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The small variations observed between the two complexes are
probably due to experimental uncertainties and variations in 7,
and outer-sphere contributions.

For Gd(HEDTA), R, at pH 10 is unchanged from those of pH
8 and 9, while the g value has decreased to 1. The possibilities
are as follows: (1) the concentration difference between Tb (10
mM) and Gd (0.2-5 mM) studies favors oligomerization in the
Tb case; (2) 7, increased on oligomerization, raising R, as g
decreased; (3) an oligomer formed that allowed several Gd(I1I)
ions to relax some or all of the protons simultaneously, resulting
in an effective increase in the magnetic moment experienced by
the protons. A separate study concluded that points 2 and 3 were
the most likely possibilities.??

The relaxivity of Gd(TTHA) decreases with increasing pH and
reaches a minimum value of 2.1 (mM s)~! at pH 8.0. This evi-
dence and the results from fluorescence water counting and energy

transfer indicate that Gd(III) is fully coordinated by the TTHA
ligand after pH 8.0 to form monomeric species. A plot of R, vs
g values for all complexes in monomeric forms gives a straight
line with an intercept of 2.2 £ 0.1 (mM s), a slope of 1.6 0.1
(mM s)! per water, and a correlation coefficient of 0.97 (Figure
5). The intercept value is very similar to the limiting relaxivity
value of Gd(TTHA)**, which represents the outer-sphere relaxivity
for GA(III) complexes of amino carboxylate ligands (without the
TTHA data, the intercept of the linear regression analysis was
2.2 £0.2). The value of the slope is the estimated contribution
of each inner-sphere water to R, for this series of simple mono-
nuclear Gd(III) amino carboxylate complexes.

It is noted that the luminescence temperature (27 °C) and
relaxivity temperature (40 °C) were different. However, variation
of temperature only changes the ¢ number and relaxivity to a small
extent. The overall linear relationship between g and R, still exists.
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The complexation between Er(111) and Nd(I111) with nitrate and perchlorate was studied by UV-vis spectroscopy. In water, no
complexes are detected between the lanthanide cations and perchlorate. The addition of methanol causes complexation only between
Er(I11) and perchlorate. Under the same conditions, the stoichiometries of the nitrate complexes in water are different for Nd(III)
and Er(111) compared to Eu(111). These differences continue as a function of solvent composition even at low water mole fractions
where Eu(I11) and Er(111) form complexes up to the tris complex, whereas Nd(I11) only forms complexes up to the bis complex.
Equilibrium constants and complexation thermodynamics are presented and used in discussing differences within the lanthanide

series.

Introduction

Because of the increased utility of lanthanide ions as spectro-
scopic probes in biological systems, more detailed knowledge of
the coordination behavior of these ions with simple counterions
is needed. It is commonly believed that the chemistry of the
lanthanide ions in solution is predominantly electrostatic in nature,
with the chemical and physical properties determined by size
differences within the series. In addition, there has been a
long-standing debate about whether or not a coordination number
change occurs within the lanthanide series.! Recent probes of
the structures and reactivities of the inner solvation shells of the
lanthanide cations have involved techniques such as FT-IR and
FT-NMR spectroscopy.>™

Ultrasonic relaxation investigations of the lanthanide nitrates
in water not only can measure the extent of the interaction within
the lanthanide series but also can separate the absorption into
contributions from both inner- and outer-sphere complexes.’
Repeating these measurements in aqueous methanol solutions has
provided even more insights into not only the interactions between
the lanthanide ion and the ligand but also the effect of solvent
upon the complexation process.® Evidence that the ultrasonic
data can predict some of the chemistry of the lanthanides in
aqueous methanol comes from an examination of the data for the
complexation between Er(III) and CI".7 Using the variation of
the relaxation frequency for inner-sphere complexation, we pre-
dicted that below a water mole fraction, X, of 0.07 the ErCl,*
species is formed. Hamze et al. investigated the corresponding
Nd(IIT) complex in 5% water by volume and found only the mono
complex with CI-8 However, at 0% water, both NdCI** and
NdCl,* were found. Although differences in the ultrasonic data
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were observed between Nd(III), Eu(ill), and Er(IiI) with nitrate,
in the absence of complete equilibrium studies it is impossible to
give a detailed explanation for the ultrasonic differences. Hence,
we initiated the equilibrium studies on lanthanide nitrate systems.

