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Abstract

Complex formation of rare earth ions with thiocyanate ions was investigated in the presence of coexisting anion<(O}~ ions).
From the frequency variations of the CS and CN stretching Raman bands, it is shown that both the coordination number change in the middl
of the series and the complex formation of rare earth ions with thiocyanate ions are affected by the coexisting anions. Some discussion we
made on the anomalous behavior of the coordination number change with the salt concentration.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction bands across the series, we evaluated the effects of the
coexisting anions on the coordination number change in

It is now fairly well established that anomalous salt con- the middle and the thiocyanate complex formation in the

centration dependence of the hydration number change of raresolution.

earth ions in the middle of the series is caused by the outer-

sphere complex formatiofl—4]. From the enormous data

reported by Spedding and coworkéBs-8], the anomalous 2. Experimental details

salt concentration dependence is shown to be a general phe-

nomenon in aqueous rare earth chloride and perchlorate solu- Agueous solutions of rare earth chloride and perchlorate

tions at all concentrations. Therefore, it would be interesting solutions were prepared by dissolving rare earth oxide in

and important to see how the outer-sphere complex formationcorresponding acid and subsequent heating on a hotplate. The

affects the inner-sphere complex formation in aqueous raresample solutions were made by mixing the resultantrare earth

earth electrolyte solution. salt solution with aqueous NaNCS solution. The final solution
In this paper, we report how the complex formation of composition was set to be LeANaSCN30H,O (A=Cl or

rare earth ions with thiocyanate ions is affected by the co- ClOy).

existing anions such as chloride and perchlorate ions. We Raman spectra were measured with a JASCO NR-1800

have measured the Raman spectra of the CS and CN stretchRaman spectrometer equipped with a microscope and a CCD

ing vibrations in the LnA-NaSCN30H,O solutions (Ln: detector. The spectra were excited with about 100 mW of

rare earth ion, A=Cl or Clg) across the series. From the 514.5 nm radiation from a Lexcel argon ion laser. When Ra-

frequency variations of the CS and CN stretching Raman man spectra of glassy samples were measured, we used a

special apparatus to maintain the sample at liquid nitrogen

mpondmg author. Tel.: +81 468 41 3810x2001 tempera‘_[ure. Vitrif_ication (_)fasample spluti_on on _aglf_;\ss plate

fax: +81 468 44 5901. was achieved by immersing the solution in liquid nitrogen.
E-mail address: hkanno@nda.ac.jp (H. Kanno). Overall cooling rate was estimated to be ovet Kfmin.
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Fig. 1. Raman spectra of the CS stretching vibrations for the -NaSCN30H,O and Ln(CIQ)3-NaSCN30H,O solutions at room temperature.

3. Results and discussion always a few wavenumber higher than that of the chloride
solution. As seen in thecs spectra shown ifrig. 1, the in-

First we show the typical Raman spectra of the CS tensity ratio of thescs(b) Raman band to the:s(f) band for
stretching Raman bands for the La@aSCN30H,O and the Ln(CIQy)3-NaSCN30H,O solution is much higher than
LNn(ClO4)3-NaSCN30H,O solutions at room temperature thatfor the LnC§-NaSCN30H,O solution. This is attributed
(Ln=La, Gd and Lu) inFig. 1 Every Raman spectrum to the larger formation constant of isothiocyanato-rare earth
consists of two Raman bands. The low frequency Ramancomplex ion in the perchlorate solution. An important re-
band {vcs(f)} is ascribed to the CS stretching vibrations sult from this comparison is that complex formation of thio-
of “free” SCN~ ions (“free” means that SCNions are not cyanate ions with rare earth ions is greatly influenced by the
bound to rare earth ions). The assignment is substantiateccoexisting anions. Perchlorate ion is a well-known structure
by the fact that the frequency of tihes(f) band remains un-  breaker so that the interaction between SGbins and sur-
changed throughout the series. The higher frequency Raman
band {vcs(b)} is therefore assigned to the CS stretching
vibrations of the SCN ions bound to rare earth ions. There
are two possibilities in the binding of an SCNon to a
rare earth ion: S-end binding and N-end one. The frequency 795 - Liquid state @@

