Lawrence Berkeley National Laboratory
Lawrence Berkeley National Laboratory

Title
Complexation of Lanthanides with Nitrate at Variable Temperatures: Thermodynamics and
Coordination Modes

Permalink

https://escholarship.org/uc/item/84b9v8gt

Author
Rao, Linfeng

Publication Date
2009-07-20

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/84b9v8qt
https://escholarship.org
http://www.cdlib.org/

Complexation of L anthanideswith Nitrate at Variable
Temperatures: Thermodynamics and Coordination Modes

Linfeng Rao and Guoxin Tian
Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U. S. A.

Abstract

Complexation of neodymium(lll) with nitrate was studied at \@eidemperatures
(25, 40, 55 and 70°C) by spectrophotometry and microcalorimetry. The &KHNO
complex is weak and becomes slightly stronger as the temperatimereased. The
enthalpy of complexation at 25°C was determined by microcaltgin@ be small and
positive, (1.5t 0.2) kJ-mot, in good agreement with the trend of the stability constant at
variable temperatures. Luminescence emission spectra and difefif@u(lll) in nitrate
solutions suggest that inner-sphere and bidentate complexes form rbetwvedent
lanthanides (N& and Ed") and nitrate in aqueous solutions. Specific lon Interaction
approach (SIT) was used to obtain the stability constants ofhfdNt infinite dilution

and variable temperatures.
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1 Introduction

Although a considerable number of stability constants of lanthanide anmddac
complexes with inorganic and organic ligands have been pubfistned coordination
chemistry of lanthanides and actinides remains an active ardraiay subject of study

at both fundamental and applied levels. At the fundamental level, raapgcts
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concerning the nature of complexes, including the hydration number, cdandina
modes, and the nature of bonding (e.g., inner-sphereuter-sphere), are not fully
understood. At the applied level, recent activities in the environmental nemagt of
nuclear wastes have stimulated significant interest in thedic@dion chemistry of
lanthanides and actinides in complicated matrices and under condiél@vant to
nuclear wastes. For example, because the temperature of theveghtclear wastes in
storage tanks and in the geological repository could be signifjcaigher than the
ambient temperature, thermodynamic data on the complexation dfatedés and
actinides at elevated temperatures are needed in order to pieelidiehavior of
lanthanides and actinides in waste processing or disposal. Curréetlyndjority of
thermodynamic data for lanthanides and actinides are deterrained near 2%C.
Stability constants at elevated temperatures are very scd&gen for 25C,
thermodynamic parameters other than stability constants, e.g.lpgndh@omplexation,
are rarely availabl&®*>

It is known that nitrate is a weak complexant for metabaoatin aqueous solutions.
However, it is present in high concentrations in the process of spelgandael
reprocessing as well as in nuclear wastes. As a result, catiple with nitrate could
alter the speciation and affect the chemical behavior of lantlsaai# actinides in the
reprocessing processes. Besides, concentrated nitrate is ofteasusded“background”
electrolyte in complexation studies. Consequently, correction foraimplexation with
nitrate must be made in order to calculate the stability cosstamd/or enthalpy of
lanthanide and actinide complexes with other ligands. Therefore, dtgnamic

parameters of lanthanide and actinide nitrate complexes should be Kngvarticular,



stability constants at elevated temperatures and the enthatmmpiexation should be
determined since spent fuel reprocessing and waste treasreentsually operated at
elevated temperatures.

There have been a number of stulif@sto determine the stability constants of
lanthanide(lll) complexes with nitrate in aqueous solutions, butweve conducted at
temperatures higher than®5and the data at 25 are scattered. Furthermore, the nature
of the nitrate complex (e.g., outer- or inner-sphere) and the oatimh mode (e.g.,
mono- or bi-dentate) are still open for discussion. In this work, we Hatermined the
stability constant of the 1:1 Nd(lIl)/nitrate complex, NdiQat temperatures from 25 to
70°C by spectrophotometry and the enthalpy of complexation at 25°C by
microcalorimetry. Besides, using Eu(lll) as a chemical@nab Nd(lll), luminescence
emission spectra and lifetime of Eu(lll) in nitrate solutionsenstudied to help probe the
coordination mode of nitrate in the Nd(lll)/nitrate complex, and kmtte(lll)/nitrate

complexes in general.

