) in such systems.

Buikliskii et al. found [29, 30] that observable
paramagnetic shifts in NMR spectra change with
changing concentration of diamagnetic salts (back-
ground electrolytes). So far this effect was not ex-
plained appropriately though an attempt was under-
taken [31, 32] to explain the fact that observable
paramagnetic shifts in *H NMR spectra change with
the concentration of diamagnetic salts by changes in
the activity coefficients of reacting ions.

Note that thermodynamically most rigorous
theories of interparticle interactions of Pitzer,
Breonsted-Guggenheim-Scatchard, Bromley, and
Helgeson are practically impossible to apply for
treatment of *H NMR data, because the parametric
coefficients of the corresponding eguations have been
tabulated not for all simple ions in aqueous solutions,
whereas for solutions in heavy water they are com-
pletely absent from the literature. Noteworthy is also
the fact that most authors take no account of changes
in acid-base equilibria involving ligand when passing
from aqueous solutions to solutions in D,O, though
the need in it was repeatedly pointed out [33, 34].

It is also necessary to note that taking account of
the influence of ionic strength and composition of
background electrolyte on the complex formation
constants and magnetic resonance parameters, deter-
mined by NMR, makes the greatest difficulty in
attempts of adequate application of high-resolution
NMR for studying weak complex formation. Back-
ground electrolytes with concentrations higher than
2 M are scarcely used in potentiometry or spectro-
photometry and are commonly used in high-resolution
NMR.

We have studied rare-earth metal chloride-propio-
nic acid-MgCl, systems by H NMR spectroscopy
and attempted to take the most account of interparticle
specific interactions and competitive complex forma-
tion when calculating stability constants for pro-
pionate complexes of rare-earth metals. As the dis-
sociation constant of propionic acid in D,O on NaNO4
background is absent from the literature, we prelimi-
narily determined this constant in a 5.0 M NaNOg
solution in D,O, as well as the chemical shifts of
protonated 6,,, and deprotonated 6, forms for o and
B protons of propionic acid. Corrections for the
deuteration effect were calculated by formula (1).

pD = pH + X D

Various X values are used in Eq. (1): 0.40 [33-40]),
0.38 [41], and 0.50 [42]. We took X 0.40, since it is
used in the overwhelming majority of works.

Equation (1) reflects the isotope effect of deuterium
on the ionization constants of protolytes. For example,
for acetic acid the pK vaue of 5.14 was found by
NMR spectroscopy in heavy water at 20°C and ionic
strength | = 0 [43]. Comparison of this value with AH
0.41 kI mol™ and pK 4.756, recommended by IUPAC
for the dissociation of acetic acid at zero ionic
strength in usual water, gives the isotope coefficient
X of 0.384. This value is close to the correction coef-
ficient of 0.38 for the dissociation of alcohol and
water hydroxy groups [41]. For various classes of
organic compounds the coefficient reflecting the iso-
tope effect spans the range 0.38-0.64 [44].

The isotope effect of deuteration on the stability
constants of complexes can be estimated. Direct cor-
relation (2) between logK for Sm®" and Eu** mono-
and dicarboxylates and the acid dissociation constant
of the ligand has been found in [45-47].

logK = 0.512(+0.008)pK . )

As the isotope effect of solvent deuteration in-
creases pK, (for example, by ~0.4 for acetic acid), the
corresponding stability constants (logK) of rare-earth
metal acetates in heavy water will be overestimated
by ~0.21-0.22 units.

Assuming that the observed chemical shifts are ad-
ditive and correlate with pD (Fig. 1) and using the
CPESSR (Complex Formation Parameters of Equilibria
in Solution with Solid Phases) program complex for
simulating complicated equilibria [48], we found
chemical shifts and dissociation constants for pro-
pionic acid independently for the o and B protons:
() 2.19, 3 (o) 1.95, pK (o) 5.08+0.01; 5, (B)
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Table 1. Paramagnetic shifts of p-proton signals of propionic acid in H NMR spectra, induced by rare-earth metal ions,