. (at roomtemp.) ©
range of thevcs(b) band (775 cm! for the La-solution to ‘ ® @?.oo
795 cnt ! for the Lu-solution) suggests the N-end binding The C-S stretching band @ o @
in these solutions. Literature data also support the assign- 790 ® ®
ment: hard cation prefers N-end binding to S-end binding e
[9-11]

When thevcg(b) frequency is plotted against the recip-
rocal of ionic radius of rare earth iorig. 2), we see the
rapidvcs(b) frequency increase in the Nd—Gd region, which
is surely ascribable to the result of the coordination num- 780 L 5
ber change (probably from 9 to 8). The extended s-shaped ®
variation is often observed in the series behavior of various ® @ Chioride solution
complex formation constants for rare earth ighg]. The b @ Parchioiats solution
frequency change by10cnT ! in the coordination number
change is almost the half of the value for the hydration num- : ! : ' . :
ber change of aqua-rare earth i¢h3]. It is a common phe- 908 9 Oj?f hee
nomenon that the coordination number change is associated Tiwch

V.wth the rapld change In van_ous propgrtles (Complex forma- Fig. 2. Frequency variations of the CS stretching bands for the
tion constant, thermodynamic properties, etc). A remarkable | ycj, NaSCN30H,0 and Ln(CIQ)s-NaSCN30H,0 solutions at room
point is that thevcs(b) band of the perchlorate solution is  temperature.
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Fig. 3. Raman spectra of the CN stretching vibrations for the §MNASCN30H, O and Ln(CIQ)3-NaSCN30H,O solutions at room temperature.

rounding water molecules is expected to become weaker totion number change in the middle of the series is shown to

lead the stronger complex formation.

In the previous Raman study on aqueous Ln(S£N)
20H,0 solutiond11], itis shown that the average number of
the SCN- ions coordinated to L ions is~2.7, demonstrat-
ing that SCN ions are mostly bound to 3 ions at room
temperature. When we compare thgy(b) frequencies with
those for the Ln(SCN)20H,0 solutions, we immediately
notice that thecs(b) frequency of the LnGINaSCN30H,0O
solution is always lower by a few wavenumbers than that for
the Ln(SCN3}-20H,0 solution.

Next, we show the Raman spectra of the CN stretch-
ing frequency region for the LhgNaSCN30H,O and
Ln(ClO4)3-NaSCN30H,O solutions at room temperature
(Fig. 3).

Itis clear that the spectrum consists of two Raman bands:
the higher frequency bandcn(b) bang is ascribed to the
CN stretching vibrations of the NCSons coordinated to rare
earth ions, while the lower frequency ofiecy(f) band} is
dueto “free” NCS ions. As compared with the CS stretching
spectrum, the splitting of the CN stretching barddsn(b)
andvcn(f) bandg is small so that the curve fitting method
is applied to the frequency evaluation of the two bands. It is
evident that thecn(b) band increases in frequency with de-
crease in ionic radius of rare earth ion while thg(f) band
remains unchanged in frequency across the sefies 4).
The rapidvcen(b) frequency decrease in the Nd—Gd region is

take place by ejecting one water molecule from the inner-
coordination sphere. Yoshimura et |l1] also showed that
although the rati6(vcs(b))/S(ves(f)) increases with decreas-
ing ionic radius, the average number of the SAbhs bound
to a rare earth ion is nearly constant throughout the series in
the Ln(SCN3} solutions atroom temperature. This factis very
suggestive because the Ramgg(b) intensity increases with
decreasing ionic radius even when the number of the SCN
ions bound to a rare earth ion remains unchanged across the
series.