2 Experimental

2.1 Chemicals

All chemicals were reagent grade or higher. Milli-Q wates used in preparations of all
solutions. Stock solutions of Nd(lIl) perchlorate or Eu(lll) perchioraere prepared by
dissolving NdO3z; or EypOs in perchloric acid (70%, Aldrich). The concentrations of
lanthanides and perchloric acid in the stock solutions were deterrbyed@DTA
complexometry: and Gran’s titratio? respectively. A stock solution of sodium nitrate

was prepared by dissolving appropriate amounts of sodium nitradeisohater. The



ionic strength of all working solutions was adjusted to 1.0 mé?-dil"a(CIO4/NO3) at

25°C. All the molar concentrations in this paper are referred 16.25

2.2 Spectrophotometric titrations at variable temperatures

Absorption spectra of Nd(lll) (550 - 600 nm, 0.1 nm interval) wereectdd on a Varian
Cary-5G spectrophotometer equipped with sample holders that werdamead at

constant temperatures. 10 mm quartz cells were used. Detdliie ekperimental setup
were provided elsewhef@Multiple titrations with different concentrations of Nd(lll)

were performed. The initial concentrations of Nd(lll) in the cednged from 0.08 to

0.10 mol-drﬁ?’. In each titration, appropriate aliquots of the titrant (1.00 mésf-ldaNQa,)
were added into the cell and mixed thoroughly (for 1 - 2 minutes) éodifer spectrum
was collected. The mixing time was found to be sufficiently fmmghe complexation to
complete. Usually 10 - 15 additions were made, generating @ 4€t - 15 spectra in
each titration. The stability constant of the Nd(lll)/nitradenplex (on the molarity scale)
was calculated by non-linear least-square regression using the Hyperquath3fogr

2.3 Microcalorimetry

Calorimetric titrations were conducted with an isothermal oc@lorimeter (Model ITC
4200, Calorimetry Sciences Corp.) af@5Procedures and results of the calibration of
the calorimeter were provided elsewhg&te.

To maximize the formation of the Nd(lll)-nitrate complex, thgations were
conducted with 0.900 mL 1.0 mol-dhMNaNQ; in the cell, titrated with solutions of
Nd(CIO,)s. Both the cell and titrant solutions contain 0.001 mofddCIO,. Multiple
titrations with different concentrations of Nd(C)@(0.0375, 0.050 and 0.075 mol-dm

were performed to reduce the uncertainty of the results. In @atyigration,n additions



of the titrant were made (usualty= 40 — 50), resulting im experimental values of the
total heat generated in the reaction c8l(, j = 1 ton). These values were corrected for
the heats of dilution of the titranQg;) that were determined in separate runs. The net
reaction heat at theth point Q;;) was obtained from the differend®;; = Qex; - Qui,-
The value ofQ;; is a function of the concentrations of the reactadig, C1 andChitrate),

the equilibrium constants and the enthalpies of the reactions thatestauthe titration.

A least-square minimization program, Letagfopvas used to calculate the enthalpy of
complexation of Nd(lll) with nitrate.

2.4 L uminescence spectr oscopy

Luminescence emission spectra and lifetime of Eu(lll) in aqusoluions ([Eu(lll)] =
0.0202 mol-drf, [nitrate] = 0 — 0.90 mol-dif) were acquired on a HORIBA Jobin Yvon
IBH FluoroLog-3 fluorometer adapted for time-resolved measuremé&ft mm quartz
cells were used. A sub-microsecond Xenon flash lamp (Jobin Yvon, 50pWésFthe
light source and coupled to a double grating excitation monochromatmpéatral
selection. The input pulse energy (100 nF discharge capacitancagbwatis50 mJ and
the optical pulse duration was less than 300 ns at fwhm. A therhasdédy cooled
single photon detection module (HORIBA Jobin Yvon IBH, TBX-04-D) that
incorporates a fast risetime PMT, a wide bandwidth preampliied a picosecond
constant fraction discriminator was used as the detector. Sigratsacquired using an
IBH Data Station Hub and data were analyzed using the comnheavalilable DAS 6
decay analysis software package from HORIBA Jobin Yvon IBH. Tdwmgess of fit

was assessed by minimizing the reduced functjgn,and visually inspecting the



weighted residuals. Each trace contained at least 10,000 points, argdhed lifetime

values resulted from at least three independent measurements.