ppm

n Dy>* |Dy3* + Mg | Er¥*  |Er* + Mg?t | YBP YR+ Mg? | Tm® |Tm® + Mg
0 -0.16 - -0.17 - -0.17 - -0.16 -
0.05 0.81 0.55 -0.31 -0.16 -0.31 -0.16 -0.34 -0.17
0.10 1.75 1.14 -0.45 -0.25 ~0.46 -0.25 -0.51 -0.27
0.50 8.50 5.32 -1.45 -0.89 ~1.48 -0.91 ~1.74 -0.98
0.60 9.93 6.22 ~1.66 ~1.02 -1.71 ~1.05 ~2.00 ~1.14
1.00 | 1456 9.32 -2.35 ~1.49 —2.42 ~1.53 —2.86 -1.68
1.20 | 16.27 10.59 —2.61 ~1.69 —2.68 ~1.72 -3.20 ~1.92
150 | 18.24 12.25 —2.91 ~1.94 -2.98 -1.98 -3.61 -2.23
2.00 | 2042 14.42 -3.25 —2.26 -3.31 —2.31 —4.11 ~2.66
250 | 21.77 16.06 ~3.46 —251 ~3.52 ~2.56 —4.44 -3.00
3.00 | 2266 17.32 -3.60 —2.70 -3.65 —2.75 ~4.68 -3.27

0.85, 5, (B) 0.78, pK,(B) 5.09£0.01. Further we used
the average pK, value of 5.085:+0.020.

With the resulting chemical shifts of the protonated
and deprotonated forms of the acid and the dissocia-
tion constants, we calculated the complex formation
constants and limiting paramagnetic shifts of acid
protons for rare-earth metal ion—propionic acid-dia-

magnetic salt systems, based on *H NMR data [5 =
f(u), where p is the rare-earth metal ion-to-acid
concentration ratio (Table 1)). Note that Dy>* induced
downfield paramagnetlc shlfts in IH NMR spectra
into, whereas Er¥*, Tm®", and Yb®*", upfield.

The stability constants of complexes of rare-earth
metal ions with proplonate ions LnProp (2:1) and
LnProp2 (1: 2) (Prop™ is propionate ion) and nltrate
ions LnNO3 [49], monochloride complexes LnCI?*
[50, 51], and magnesium propionate complexes
MgProp” (1:1) [52] were included in the equilibrium
stoichiometry matrix for the CPESSP program com-
plex. The stablllty constants of the co Jol
MgProp,, MgNO3 , MgCI™ [52-54], Ln(NO,)~" [49,
50], LnCl3 [50, 51], LnProp; [5-7], and NaProp [52]
were not included in the equilibrium stoichiometry
matrices because of the extremely low stability of
these complexes.

It should be noted that the published non-varied
stability constants of complexes, included in the
equilibrium stoichiometry matrix, as well as those of
neglected complex forms were preliminarily extra-
polated to the experimental ionic strength created by
the background electrolyte NaNO;, using JESS (Joint
Expert Speciation System) [55-57].

The calculations showed that the stability constants
of the rare-earth metal monopropinate complexes, es-
timated on the basis of induced chemical shifts of «
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protons of propionic acid are severa times less ac-
curate than those estimated on the basis of induced
chemical shifts of B protons, probably, because the
a-proton signals are significantly broaden with in-
creasing concentration of the paramagnetic rare-earth
metal ion. Therefore, in what follows we consider the
calculation results obtained from the dependence of
the chemical shifts of propionic B protons on the
rare-earth metal ion-to-acid concentration ratio
(Table 1).

The calculated constants and limiting paramagnetic
shifts are given in Tables 2 and 3. For comparison,
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Fig. 1. Plots of the observed chemical shifts of the
(a) a- and (b) p-proton signals of propionic acid (against
tert-butanol methyl proton signals) vs. pD.

