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Influence of the water content to chemical status of trivalent rare earth ions in calcium nitrate hydrate melt was studied by spectros
iques. Fluorescence spectrometry for Eu(III) in Ca(NO3)2·RH2O and electronic absorption spectrometry for Nd(III) in Ca(NO3)2·RH2O were
erformed for analyzing the changing coordination symmetries through the changes in their hypersensitive transitions. Raman sp
tudy and EXAFS study were performed for Y(NO3)3 solutions and Y(III) in Ca(NO3)2·RH2O for analyzing the oxygen bonding to Y(II
uminescence lifetime study of Eu(III) and Dy(III) in Ca(NO3)2·RH2O was performed for evaluating the hydration number changes. R
f these spectroscopic studies indicated that, with the decrease of water content (R), the hydration number decreases while the intera
etween trivalent rare earth ion and nitrate ion increases. It was also revealed that the symmetry of the coordination sphere ge
radually by this interaction.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Calcium nitrate hydrate melt, Ca(NO3)2·RH2O withR less
han about 6, can be recognized as an extremely highly con-
entrated electrolyte media with limited amount of water, and
t gives quite characteristic chemical behavior to the solute
n it. Characteristics variation of the activity coefficients of
rivalent lanthanides dissolved in Ca(NO3)2·RH2O with R
ess than 5.7 has been reported by the study on extraction
quilibria of trivalent f-elements between TBP inn-dodecane
nd Ca(NO3)2·RH2O [1–3].

∗ Corresponding author. Tel.: +81 724 51 2469; fax: +81 724 51 2634.
E-mail address: tosiyuki@hl.rri.kyoto-u.ac.jp (T. Fujii).

For investigating the mechanism of the characteristic
ation of the activity coefficient of lanthanides in hydr
melts, spectroscopic techniques are effective, because w
observe directly the change of the chemical circumsta
of cations in the hydrate melt. In our previous study[4], in
which ν4 vibration of nitrate ion NO3− in Ca(NO3)2·RH2O
was studied by Raman spectrometry, it was suggeste
the hydrated waters in the coordination sphere of Ca2+ are
probably displaced by nitrate ions. We can expect a sim
effect to the cations (trivalent rare earth ions) dissolve
Ca(NO3)2·RH2O.

In the present study, some spectroscopic techniques
applied to study the interaction between trivalent rare e
ions and nitrate ions in the calcium nitrate hydrate m
Fluorescence spectrometry, absorption spectrometry, R
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spectrometry, EXAFS analysis, and luminescence lifetime
analysis were performed.

2. Experimental

2.1. Fluorescence spectrometry

Calcium nitrate tetrahydrate of analytical grade (Wako
Chemical Industries Ltd.) was used without further purifi-
cation. Ca(NO3)2·RH2O having five different water content
was prepared (R = 4.0, 5.0, 6.0, 7.0, or 8.0). Concentration of
europium in those melts was [Ca]/[Eu] = 1000. Each melt was
transferred into a quartz cell, sealed with a stopcock, and kept
at 343 K in a water bath. Just after taking each of them out of
the bath, the fluorescence spectrum was measured within 40 s
at 394 nm excitation by a fluorescence spectrophotometer,
HITACHI, F-2500. The temperature change of the samples
during the measurement was less than ca. 5 K.

2.2. Luminescence lifetime analysis

0.01 mol dm−3 (M) Eu3+ or 0.01 M Dy3+ in Ca(NO3)2·
RH2O having various water content was prepared. Dy3+

in Ca(NO3)2·RH2O was excited to the4I11/2 excited states
at 355 nm by a 355 nm pulsed laser beam. Eu3+ in
C t
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2.5. EXAFS analysis

0.7 M solutions of Y(NO3)3 in Ca(NO3)2·RH2O (R = 3.5,
4.0, 8.0, or 51.6) were prepared. 0.2 M Y(NO3)3 solution and
2 M Y(NO3)3 solution without Ca(NO3)2 were also prepared.
EXAFS measurement was performed using a laboratory-
type instrument of TECHNOS Co. Ltd. (EXAC820).
A transmission-mode measurement was adopted using a
GeSSD detector. Spectra were taken at yttrium K-edge
(17.041 keV) with a Ge(840) monochromator. Measurement
was performed at room temperature, but the hydrate melt
samples remained to be a super-cooled liquid during the mea-
surement. Obtained XAFS raw data were treated by WinXAS
ver. 2.0[6].