3 Results

3.1 Stability constants of NdNO3?* at variable temper atures

Figure 1 shows the absorption spectra of two representatitetigat 25 and 7C. The
absorption band around 575 nm corresponds to the hypersefisjtive> *Gsp, °Grp
transition of Nd(Ill) that is sensitive to the coordination environth&*® At each
temperature, th8lg, — “Gsy, °Gyy» transition was slightly intensified and red-shifted as
the concentration of nitrate was increased. Factor analysikebidyperquad program
indicated that there are two absorbing species of Nd(llI)tladpectra were best-fitted
with the formation of NdNGF,

Nd®*" + NOs" = NdNO:** (1)
Deconvoluted spectra of Ridand NdNGQ?* at 25 and 7 are shown in the lower part
of Fig.1. The spectra at 40 and’65are not shown, but the trends in the spectra features
are similar at each temperature.

The formation constants of NdN® at 25, 40, 55 and 70 were calculated and
listed in Table 1. Other values at different ionic strengti20at 25C from the literature
are also listed for comparison. The uncertainties ofKlggn the table are “composite”
values obtained by taking into consideration the statistic deviatiomaultiple titrations
at each temperature and are about two times larger than the standardrievatulated
by Hyperquad. The latter are usually quite small (x0.01 or smhadled probably
unrealistic. Data in Table 1 indicate that the complexation ofINaith nitrate is quite

weak. However, a clear trend is shown that the complexation haneed as the



temperature is increased. The linearity of the van't Hoff glog K vs 1/T, Fig. 2)
suggests that the enthalpy of complexation can be assumed congtentemperature
range (25 — 7). From the slop of the linear fit (weighted by the uncerestithe
enthalpy of complexation for the temperature range was caldulatde (2.1+ 0.5)
kJ-mol™.

To allow the comparison of stability constants at different tatpres, the
constants in molar units should be corrected to obtain those i amite®* However,
the correction was smaller than or at most comparable to thetaintes of the
experimental values of lggky (NANO:*"). Therefore, we have elected to assume
l0g10Km = [0g10Km in this work.

3.2 Direct determination of enthalpy of complexation at 25°C by calorimetry

Figure 3 shows the data from calorimetric titrations, in ftiven of the accumulated
reaction heat as a function of the volume of the titrant. Resttlks three titrants of
different concentrations of Nd(CKR (0.0365, 0.050 and 0.075 mol-djrare shown.
Using these data in conjunction with the stability constant obtaitgd
spectrophotometry, the enthalpy of complexation (eq.1) was calcutatesl (1.5+ 0.2)
kJ-mot* at 28C. This value is in good agreement with the value of £2015) kJ-mol*
obtained by the van't Hoff plot, and consistent with the observed trendthbat
complexation of Nd(Ill) with nitrate is slightly enhanced atvated temperatures. With
the stability constant and enthalpy of complexation, the entrogpraplexation (eq.1)
was calculated to be (1#41.0) J-K:-mol* at 25C.

3.3 Emission spectra and lifetime of the luminescence of Eu(l11)



Figure 4 shows the luminescence emission spectra of Eu(Hfjuaous nitrate solutions.
The spectra contains features originating from electronic iti@ms from the lowest
excited state’Dy, to the ground state manifoléF; (J = O - 3). As the concentration of
nitrate was increased from 0 to 0.9 mol-Ymhanges occurred in the transitionSm§ -
"Fo, Do — 'F» and°Dy — Fs, indicating the perturbation of the primary coordination
sphere of Eu(lll) by nitrate. In particular, the intensity of liypersensitiveDo — 'F»
transition (around 615 - 620 nm) increased significantly with the isere&the nitrate
concentration. On the contrary, the intensity of" g 'F; transition (around 590 - 600
nm) is little affected because it is a magnetic dipole tiansand not sensitive to the
coordination environment of the fluorescent 18rin fact, this band is often used as the
internal standard for intensity comparison.