No. 6 2006
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Table 2. Logarithms of the stability constants of the propionate complexes in the LnCl;—Hprop-MgCl, system (5.0 M
NaNO;, 298 K)
LnCl; + HProp + NaNO; + MgCl,
LnCl; + HProp + NaNOg LnCl3 + HProp + NaNO3 + MgCl, (account for LnCi2")
ion logK, logK, ion logK, logK,, ion logK, logK,,
DyProp?* | 3.64+0.02 | 3.51+0.02 | DyProp®* | 3.51+0.02 | 3.38+0.02 | DyProp®* 3.46+0.02 3.33+0.02
DyProp; | 2.58+0.07 | 2.45+0.07 | DyProps - - DyProps; - -
MgProp* 2.37+0.02 | 2.24+0.02 | MgProp* 2.31+0.02 2.18+0.02
ErProp?* | 3.81+0.03 | 3.68+0.03 | ErProp®* 3.69+0.02 | 3.56+0.02 | ErProp?* 3.66+0.02 3.53+£0.02
ErProp; | 2.71+0.09 | 2.58+0.09 | ErProp; - - ErProp; - -
MgProp* 2.31+0.03 | 2.18+0.03 | MgProp* 2.28+0.03 2.15+0.03
TmProp?* | 351+0.03 | 3.38+0.03 | TmProp?* | 3.40+0.02 | 3.27+0.02 | TmProp®* 3.38+0.02 3.25+0.02
TmProp; | 2.47+0.07 | 2.34+0.07 | TmProp3 - - TmProp; - -
MgProp+ | 2.34+£0.03 | 2.21+0.03 | MgProp+ 2.30£0.02 2.17+0.02
YbProp?* | 357+0.03 | 3.44+0.03 | YbProp?* | 3.41+0.02 | 3.28+0.02 | YbProp?* 3.40£0.02 3.27+0.02
YbProp; | 2.61+0.11| 2.48+0.11 | YbProp; - - Y bProp3 - -
MgProp* 2.38+0.03 | 2.25+0.03 | MgProp* 2.35+0.02 2.22+0.02

Table 3. Limiting paramagnetic shifts of B protons of

the propionate complexes of rare-earth metal ions,
ppm mol !
LnCl, + HProp +
| LnCls + 1\ hc1, + HProp |NaNO; + MgCl,
on HProp +
NaNO NaNO5; + MgCl, | (account for
3 LnCI%%)

DyProp®* | 554 570 520
DyProp?* | 900 - -
ErProp®* -80 -82 -75
ErProp?* | -600 - -
TmProp?*| -101 -108 -93
TmProp?*| -890 - -
YbProp?t | -82 -89 -76
YbProp?* | -500 - -

we aso included in Table 2 complex formation
constants for the case that the LnCI?>* complexes are
included in the equilibrium stoichiometry matrices.
The constants for dipropionate complexes are less
accurate than those for monocarboxylate complexes
because of the low accumulation degree of the former
complexes. However, these values were included in
the equilibrium stoichiometry matrices, since the
statistic criteria of convergence of the calculations
(CPESSP) were considerably improved. We failed to
obtain reliable complex formation constants for 1:2
rare-earth metal propionate complexes when proces-
sing data for systems containing Mg?* ions, as their
accumulation degree of these conditions was low

because of the competitive effect of Mg®* ions. The
error in the limiting paramagnetic shifts did not
exceed 5%.

Table 2 aso lists the logarithms of the stability
constants K, reduced by Eq. (3) to the molal scae
[58].

logK,, = logKg + Zvlogp. (3)

Here K is the stability constant on the molar scale;
Zv, sum of the stoichiometric coefficients of the reac-
tion; p, molarity—-molality conversion factor equal to
1.3609 for a5 M NaNO; solution in heavy water and
calculated from the density data for NaNO; solutions
in heavy water [59].

Table 3 aso lists the limiting paramagnetic shifts
for the systems, calculated with account for the
LnCl5; complexes.

It is seen from the distribution diagrams (Figs. 2-4)
that the fraction of accumulated chloride and nitrate
complexes of rare-earth metals at the used concentra-
tion of diamagnetic salts is significant. Therefore, the
inclusion of nitrate and chloride ions as basic particles
in the equilibrium stoichiometry matrices was justified
and essentially improved the statistic convergence
criteria of CPESSP calculations. The dipropionate
complex forms of rare-earth metal ions are not pre-
sented in the diagrams, as the mole fraction o of their
accumulation did not exceed 3-4%.