The pre-edge absorption threshold was determined from
the first derivative of the near-edge region. The pre-edge
background, which can be fitted using Vicroreen function,
was subtracted from EXAFS spectrum. Cubic splines were
used to fit and to subtract the atom-like background. Thek3-
weight XAFS spectra were Fourier-transformed assuming
a Gaussian window function. In theR space, EXAFS data
were reconstructed by using two or three paths calculated
from the simulation of the model structures with FEFF8[7]
program.
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a(NO3)2·RH2O was excited to the5L6 excited states a
94 nm by a 390–410 nm laser beam. The emission ligh
ollected at 90◦ into a monochromator and detected by a p
omultiplier tube. The experiment was performed at 32
etailed conditions of experimental apparatus can be
lsewhere[5]. The obtained luminescence decay curves w
tted to single-exponential curves.

.3. Absorption spectrometry

Ca(NO3)2·RH2O (R = 4.0, 5.0, 6.0, 7.0, or 8.0) containi
eodymium as [Ca]/[Nd] = 1000 were prepared. Each
as transferred into a quartz cell, which was sealed w
topcock, and kept at 343 K in a water bath. Just after ta
ach of them out of the bath, the absorption spectrum
55 to 597 nm was measured by an absorption spectr

ometer (ACTON Research Co.) within 15 s.

.4. Raman spectrometry

Y(NO3)3·6H2O was obtained from Kojundo Chemic
aboratory Co. Ltd., 2 M Y(NO3)3 solution, and saturate
(NO3)3 solution (at room temperature) were prepa
aman spectra of these two solutions and Y(NO3)3·6H2O

solid) were measured by an excitation using the 514.
f Ar+ laser (NEC, GLS 3280 and GLG 3280) and recor
y a JASCO NR-1100 spectrophotometer at 0.1 cm−1 inter-
als and 60 cm−1 per minute scanning rate. The laser po
pplied was 300 mW (liquid) or 100 mW (solid). The analy
as performed at room temperature.
. Results and discussion

.1. Fluorescence spectrometry

Eu(III) complexes in liquids essentially emanate emis
ights from the nondegenerate5D0 level, when excitation i
ver the5D0 level. The strongest emissions are obse

n the 5D0→ 7F1 and 5D0→ 7F2 transition regions. Th
D0→ 7F2 transition is predominantly electric dipole in ch
cter, and its radiative transition probability is very sens
hypersensitive) to the nature of the ligand environmen
he low symmetry systems, its emission probability dra
ally increases. On the other hand, even in low symm
ystems, the5D0→ 7F1 transition retains its magnetic dipo
haracter, and its radiative transition probability is not m
ffected by the ligand environment. Hence, the relative in
ities of the5D0→ 7F1 and5D0→ 7F2 emissions are usef
o know the nature of the ligand environment[8].

Fluorescence spectra of Eu(III) in Ca(NO3)2·RH2O are
hown inFig. 1, which is standardized to the peak inten
f 5D0→ 7F1 transition. With the decrease of water c

ent, the relative intensities of the5D0→ 7F1 to 5D0→ 7F2
missions increased, reflecting the hypersensitive cha
f the 5D0→ 7F2 transition. This indicates that the dist

ion of the symmetry of Eu(III) complex in Ca(NO3)2·RH2O
roceeds with decreasing water content. This is attribu

o the change of the hydration status, possibly to
hange of the hydration number, or to the promo
f the displacement of hydrated waters with nitrate
enerated.
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Fig. 1. Fluorescence spectra of Eu(III) in Ca(NO3)2·RH2O.
[Ca2+]/[Eu3+] = 1000, temperature = 343 K.

3.2. Emission lifetime analysis

In order to characterize the hydration of rare earth complex
in Ca(NO3)2·RH2O, we estimated hydration numbers (NH2O)
of Eu(III) and Dy(III) in Ca(NO3)2·RH2O. By the method
already verified[8], the following relationships were used:

NH2O = 1.05× 10−3kobs(Eu)− 0.44 (1)

NH2O = 2.11× 10−5kobs(Dy)− 0.60 (2)

wherekobs is the luminescence decay constant. The obtained
NH2O values are shown inFig. 2as functions of water activity,
logaH2O.

For aqueous systems, the light lanthanides form a series
with the hydration number of 9, whereas the heavier ones
form octahydrates. This can be seen inFig. 2, in whichNH2O’s
of Eu(III) and Dy(III) give 8–9 in the water abundant region,
andNH2O of Eu(III) is larger than that of Dy(III) throughout
the experimental region of logaH2O. It can be seen that, for
both elements, theNH2O values decrease with the decrease
of water content, and they lose as many as two in the hydrate
melt region.

F
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m

3.3. Absorption spectrometry

The electric dipole transition between f-orbitals that show
abnormal variations in intensity are classified as hypersensi-
tive transitions. These variations are attributed to the action
of an inhomogeneous electromagnetic field from medium. In
the case of neodymium, transitions from the ground level4I9/2
to excited levels of2G7/2 and4G5/2, which are abbreviated
as4G5/2, 2G7/2← 4I9/2, are sensitive with the coordination
circumstances, and they are commonly used to examine the
coordination of Nd3+ [9]. The transition4G5/2← 4I9/2 is
known as the hypersensitive transition, which is accompa-
nied and overlapped with a less intensive non-hypersensitive
transition to the level2G7/2.