The luminescence decay of Eu(lll) is shown in Fig. 5 by two eétdata for
solutions withCirae= 0 and 0.90 mol-dth The decay pattern is fitted with a single
exponential function and the lifetimeyto) is thus calculated. The lifetime of all Eu(lIl)
solutions with differentCyirate IS Summarized in Table 2. The values are in good
agreement with those previously observed for Ed{a(f)08, 113 ps)**' and that
estimated for EuNgagY* (159 us)™ It is evident that the luminescence lifetime
becomes longer &S,irateiS increased, suggesting the number of water molecules in the
primary coordination sphere of Els reduced due to the complexation with nitrate.
Using the relationship between the luminescence lifetime anythation numberng.o
= 1.05x 120+ — 0.7, Wheretyo is in millisecondsf* the average number of water
molecules in the primary coordination sphere o?*Hquo,exF) was obtained (Table 2).

From nyoo.exp the number of nitrate in the primary coordination sphere 3t Ean be



calculated by assuming the nitrate is either bidentatgs ) or monodentatenfos,m).

These values are also listed in Table 2 and discussed in Section 4.3.

4 Discussion

4.1 Temperatur e effect on complexation

The band areas of the hypersensitive transition of Nd(l), (> “Gsp, °Gy1) were
calculated by integrating the bands shown in Fig.1. After being nizedahgainst the
band area in the absence of nitrate, the band area is plotted dgaifighnd to metal
ratio (GiraidCng) In Fig.6A. The plot indicates that the intensity of this titiors was
enhanced by the complexation of Nd(IIl) with nitrate in a simitemner at different
temperatures, and that the enhancement is more significaéfiCathan 28C. Based on
the generalization by Henrie et #.such difference implies that, at the same ratio of
CniratdCna, there are a greater number of coordinated nitrate ligands arodhdtN@$C
than at 28C. In other words, the difference in the enhancement of intensity betw®&n 25
and 70C suggests that Nd(lll)/nitrate complexation is stronger atdrigemperatures.
This is consistent with the trend in the thermodynamic constantsnsimowable 1.

Interestingly, if the normalized band area is plotted agamesaverage number of nitrate
ligands around NY (nnos, calculated with the stability constants af@%nd 76C in
Table 1), the points for both temperatures fall onto a singdght line, indicating that
the band area is proportional o3 No Matter at what temperature (Fig.6B).
Jgorgensen and Judd have concluded that the hypersensitive transitions in

lanthanides are probably “pseudoquadrupole” in nature and the hypersensstivit

believed to be due to coulombic correlation of dipoles induced in the ligandse



transition quadrupole moment of the metal 6f° The changes in the absorption
spectrum of Nd(lll), the hypersensitik, — “Gs, °Gy, transition in particular, have
been used to provide insight into the coordination environment of tfidddin aqueous
solutions®**** For example, Choppin et #ifound that thélg;, —> *Gs/», °Gy/» transition of
Nd(lll) was greatly intensified as Nd(lll) formed complexegh acetate. From the
experimental data, the oscillator strengths for this transitiere calculated to be 7:9

10° (for Nd®), 9.5x 10° (for Nd(OOCCH)?"), and 46x 10° (for Nd(OOCCH),") in

2.0 mol-dri? Na(CIO/NOs).* In this work, we could calculate the oscillator strengths (
of the Nd(Ill) species in nitrate systems from the integtaband areas of the
deconvoluted spectra for Nd(dfand NdANQ?* (Fig.1). For the*lon, — *Gsp, G
transition, f = 9.53x 10° for Nd(aq)* and 14.6x 10° for NdNOs** at 28C, and 9.05«
10°for Nd(agj* and 14.8< 10°for NdNO;** at 70C, in 1 mol-dri¥ Na(CIO/NOs). The
oscillator strength for NdNg" is higher than that for Nd(atj)at both temperatures,
which seems to support the “pseudoquadrupole” mechanism of the wmtensit
enhancement, because the NdRGpecies is expected to be more asymmetric than the
Nd(aqf* species and the pseudoquadrupole transitions should be more intense in the
former. In addition, the ratio d{NdNO:*")/f(Nd(aq)") is slightly larger at AT (1.64)
than that at 2% (1.53), suggesting that the complexation is slightly enhancleidzer
temperatures.