The logarithms of the calculated stability constants
of monocarboxylale complexes of certain investigated

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol.76 No.6 2006
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Fig. 2. Distribution of complex forms in the HProp* +
DyCl; + NaNO3 system as a function of p. (1) HProp,
(2) Prop~, (3) Dy%*, (4) DyProp?*, (5) DyNOz?*.

o
0.8

06,

0.4

0.2

9
o0 o o 4 Y Y o2

0 05 10 15 20 25 30
o

Fig. 4. Distribution of complex forms in the HProp* +
DyCl; + MgCl, + NaNOg system (with account for
DyCl?") as a function of p. (1) HProp, (2) Prop-,
(3) Dy**, (4) DyProp®*, (5) DyNOz*", (6) MgProp*,
and (7) DyCI?*.

rare-earth metals in the LnCl;—propionic acid and
LnCl;—propionic acid-MgCl, systems are given in
Fig. 5. Inclusion of chloride complexes of rare-earth
metals results in different values (Figs. 5, 2, and 3) of
the calculated stability constants.

The resuling data show that the formation con-
stants of 1:1 complexes of rare-earth metals with
propionic acid decrease by 30-65% on introduction of
MgCl, in the LnCl;—propionic acid system. Pre-
viously we revealed the tendency of the stability
constants of rare-earth metal complexes to decrease in
the presence of Mg?* and Ca&* sdts [60-63].
However, in these works we took no account of com-
plex formation with background electrolyte anions,
and the above effect was less significant than in the
present work.

Hence, adequate description of equilibria and cal-
culation of reliable complex formation parameters
based on NMR experiments with high concentrations

* * 2
0 0.5 1.0 15 20 25 30

Fig. 3. Distribution of complex forms in the system
HProp* + DyClg + MgCl, + NaNO5 as a function of .
() HProp, (2) Prop~, (3) Dy>*, (4) DyProp™,
(5) DyNOg?*, and (6) MgProp*.
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Fig. 5. Values of logKg, for monopropinate complexes of
the rare-earth metal series. (1) LnCl + HProp* NaNOg,
(2) LnCl3 + HProp* NaNO3 + MgCl,, (3) LnCly +
HProp™ + NaNO3 + MgCl, (with account for LnClI3).

of background electrolyte are only possible if particle
interactions are taken into account as thoroughly as
possible.

In our opinion, the decreasing stability constants
and changes in the induced limiting paramagnetic
shifts of carboxylate complexes of rare-earth metals
at the simultaneous presence of Mg®" ions can be
explained by several reasons.

(1) Decrease of the entropy component and in-
crease of the endothermic effect of desolvation of
agua ions of rare-earth metals and ligands and coordi-
nation of ligands in the coordination sphere of rare-
earth metal ions [45, 64-66]. This is caused by the
fact that magnesium ions enhance structural ordering
of liquid water [67, 68].

(2) Decrease of the water activity upon complex
formation in agueous solution [Eg. (4)], caused by
Mg®* ions.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol.76 No.6 2006
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Ln(H,0)%" + iL(H,0),

& [Ln(HO)nLi(HO)rd®> + (0 + MH0. (4)
Heren, m=1-6[45],k=8[69],i=1-2,Lis
Prop™.

The equilibrium (4) constant takes form (5).

_ {[Ln(H20)-nLi(H20)ix-ml* '} 2™ " (H20)
alLn(H;0)2"]a'[ L(H,0)x] - ©

(3) Complex formation of f metals in aqueous
solutions with the majority of inorganic and simple
organic ligands is commonly described by the Eigen-
Tamm-Wilkinson mechanism [45, 70] in terms of
equilibrium reactions (6).

k1o k.
Lng +Lng e — Ln3+ +Lnlg :332 [Ln3*(H20)L™ oy

_) (3—n)+
(? LnL o (6)
The first stage is diffusion-controlled formation of
a solvent-separated ion pair LnaqLQa, the following
stage is formation of an outer-sphere complex