From the intensities of the measured absorption bands cor-
responding to the4G5/2, 2G7/2← 4I9/2 transitions of Nd(III),
the molar absorptivity of the4G5/2← 4I9/2 transition was
found to increase in Ca(NO3)2·RH2O with the decrease of
water content. The oscillator strength, which is an index for
the transition probability being calculated from the molar
absorptivity, was obtained for the4G5/2, 2G7/2← 4I9/2 tran-
sitions in the 555–597 nm region. The oscillator strength is
defined as

f = 4.319× 10−9{9n/(n2+ 2)
2}

∫
ε(v)dv (3)
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ig. 2. Hydration numbers of Eu(III) and Dy(III) in Ca(NO3)2·RH2O.
Eu3+], [Dy3+] = 0.01 M, temperature = 323 K. Water activities were de
ined for Ca(NO3)2·RH2O at 343 K[3].
here ε(ν) is the molar absorptivity at energyν (cm−1)
ndn is the refractive index of the solvent medium. In
resent study,n values of Ca(NO3)2·RH2O measured with
efractometer at room temperature were adopted to Eq(3).
he obtainedf values are shown inFig. 3 as a function o
ater activity, logaH2O. The shift of peak position of th

G5/2← 4I9/2 transition was also shown inFig. 3.
At a fixed temperature, the factors influencingf value of

d(III) hypersensitive transition in Ca(NO3)2·RH2O are: (i)
ymmetry of Nd(III) complex and (ii) electron donating ab
ty of oxygenatom involved in attached H2O and NO3

−. The
bserved increase of thef value with the decrease of wa
ontent suggests the increasing distortion of symmet
d(III) complex. Both the decrease of the hydration n
er and/or direct coordination of nitrate ion are consid

ig. 3. Oscillator strength and peak position of the hypersensitive trans
f Nd(III) in Ca(NO3)2·RH2O. [Ca2+]/[Nd3+] = 1000, temperature = 343
ater activities were determined for Ca(NO3)2·RH2O at 343 K[3].
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to promote this distortion. The increase off also suggests
the increase of electron donating ability of oxygen atom of
water or nitrate. The possible increase of the electron dona-
tion from the ligands with the decreasing water content can
be also confirmed by the observed shift of the peaks to the
lower energy direction. It is known that an overlap of the elec-
tron clouds between the central atom and the ligands leads to
a shift of absorption bands towards smaller energy, and this
is known as the nephelausetic effect[10]. Since the electron
donating ability (covalency) of oxygen in H2O is weaker than
that in NO3

−, the substitution would result in the increase of
the averaged covalency of oxygen atoms in the coordination
sphere of Nd(III), and this agree with the observed peak shift
of the4G5/2← 4I9/2 transition to the smaller energy with the
decrease of water content (Fig. 3).

3.4. Raman spectrometry

The ν4 vibration of NO3
− can be seen in the

700–760 cm−1 region. In the previous study[7], we have
reported theν4 vibrational spectra of NO3− in the various
water content Ca(NO3)2·RH2O at 343 K. It was found[7] that
the Raman peak at 720 cm−1 was observed at high water con-
tent, but it decreased with decreasing water content. On the
contrary, a peak at 740 cm−1 grew along with the decrease of
water content. It can be understood that the peak at 720 cm−1,
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Fig. 4. Raman spectra of 2.0 M Y(NO3)3 solution, saturated Y(NO3)3 solu-
tion, and solid Y(NO3)3·6H2O.

reported the coordination number 8.0–8.2[12], but higher
coordination numbers have been reported for Y(NO3)3 solu-
tion [13] and YBr3 solution[14]. We performed the analysis
on assumption of coordination number 8.0 and 9.0, and thus
the smaller Deby–Waller factors were obtained for 8.0. The
structural parameters of the Y(NO3)3 solutions and Y(III) in
Ca(NO3)2·RH2O, which were determined on the coordina-
tion number 8.0, are given inTable 1. For the water abun-
dant systems, 0.2 M Y(NO3)3 solution and 0.7 M Y(III) in
Ca(NO3)2·51.6H2O, the determined Y-O distances are 2.35
and 2.36, respectively. These values are close to the reported
values, 2.35–2.37, for aqueous systems[12–14].

F
i

hich corresponds to free nitrate[11], decreased along wi
ower R, as a result of the promoted direct coordination
itrate to Ca2+. This is consistent with the growth of 740 cm−1

eak, which corresponds to the nitrate ion directly coo
ated to Ca2+ [4,11].