Complexation between lanthanide ions and nitrate in water has
been detected by techniques such as difference spectroscopy,’'©
UV-vis absorption spectroscopy,'!!? solvent extraction,'*""’ lu-
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minescence,'® and ultrasound.!”  Although differences in the
magnitudes of the equilibrium constants exist in water, considering
the variety of techniques, conditions and assumptions, the results
are all within a relatively narrow range. Only for Eu was there
a second complex found.

Fewer studies have been carried out in aqueous organic sol-
vents.3'? During the course of this investigation, Majdan and
Sadowski published a spectroscopic study in 90% methanol, finding
two complexes: Nd(MeOH),NO;** with K, = 3.6 and Nd-
{MeOH),(NO,),* with K, = 1. Details were not given about
the temperatures, extinction coefficients, or method of the data
fit.

Experimental Section

The lanthanide solutions were made and standardized from Er,0;
(Rhone-Poulenc) and Nd,O, (Molycorp). The Gilford Model 2600
UV-vis spectrometer was used as described previously.'? Because the
lanthanide absorption peaks are so sharp, it was critical to calibrate the
wavelengths daily by using the internal holmium filter. For each lan-
thanide system, difference spectra between the lanthanide perchlorate
solution and solutions that had the same lanthanide salt concentration
but also had added nitrate were first run in order to establish which
peaks, if any, responded to the addition of nitrate. Beer’s law plots were
carried out on the Er(ClO,); and the Nd(ClO,), solutions to investigate
its validity at each wavelength. For Nd(ClO,), at each temperature,
wavelength, and solvent composition, Beer’s law was valid, but deviations
from Beer’s law were found for Er(ClO,);. As more methanol was
added, the deviations occurred at lower Er(ClO,), concentrations, con-
sistent with increased complexation as the water content decreases. Since
Er(l11) forms a perchlorate complex, the determination of the nitrate
equilibrium constants is more complicated than in the case of Nd. Be-
cause no perchlorate complexation is detected for the Nd(ClO,), solu-
tions, mole ratio plots could be used to determine the ratio of nitrate to
metal in the complex, but this cannot work for the Er(Ill) case. The
wavelengths used for Er(ClO,); were 378.3, 379.3, and 380.3 nm, that
for Er(NO,); was 379.3 nm, and those for Nd(IIT) were 521.2, 521.7,
522.2,574.8,575.3, and 575.8 nm. The use of wavelengths at and near
the peaks improved the reliability of the data, especially since the peaks
were so sharp. The ionic strength was maintained at 3.0 M with per-
chlorate.

We use a PC program deveioped by Gaizer to determine the
extent of complexation and the equilibrium constants using multiple
wavelengths. Recently we have modified this program using the program
Quick Basic to make it more user friendly and to speed up the calculation
time. The program assumes the existence of one or more complexes of
the type M, L,, with the stability constants defined as

19-21

8 = M,L,]/IMJP[L)?

At each wavelength it is assumed that Beer’s law is valid for each
chemical species and that the absorbances are additive. At the wave-
lengths used in this study, neither perchlorate nor nitrate absorbed.
Although this program is most efficient when the free metal and the
complexes absorb at different wavelengths, it can be used for the lan-
thanides where all species absorb at the same wavelengths, but there is
a small difference in the extinction coefficients. To use this program, the
stability constants and the extinction coefficients for each species are
estimated and the program minimizes the square of the residuals, cal-
culating the best 3 values and extinction coefficients.