Ishiguro and coworkef14,15] have a number of studies
on the complex formation of rare earth ions in mixed organic
solvents and showed that the steric effects play a decisive role
in the coordination number of rare earth ions. Similar con-
clusion was obtained byizli et al.[16,17]in their FT-IR
studies of rare earth salts in various organic solvent systems.
It must be stressed here that the coordination number change
in the intermediate region of the rare earth series isa common
phenomenon in most aqueous and organic solvent systems
[17,18] The location where the coordination number change
takes place shifts from one system to another, depending on
the size of a solvent molecule, solute concentration and tem-
perature. Despite extensive outer-sphere complex formation
in arare earth electrolyte in organic solvent systems, there has
been no experimental evidence for anomalous dependence
of salt concentration on coordination humber change as

caused by the coordination number change. The frequencyobserved in aqueous solution systems. However, considering

change of thercny(b) band shows an extended z-shaped be-

the fact that the anomalous behavior has been observed only

havior across the series. It seems that the coordination num-in thermodynamic and transport properties even in aqueous
ber change results in the small decrease in the interactionrare earth electrolyte solutions, there might be a possibility

between a rare earth ion and its coordinated N@®, prob-

that similar anomalous behavior of the solute concentration

ably due to the steric effect caused by the jammed ligandsdependence on thermodynamic and/or transport proper-

(water molecules and a NCSon) in the first coordination
sphere. From the previous Raman st{itly], the coordina-

ties will be found in non-agueous solutions of rare earth
electrolytes.
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Fig. 4. Frequency variations of the CN stretching bands for the Fig. 6. Variations of the CS stretching Raman band frequencies for the
LnCl3-NaSCN30H;O and Ln(CIQ)3-NaSCN30H,O solutions at room LnCl3-NaSCN30H,0 solutions in both liquid and glassy states.
temperature.

state at nitrogen temperature. This means that thiocyanate

Now, we move on to discuss the Raman results of the complex formation is enhanced with lowering temperature.
glassy LnCi-NaSCN30H,O solutions to see the temper- Figs. 6 and 7how the frequency variations of the CS and
ature effects on the complex formation of rare earth ions CN stretching Raman bands for the La@®laSCN30H,O
with thiocyanate ions. As glass transition temperature is solutions in the glassy state, respectively, together with those
the lowest temperature limit of liquid state, glassy state for the solutions at room temperature.
usually represents the liquid state at the lowest tempera- The frequency of thecs(b) band goes down from the
ture. Fig. 5 shows the typical Raman spectra of the glassy liquid state at room temperature to the glassy state at liquid
LnCl3-NaSCN30H,O solutions. nitrogen temperature. From the frequency increase of the

Comparison of the CS stretching spectra for the vcn(b) band on vitrification, we know that the interaction
LnCl3-NaSCN30H,O solution in both liquid and glassy between a rare earth ion and its coordinated Sdbh
states clearly indicates that the magnitude of the mole frac- apparently becomes stronger on going from liquid state to
tion of the SCN ions coordinated to L ions increases on  glassy state. Thus, the frequency decrease af¢h) band
going from the liquid state at room temperature to the glassy may be caused by the increase in interaction between an
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Fig. 5. Raman spectra of the CS and CN stretching bands for the; INESCN30H,O solutions in the glassy state.
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laCePrNd Sm Gd Dy Er Yb (H20)]3*. It must be pointed out that the outer-sphere com-
Pm Eu Tb Ho Tm Lu plex formation will affect the formation of an inner-sphere
2110 L. the ON stretching band . complex formation through the following relation:
e
A Kg(out)  Ka @)
e, WS 1 Kg(out)  Kn
2 A A, at
é 2100 - & at .. | whereKg(out) = [LnHg—X]/{[LnHg] [X] }, Ko(out) = [LnHg—
2 2 . XV{[LnHe] [X]}, Ka={[LnHg-X] [H20]}/[LnH¢-X]
z - and Ky={[LnHg] [H20]}/[LnHg]. Here, LnH—X=
= 2005 | . @ . {ILn(H20)g]X}?* and LnHy-X ={[Ln(H20)]X }** rep-
® ® o o ® resent the outer-sphere rare earth complexes of eight and
o —— ! nine coordination numbers, respectively, and X CI~ or
2090 |- ® Liquid state | 1 ClO4~. Therefore, although the formation constants for the
A Glassy stste . .. .
outer-sphere complex reactions are not explicitly included
! ; ! . ! . in Eq. (1), they are implicitly contained in Eq3) through