Fig. 4 shows theν4 vibrational spectra of NO3− in
(NO3)3·6H2O, 2 M Y(NO3)3, and saturated Y(NO3)3 solu-

ion. Similar to the case of Ca(NO3)2·RH2O, clear Rama
eaks can be seen. With the decrease of water conten
aman intensity of the lower frequency vibration decrea
hereas that of the higher one increased. This can be
idered as the evidence of the increase of direct coordin
f nitrate to yttrium in Y(NO3)3·RH2O with smallerR. Sim-

lar effect can be expected in dissolved yttrium in ion
a(NO3)2·RH2O having smallR. The results of the previou
tudy[4] and this study suggests that, for the trivalent
arth, hydrated waters are displaced by nitrate ions wit
ecrease of water content.

.5. EXAFS analysis

Fig. 5a showsk3 weighted EXAFS spectra of Y(III) i
a(NO3)2·4H2O, and its Fourier transforms are shown
ig. 5b. In the present analysis, distances of Y–O (hydr
ater) and Y–O (nitrate ion) cannot be separated, and

he averaged Y–O distance can be determined.
Crystal ionic radius of Y3+ with coordination number 8

imilar to that of heavy lanthanide, cf. Ho3+, and yttrium
s expected to represent the characteristics of heavy
hanides. An EXAFS study on Y3+ in HClO4 solution has
ig. 5. k3 weighted EXAFS spectra of Y(III) in Ca(NO3)2·4H2O (a), and
ts Fourier transforms (b). [Y3+] = 0.7 M.
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Table 1
Structural parameters of Y(NO3)3 solutions and Y(III) in Ca(NO3)2·RH2O

Sample Coordination number,N Interatomic distance,r(Y–O) (Å) Deby–Waller factor,σ2 (Å2) Energy shift,E0 (eV)

0.2 M Y(NO3)3 8.0 2.35 0.0065 −7.1
2.0 M Y(NO3)3 8.0 2.40 0.0065 −7.1
0.7 M Y(NO3)3 in Ca(NO3)2·3.5H2O 8.0 2.39 0.0065 −7.1
0.7 M Y(NO3)3 in Ca(NO3)2·4.0H2O 8.0 2.42 0.0065 −7.1
0.7 M Y(NO3)3 in Ca(NO3)2·8.0H2O 8.0 2.38 0.0065 −5.4
0.7 M Y(NO3)3 in Ca(NO3)2·51.6H2O 8.0 2.36 0.0065 −7.1

Fig. 6. Dependence of Y–O distance on water activity. For Y(III) in
Ca(NO3)2·RH2O, water activities of Ca(NO3)2·RH2O at 343 K[3] were
adopted. Since water activities of Y(NO3)3 solutions were not available,
reportedaH2O values of La(NO3)3 solutions at 298.2 K[15] were used.

The Y–O distances are shown inFig. 6 as func-
tions of logaH2O. Both Y(NO3)3 solutions and Y(III) in
Ca(NO3)2·RH2O showed increasing trend of Y–O distance
with the decrease of water content. One exception of the
increasing trend was found for the point of 0.7 M Y(NO3)3 in
Ca(NO3)2·3.5H2O, but this is probably due to the freezing of
the sample during the EXAFS measurement. By the crystal
structure data of yttrium nitrate monohydrate[16] and yttrium
nitrate trihydrate[17], it is known that the Y–O (nitrate
ion) distance is longer than that of Y–O (hydrated water).
Therefore, the observed increasing trend of Y–O distance
in both Y(NO3)3 solutions and Y(III) in Ca(NO3)2·RH2O
is considered to be the result of the nitrate coordination to
yttrium, which was promoted under water deficient condi-
tions. It is quite probable that the substitution of hydration
waters by nitrate ions proceeds in hydrate melts, and this
result of EXAFS is in accordance with the results by other
methods

4. Conclusion

Five spectroscopic techniques were used to analyze
the coordination status of lanthanides in Ca(NO3)2·RH2O
hydrate melt. By fluorescence and absorption spectrometry,
the increase of the distortion of the coordination symmetry of
t with
t cence

lifetime analysis clearly showed the decrease of hydration
water around the lanthanide along with the decrease of water
content. Raman spectroscopy showed an increase in the direct
coordination of nitrate to the lanthanide with the decrease of
water, and EXAFS confirmed it through the longer Y–O dis-
tance in water deficient systems. All these results support the
simultaneous decrease of hydration and increase of nitrate
coordination, that is to say, substitution of hydration water
with nitrate ion, under the condition of decreasing water
in Ca(NO3)2·RH2O hydrate melt. This gradual change of
coordination status of lanthanides in hydrate melt explains
the increase of their activity coefficient in water deficient
hydrate melts, but it can not explain the peculiar trend of
their activity coefficients in Ca(NO3)2·RH2O of lower R
than 5.7.
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