Results and Discussion

Mole ratio plots provide an estimate of the complex stoi-
chiometries, which are confirmed by using the Gaizer program,
which does not give good minimums if the incorrect species are
postulated to be present. Mole ratio plots, ultrasonics,?223 Be-
nesi-Hildebrand plots,?* and the Gaizer program all provide ev-
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Table I. Stability Constants for Nd(NO,), as a Function of Solvent
and Temperature at { = 3.0°

15°C 20°C 25°C 37°C

X =090

K, 1009£12 162313 206712 2886 £ 1.2
X =077

K, 2229+£12 2708%x12 343212 63.10 £ 1.2
X =0.60

K, 2317+£12 300912 459813 90.16 £ 1.2
X =0.36

Ky 2553£1.7 3928416 62341 166.7 £ 1.5

K, 733£14 649 £ 13 412 %1 209 £ 1.1
X =020

K, 272615 451213 724318 1763£15

K, 755£10 7.03 £ 1.1 507 £ 1.1 248 £ 1.5
X =0.04

K, 3172&£13 5485£20 831214 2109135

K, 8.13x 1.0 794 £ 1.0 556 £ 1.0 375+ 1.0

9X is the water mole fraction.

Table II. Stability Constants for Er(NO,), as a Function of Solvent and
Temperature at / = 3.0

15 °C 20 °C 25°C 37°C

X = 1.00%

K, 1259 £0.16 10.10 £ 0.14 8.65 % 0.14 6.63 £0.12
X =0.89

K, 1862 £ 2.52 15.85 £ 2.09 14.13 £ 1.81 11.20 £ 1.46

K, 2.04 £0.33 2.57 £0.32 3.02£ 042 3.98 £ 0.61
X =0.77

K, 51171183 4826 +12.63 46351108 4550+11.80

K, 2.09 £ 0.42 2.60 £ 0.53 3.02£0.58 3.98 £0.77
X =0.53

K, 5226 +£8.11 49.66 = 8.56 46.00 = 7.49 44.86 £ 9.15

K, 4.56 £ 0.81 498 £ 1.03 5.65+1.33 8.19 £ 1.81

X = 0.36 (with Cl1Oy")

K, 82221870 79.98 £9.83 79.43 £ 13.04 72.78 £ 15.05

K, 1334125 15.17 £ 2.03 18.16 £ 1.87 23.10 £ 0.89

K, 3.04 £0.42 2.79 £ 0.49 272 £0.32 244 £ 033
X =0.36

K, 8513+984 83.18 £ 12.13 8222 £1249 75.86 £ 14.36

K, 1346+ 1.53 15.49 £ 2.30 18.32 + 2.87 22,75 £ 4.77

K; 2.99 £0.38 2.69 £ 0.49 2.76 £ 0.48 2,42 £ 0.65

X = 0.13 (with CIOF)

K, 12503 %1681 118851598 110.15 1505 100.23 % 13.52
K, 28454343 35004473 4083 %559  50.00 £ 6.87

K, 18452171 13804 1.27 1227+ 1.40 7.87 £ 1.30

9 X is the water mole fraction.

idence for the existence of weak complexes between Er(I11) and
perchlorate in aqueous methanol and at a water mole fraction,
X,of 0.13 log 3; =2.39 £ 0.72 and log 8, = 2.23 £ 1.30 at 25
°C. At X = 0.20, two complexes are present, but only the log
(3, is estimated to be -4 £ 0.1. Above X = 0.20, the interaction
is minor and no complex exists in water.