[Ln**(H,O)L™],, which then forms an intra-sphere
complex LnL(&aq)

Since the induced limiting paramagnetic shifts of
carboxylate complexes of rare-earth metals decrease
in the presence of Mg®" ions, and the coordination
structures of carboxylale complexes of rare-earth
metals are unllkely to differ from each other in the
presence and in the absence of Mg?* ions, the dif-
ference in the stability constants of the complexes can
be caused by increased life time of water molecules
in the coordi natron sphere of the paramagnetic aqua
ion. The Mg®" ion is known [67, 68] to strengthen
considerably the structure of liquid water, limiting the
trandation mobility of water molecules and hydrated
ions, which decreases the corresponding self-diffusion
coefficients [71]. As a result, the rate constants kj,
and ky, of the first and the third stages of reaction (6)
can decrease. Decreased k;, and kg, can decrease the
corresponding stability constants of rare-earth car-
boxylate complexes [45], whereas decreased kj, can
be responsible for decreased induced limiting para-
magnetic shifts of such complexes.

Thus, we have studied complex formation of pro-
pionic acid with yttrium-group rare-earth metal ions
in aqueous sol ut| ons in the absence and presence of
diamagnetic Mg?* cations at a high concentration of
background electrolyte, using *H NMR spectroscopy
in combination with mathematical simulation. The

necessity of accounting for complex formation of
paramagnetic cations with anions of diamagnetic salt
and background electrolyte, as well as for changes in
acid-base equilibria of ligand at a high concentration
of background electrolyte in D,O solutions has been
demonstrated.

EXPERIMENTAL

The H NMR spectra were obtained on a Tesla
BS-587A spectrometer at 80 MHz. The chemical
shifts were measured accurate to 0.02 ppm against the

%/I signal of tert-butanol used as internal reference.
The H NMR spectra of propionic acid were analyzed
in terms of a weakly bound AjX, spin system. The
paramagnetrc chemrcal shifts induced by rare-earth
metal ions in the *H NMR spectrum of propionic acid
were fixed as centers of spin multiplets of the cor-
responding protons, because paramagnetic additives
of rare-earth metal ions caused a noticeable signal
broadening.

The pH values were measured on a Beckman Mo-
del-4500 digital pH-meter in a temperature-controlled
cell at 25°C using aVolta-pH-3002 combined electrode
(St. Petersburg State University, Potential Production
Association) with an accuracy of £0.01 pH units. The
electrode was calibrated in agueous solutions by titra-
tion of a solution of HCI with a solution of NaOH
[72, 73]. The glass electrode was calibrated using the
GLEE program [74].

Chemical grade crysta hydrates of rare-earth
metals chloridesLnCl; (Ln = Dy, Er, Tm, Yb), MgCl,,
and tert-butanol were used. Chemical grade propionic
acid was doubly distilled over freshly calcined Na&,SO,
as a dehydrating agent. The water content of the acid
was controlled by potentiometric titration and refrac-
tometry.

The concentration of LnCl; and MgCl, solutions
in D,O (99.8%, Sigma) was determined by com-
plexometry with sodium ethylenediamine tetraacetate.
The concentrations used were 0.0025-0.1500 for
LnCl;, 0.25 for MgCl,, and 0.05 M for propionic acid.
The solutions were prepared a a constant ionic
strength of 5.0 M created by chemical grade NaNOs.
In H NMR experiments, the solutions were thermo-
stated with an accuracy of +0.05°.

The dissociation constant of propionic acid in
heavy water was measured by NMR titration by
adding microamounts of concentrated solutions of
DCI (Sigma) or NaOD (Sigma) free of CO,. In the
NMR titration of the ar:rd solution in the presence or
in the absence of Mg?* ions with paramagnetic rare-
earth metal ions, the pH values of the solutions was

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol.76 No.6 2006
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maintained constant (pH 4.00) with deuterated acid
and alkali solutions. Paramagnetic ions were taken in
excess to provide prevalence of 1:1 complexes in the
NMR titration.
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