4.2 Inner - vs. outer -spher e complexes

Whether the Nd(lll)-nitrate complex is inner- or outer-spher@nisther question that is
still open for discussion. Outer-sphere complexes can be view&laent separated”

ion pairs in which the primary solvation sphere of the cation is mbtirded by the

10



ligand, while inner-sphere complexes contain metal and ligand n®oietiedirect
contact Actinide cations are known to form both inner- and outer-sphere complexes and,
for labile complexes, it is often difficult to distinguish betwdkese two types. Choppin
et al. proposed to use thermodynamic parameters of complexationggrathd entropy)

to help evaluate inner-spheres outer-sphere complexatiénBecause the primary
solvation sphere is minimally perturbed by the ligand in outerrspb@mplexes, little
energy is spent on de-solvation and little disordering occurs. Asudt,reuter-sphere
complexation is often associated with exothermic enthalpy and wegatitropy. In
contrast, inner-sphere complexation often has endothermic enthalppsitide entropy.
Earlier data on the complexation of Eu(lll) with nitrate appéato suggest that the
EuNQs;®* complex was outer-sphere, because the enthalpy and entropy of catioplex
were calculated to be -2.4 kJ-moand -2 J-K-mol?, respectively. However, later
luminescence studits* provided evidence that EuN® had characteristics of inner-
sphere complexation. From direct measurements of enthalpy withneedry and from
the variation of stability constants with temperature (25 °CY,&this study shows that
both the enthalpy and entropy of Euf{Ocomplexation are small and positive (2 kJ mol
1 and 1.4 J-R-mol?, respectively). The small positive values of enthalpy and entropy
from the present study do not strongly suggest that the NdN6@mplex is inner-sphere.
However, based on the changes in the absorption and luminescence spedietieve
that both inner- and outer-sphere lanthanide(lll) nitrate complexiss i@ solutions.
While methods such as solvent extractitake into account both inner- and outer-sphere
complexation, optical absorption and luminescence techniques used in tkisamgbr

previous studi€§’® probably probe only the inner-sphere complexation. This may
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explain the significant difference between the stability @ridtom ref.[7] and that from
this work at the same temperature®@pand ionic strength (1.0 mbdni®) (see Table
1).

The change in theDy — ‘F transition (577 - 578 nm) of the Eu(lll) luminescence
spectra (Fig.4) is also very informative. Because both theliaiti final states havgé=
0 and its intensity is governed by the symmetry-related'fulee change provides
additional evidence that inner-sphere complex forms betwedhaBd nitrate. As the
insert in Fig. 4 shows, this transition was not observed when theraomaisrate in the
Eu(lll) solution. It appeared as nitrate was added and its ityeimsreased as the
concentration of nitrate was increased. This observation, consistent with those@augpr
luminescence studiéd,suggests that the Eu(df)ion probably possesses a center of
inversion (e.g., as a mixture of hydrated ions with coordination nunob&snd 10) so
that the®Dy — Fy transition is completely forbidden, and that nitrate forms an finne
sphere” complex with Eu(lll) and destroys the center of ingarso that the transition
becomes partially allowed.
4.3 Coordination modein the lanthanide(l11) nitrate complex
Data in the literature have shown that bidentate nitrato coordinatdominant in solid
nitrato compounds of lanthanides such as NdCH{N&* and LaCl(NOs)(18-crown-
6).>> EXAFS studies have also shown that nitrate is bidentate icdh®lexes with
Nd(I11) and Lu(lll) in aqueous solutions, with the N atom at about 2ffof the metal
atom®® However, quantum calculations suggest that, though bidentate coordiization
preferred energetically when the first coordination sheibiscrowded, monodentate and

bidentate modes of binding become of similar energy when #tecbordination shell is
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saturated. As the cation becomes smaller along the lanthaniele, skee preference for
monodentate nitrate binding may incredse.