0.85 0.90 0.95 1.00 which the outer-sphere complex formation affects the inner-
1/ A sphere complex formation. From the Raman results obtained
in this work, it is difficult to give an adequate mechanism
for the anomalous salt concentration dependence of various
transport and thermodynamic properties. However, the fact
that the coexisting anions affect greatly the complex forma-
SCN- ion and its surrounding water molecules. These fre- tion of rare earth ions with thiocyanate ions can be taken as
guency changes are very interesting because little frequency? favorable evidence for the explanation by Marcantonatos
change was observed in the band of nitrato-rare earth €t al.[1]. They reasoned that anomalous salt concentration

Fig. 7. Variations of the CN stretching Raman band frequencies for the
LnCl3-NaSCN30H,0 solutions in both liquid and glassy states.

complex ions in the Ln(N@)3 solution on vitrification[19]. dependence, which is generally observed in many transport
This difference must be attributed to the difference of the and thermodynamic properties, can be realized with the
coordination manners between SCNbn and NQ~ ion: conditionKg(out)/Kg(out) < 1. As Lr#* ions are classified as

SCN- ion binds to a rare earth ion in a unidentate way while & hard acid, and water, Cland CIQ~ are all grouped into
NOs~ ion coordinates to a rare earth ion in a bidentate way. hard bases, it is considered that [Ln@)s]** ions should
The latter binding is rigid but the former binding may be be softer than [Ln(HO)g]** ions. Therefore, the former
amenable to the changes in the first and second coordinatiorpqua-rare earth ion should give a higher formation constant
spheres. The frequency increase ofitgg(b) band indicates ~ for an outer-sphere complex formation with™Cor CIO,~

the increase of the interaction between a rare earth ion and itgon. Despite the anomalous concentration dependence

coordinated SCN ion. The frequency increase of the(b) of the coordination number change, which is a general

band on vitrification is about 10 cm, and it is almost the ~ Phenomenon, in aqueous rare earth chloride and perchlorate

same increase as that observed on going from" Lta solutions, the observeki,, shows apparently no anomalous

Lu3*. behavior across the series. Together with the theoretical
In the theoretical treatment by Marcantonatos ef#l. ~ consideration outlined in Eqg1)—(3) and if the higher

it is shown that the outer-sphere complex formation can be formation constant for the outer-sphere complex is expected
a cause for the anomalous salt concentration dependence fofor the rare earth solvates of the higher coordination number,
the hydration number change. As an extension of the the- it is inferred that similar anomalous behavior as observed in
ory by them, Kannd4] has shown that the observed forma- agqueous chloride and perchlorate solutions may be observed
tion constantKop) obtained by the conventional experimental  in the rare earth electrolyte solutions in organic solvents as

methods is expressed by outer-sphere complex formation is reported to be extensive
in these solutions.
Kob = BKg+ (1 — B)Kg 1) Finally, from Figs. 6 and 7 Smf* ions in the
1 glassy SmG-NaSCN30H,O solution belong to the nine-
= 1T Kr 2 coordination group while they are intermediate region be-

tween the nine-coordination and the eight-coordination
whereKg =[LnYH7)/{[LnHg] [Y] }, Ko =[LnYHg]/{[LnHg] groups in the solution at room temperature. This indicates
[Y]}, Kn=[LnHg)/[LnHg] and Y~ is a unidentate lig- that the higher coordination is favored at low temperatures.
and which will make an inner-sphere complex with a This trend is in consistent with the previous Raman studies
rare earth ion. Here, LnYH=[LnY(H20)7]%*, LnYHg= [13,20]in which the anomalous concentration dependence of
[LnY(H20)g]?*, LnHg=[Ln (H.0)g]®* and Lnkp=[Ln the hydration number change was clearly observed.
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