In water, only Eu(III) forms both the 1:1 and 1:2 complexes
with nitrate. The addition of methanol increases the extent of
complexation for both Eu(I1I) and Er(IIT), where the ions form
the tris and bis complexes, respectively. At 80% methanol and
higher, Er(ITI) also forms the tris complex. In 93.8% methanol,
Nd(111) forms the bis complex. The Gaizer program is most
efficient when the metal ion remains constant and the ligand and
inert electrolyte are changed. This was impossible for the per-
chlorate study, but can be carried out when a metal-perchlorate
complex does not form. Because Er(ITI) complexes with per-
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Figure 1. Variation of the association constants in aqueous methanol at
25 °C. Key: (0) Eu(lID); (<) Er(III); (O) Nd(III).

chlorate, we used NaNQO; or KNO; as the inert electrolyte to
maintain the ionic strength. Using these methods allowed us to
calculate the equilibrium constants shown in Tables I and II.

In order to determine if the weak complex with perchlorate
would effect the calculation of the stronger nitrate complexes, we
repeated one set of Er measurements, using a perchlorate medium
and neglecting the effect of complexation, and these are listed in
Table II. At X = 0.36 and all four temperatures, the effect of
perchlorate complexation is negligible since all of the respective
equilibrium constants are each within experimental error of each
other in the presence or absence of perchlorate.

We repeated the Majdan and Sadowski'® conditions in 90%
methanol and calculated a best fit of the data using the Gaizer
program, followed by an alternate calculation using the Majdan
and Sadowski 8 values.'® The program was allowed to refine the
extinction coefficients and to minimize. The standard deviation
of the fit was better for our values of the two association constants.
Although this does not prove that our results are the correct ones,
it is consistent with that hypothesis.

The variations of equilibrium constants with solvent at 25° C
are shown in Figure 1. For all three systems, the equilibrium
constants increase in a regular fashion as the solvent dielectric
constant decreases, a feature not found in the ultrasonic absorption
studies where all three systems had a maximum in the sound
absorption with solvent composition, attributed to a coordination
number change accompanying complexation. Analyzing both the
equilibrium and ultrasonic data, it is possible to predict which
complexation step causes the coordination number change. For
Er(I1I), the ultrasonic maximum occurs about X = 0.4, which
is the solvent composition where the tris complex starts to appear;
hence, the addition of the third complex to the inner shell of Er(III)
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Figure 2. Complexation thermodynamics for the lanthanide nitrates as
a function of solvent. Key: (O) Eu 1:1 complex; (@) Eu 1:2 complex;
(®) Eu 1:3 complex; (O) Nd 1:1 complex; (@) Nd 1:2 complex; (a) Er
1:1 complex; (a) Er 1:2 complex; (@) Er 1:3 complex.

triggers a reduced coordination number change. For Nd(III),
the coordination change occurs as the bis complex forms. The
maximum for Eu(IIl) does not correspond to any change in
complex stoichiometry, and the coordination number change for
this cation occurs with all of the complexes.

Figures 2 shows the enthalpy and entropy of complexation for
all of the nitrate species. Within a small range, the results are
the same for all of the Er(III) and the second Eu(I1I) complexes,
but are clearly different for the first Eu(IIT) complex and all of
the Nd(III) ones. Earlier ultrasonic studies of the complexation
in water also show differences between Nd(III) and other lan-
thanides.>?* The major difference is in the extent of outer-sphere
complexes present for Nd(III), which are absent for the other
lanthanides. Hence, it should not be surprising that the results
are different for Nd(III) compared to the other lanthanides.
Although preliminary ultrasonic data for Eu(III) with nitrate has
been reported, no analysis of the relative amounts of inner versus
outer complexation was possible.?® Hence, we cannot explain
why the first complex for Eu(III) is also different from the others.

These equilibrium studies not only have demonstrated that,
under the same reaction conditions, different chemistries can occur
within the lanthanide series with a given ligand but also have
demonstrated that the extent of inner- versus outer-sphere com-
plexation also causes differences in the complexation thermody-
namics. Using these data, we have also come up with an expla-
nation of which complexes cause sufficient steric crowding in the
inner solvation shell leading to a reduced coordination number.
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