Using Eu(lll)/nitrate as a chemical analog to Nd(tliifate, the luminescence
lifetime data from this work help to clarify the coordination moflaitrate in NANG*".
On one hand, the numbers of coordinating nitratgs(, for bidentate andwosm for
monodentate) are obtained frompo exp DYy assuming the nitrate is either bidentate (each
replacing two water molecules) or monodentate (each replamie water molecule)
(Table 2). On the other hand, the average number of nitigdeca Can be calculated
with a known stability constant of EUN®.” A comparison betweemos ca andnnos »or
Nnos,m could reveal the coordination mode of nitrate in the complex — bidenta
monodentate or mixed modes. As shown in Fig.7, data from this work stigafesitrate
binds Eu(lll), and probably Nd(lll) as well, in a bidentate mode in aqueous solutions.
4.4 Calculation of stability constants at variable temperatures to infinitely dilute
solutions: Analysis by the Specific lon Interaction approach (SIT)
As preferred in common compilations of thermodynamic data, the starstiae is
defined as the infinitely dilute solutioh £ 0 mol-dnT), with pure water as the solvent.
The SIT (Specific lon Interaction) approach originated fromBhgnsted-Guggenheim-
Scatchard modehas been used to calculate the equilibrium constants at zero ionic
strength®* For reaction (1), the equilibrium constant at the standard staek{, in
molality) are calculated by equation (2):

log K+ 6D = logK’m—Adm (2)

" Using logk® (EuNOy*") = 1.22 in the literaturéthe SIT approact andAs = -(0.11+ 0.04)* for reaction
(1), logK (EuNG;*") was calculated to be 0.11lat 1.0 mol-drit NaCIQ, andt = 25°C. A similar value of
log K (EUNGQ?*, 1 mol-dnT, 25°C) = 0.09 was obtained by the analysis of the lesibence spectra in
Fig.4 using the Hyperquad progréf.

13



whereD = Al,,"?/(1 + Bal'?), the Debye-Huckel term used in SIT andis the ionic
strength in molalityA andB are temperature-dependent constantsaamsl an ion size
parameter for the hydrated ion that is also temperature depefidenthange in the
specific ion interaction parameters (kg-iolfor reaction (1) at & are: A¢ =
&NdNOs?*, CIOy) - &Na’, ClOy) - gNd**, CIO,) = -(0.11+ 0.04)* For the calculation
of log K’ at temperatures other than°@5 we have adopted the following approaches:
(1) using logK’y (molarity) in Table 1 asog K’y (molality) without correction as
mentioned in previous sections; (2) using the valued\ @it different temperatures
tabulated in the literatur&} (3) using a constant value B = 1.5 kd’>mol* for all
temperatures as recommended by the NEA re¥fevand (4) using the value adfs at
25°C for all temperatures, because the values at other temgsratare not known and
the errors thus introduced are probably quite small, since the vafu@s/oT), are
usually < 0.005 kg-mot-K* for temperatures below 2803* Besides, the values of
(0eloT), for the reactants and products may balance out each otheatgo: for many
reactions remains approximately constant up td@8bThe calculated lo¢’,, are 0.92

+0.04, 0.97 £ 0.04, 1.03 £ 0.05 and 1.08 + 0.04 at 25, 40, 55 864 réGpectively.

5 Summary

Stability constants of the Nd(lll) complex with nitrate wereted®ined by

spectrophotometry at elevated temperatures up% Z0d the enthalpy of complexation
was directly determined by microcalorimetry for the fitshe. Thermodynamic and
spectroscopic data from this study suggest that the weak Net{ifiplex with nitrate has

significant inner-sphere character and that the complexation imeathaat elevated

14



temperatures. The data help to evaluate the speciation of lanthihide(hitrate

solutions at elevated temperatures.
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Table 1 Complexation of Nd(lll) with nitrate at different temperasir Ky =
[NdNO5*')/(INd**][NO3]) in molarity. Methods: sp — spectrophotometry, cal — calorimetxy-

solvent extraction. p.w. — present work.

t,°C I Method Kwm log Ky AH AS Ref.
mol-dm?® kJ-mol*  J-K:mol*
25 1.0 sp 0.64 -0.19+0.02 2.1+0.5 p.w.
cal 1.5+0.2 1.4+ 1.0
40 1.0 sp 0.68 -0.17+0.02
55 1.0 sp 0.70  -0.15+0.03
70 1.0 sp 0.72  -0.14+0.02
25 1.0 SX 0.3 [1,7]
25 2.0 cal 0.8 1.7 2 [19]
unknown  <3.4 sp 1.24 [18]
20 4.2 sp 0.77 [8]
22 5 SX 1.06 [20]
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Table 2. Luminescence lifetime €= 0.0202 mol-di, | = 1.0 mol-dri? Na(CIQ,/NOy),
Aex = 394 nMAem= 615 — 620 nm).

Cnosz, mol-dm® T (+4),us NH20, exp nNO3,b* nNOB,m*
(+x0.5) (bidentate) (monodentate)

0 111 8.75 0 0

0.1 115 8.43 0.16 0.32
0.2 115 8.43 0.16 0.32
0.3 119 8.12 0.31 0.63
0.4 120 8.05 0.35 0.70
0.5 122 7.91 0.42 0.84
0.6 123 7.84 0.46 0.92
0.7 125 7.70 0.52 1.04
0.8 122 7.91 0.42 0.84
0.9 126 7.63 0.56 1.12

* Nnosb@ndnnos mare the number of nitrate in the primary coordination sphere®f Eu
obtained frommyo.exp @ssuming the nitrate is bidentate or monodentate, respectively.
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Figure Captions

Fig. 1 Representative spectrophotometric titrations of Nd(lll)-rétamplexationl = 1.0
mol-dm?® Na(CIQ/NQO,). Upper figures — normalized absorption spectra of the titrationsaat®5
70°C. Initial solution in cuvette: 2.50 mL, 0.0832 mol-dMd(ClO,)5/0.100 mol-drif HCIO;;
titrant: 1.00 mol-dm NaNQ. Lower figures — calculated molar absorptivity of'Nand

NdNO,™.

Fig. 2 log K vs. 17 for Nd(lll)/ nitrate complexationi. = 1.0 mol-drif Na(CIQ/NO). Solid line
— weighted (by uncertainty) linear fit; dashed lines — upper and lawés bf the confidence
band at the 95% level.

Fig. 3 Calorimetric titrations of Nd(ll)-nitrate complexatiars 25°C, | = 1.0 mol-drit
Na(CIQ/NO;). Cup solution: 0.900 mL 1.0 mol-dhiNaNOy/0.001 mol-drif HCIO,; titrant:
Nd(CIOy); in 0.001 mol-dri HCIO,, Cyq (mol-dni®) = 0.075 (1), 0.050 (2), 0.0375 (3). Symbols

— experimental; lines — calculated.

Fig. 4 Fluorescence emission spectra of Eu(lll)/nitrate system4.0 mol-drif Na(CIQ/NO).
[Eu(I1)] o1 = 0.0202 mol-dify, [H] = 0.100 mol-dr, [nitrate]y from 0 to 0.900 mol-dih

Excitation wavelength: 394 nm.

Fig. 5 Decay of Eu(lll) luminescence (at 615 - 620 nm) in aqueous solutisrts0 mol-drit
Na(CIO/NO). [Eu(ll)] o = 0.0202 mol-diy, [H] = 0.100 mol-dr, [nitrate]ow = O (blue) and
0.90 mol-dri? (red).dex= 394 nm.

Fig. 6 Normalized band area for thig;, — “Gs),, °G7j, transition of Nd(I11) vs Criraid Cna (A) and

n (B) at 25C (@) and 76C (#).

Fig. 7 Comparison between the experimental values,ef,(®) or Nyozm (O) from
luminescence lifetime measurements and the calculated valogs gf from speciation (solid
line). Cey = 0.0202 mol-di, | = 1.0 mol-dri, t = 25°C.
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Thermodynamic and spectroscopic data indicate that nitrate forms bidentate inner-
sphere complex with Nd(lIl) in aqueous solutions. The complex is weak and becomes
slightly stronger at higher temperatures.
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