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Raman spectra of aqueous La®*, Ce>*, Pr*, Nd** and Sm>* — perchlorate solutions were measured and
weak strongly polarized Raman bands were detected at 343 cm™, 344 cm™, 347 cm™, 352 cm™ and
363 cm™, respectively. The full width at half height for these bands is quite broad (~50 cm™) in the iso-
tropic spectrum and the band width increases with increasing solute concentration. The polarized Raman
bands were assigned to the breathing modes of the nona-aqua ions of the mentioned rare earth ions.
Published structural results confirmed that these ions exist as nona-hydrates in aqueous solutions [Ln
(H,0)sl**. The Ln-0O bond distances of these rare earth ions correlate well with the band positions of the
nona-aqua ions [LN(OH,)sl ™ (Ln = La®*, Ce®*, Pr*, Nd** and Sm>*) and the force constants were calcu-
lated for these breathing modes. The strength of the force constants increase with decreasing the Ln-O
bond distances (La—O > Ce-O > Pr-O > Nd-O > Sm-0). While the fully hydrated ions are stable in dilute
perchlorate solutions (~0.2 mol L™), in concentrated perchlorate solutions outer-sphere ion pairs and
contact ion pairs are formed (C > 1.5 mol L™). In a hydrate melt at 161 °C of Ce(ClO,)z plus 6H,0, the
contact ion pairs are the dominate species. The Raman bands of the ligated perchlorate and the Ce-O
breathing mode of the partially hydrated ion pair at 326 cm™ were measured and characterized. In
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cerium chloride solutions chloro-complex formation was detected over the measured concentration
range from 0.270-2.167 mol L™ . The chloro-complexes in CeCls(aq) are weak and diminish rapidly with
dilution and disappear at a concentration <0.1 mol L™, In a CeCls solution, with additional HCl, a series of

rsc.li/dalton chloro-complex species of the type [Ce(OH,)e_,Cl,1"*™" (n = 1, 2) were detected.

water molecules at the vertices of the trigonal prism have
slightly shorter ones.>® The hydration numbers of Ln*" jons in

1. Introduction

In aqueous solution, the light rare earth ions of lanthanum,
cerium, praseodymium, neodymium and samarium exist in
the trivalent state’ although cerium also exists in the tetra-
valent state, Ce**(aq) with its stability kinetically controlled.> The
focus here, however, is on the trivalent ions. The lanthanide
ions, Ln**, with their high charge to radius ratio are strongly
hydrated judging from their hydration energy.** The light rare
earth ions mentioned possess nine water molecules in their
first sphere and have the configuration of a tricapped trigonal
prism (TTP) with D; symmetry. The O-atoms of the three
waters in the equatorial plane (capping position) are separated
from the Ln*" ions by a slightly longer bond distance, while six
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aqueous solution were determined by X-ray diffraction (XRD)’
and extended X-ray absorption fine structure (EXAFS)>®
methods.

In addition to the experimental work, computer simu-
lations significantly contributed to clarifying the details of the
structure and dynamics of the waters in the first hydration
shell of Ln*" (ref. 9 and 10) and have confirmed the nona-
hydrate coordination for the mentioned rare earth ions from
La** to Sm**".

X-ray scattering investigation and EXAFS studies were
applied at quite different concentration levels. While XRD
measurements’ are carried out in concentrated solutions
(moles per L), EXAFS studies®®® are measured on dilute or
moderately concentrated solutions. The high concentrations,
however, pose a challenge because in aqueous trivalent metal
ion solutions complex formation is common and therefore the
Ln**(aq) ions may form complexes. The fully hydrated ions are
then in equilibrium with partially hydrated ions which contain
the ligated anion. Rare earth ions easily form complexes/ion
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pairs with common ions such as chloride, sulfate and nitrate.
Perchlorate, however, acts as a non-complexing anion but at
high concentrations may form ion pairs. Perchlorato-com-
plexes in solution have been described previously, however,
the views expressed were controversial."**?

Vibrational spectroscopy, especially Raman spectroscopy, is
frequently applied to characterize hydrated metal ions and
related species in aqueous solution. It is especially useful to
characterize the species formed at the molecular level such as
hydrated ions, ion pairs between metal ions and anions or
hydrolysis. Raman scattering measurements on aqueous
Ln’**(aq) should allow, in principle, the characterization of the
solution structure in greater detail. However, aqueous Ln** -
solutions at high concentrations in the vitreous state have
been investigated by Raman spectroscopy in only a few studies
(e.g. ref. 14). Due to the limitations of Raman spectroscopy in
the past, the spectra in the low frequency range were of low
quality and Nd** salt solutions were not measured due to their
lilac color.’ It has been shown on a variety of aqueous metal
salt solutions that for meaningful Raman spectroscopic ana-
lysis, R-normalized spectra were necessary in the terahertz fre-
quency range'>'® in order to account for the Bose-Einstein
correction and the scattering factor.'”

The present study was undertaken to characterize the
hydration and speciation in aqueous Ce**, Pr’*, Nd*" and Sm**
perchlorate solutions, including La** which was studied
recently."® For this purpose, Ce*", Pr*", Nd** and Sm*" - per-
chlorate solutions were measured over broad concentration
ranges and down to the terahertz frequency region. The
Ce(ClO,); solutions in heavy water were measured in order to
characterize the vibrational isotope effect changing from
[Ce(H,0)o]** to [Ce(D,0)o*".

In chloride solutions, however, it was shown that these
anions readily form complexes with a variety of di- and tri-
valent metal ions'®'® and the question arises as to whether
these complexes also occur in Ce*'(aq). Therefore, exemplary
for the other rare earth ions, aqueous CeCl; solutions were
measured at varying concentrations to answer this question.
Recently, inner-sphere chloro - complexes were verified in
aqueous LaCl, solutions using Raman spectroscopy.'®

The following aqueous lanthanide solution systems were
measured Raman spectroscopically at 22 °C: Ce(ClO,)s,
Pr(ClO,);3, Nd(ClO,), and Sm(ClO,);. (The La(ClO,); solutions
were previously measured.'®) Specifically, we were interested in
the vibrational characterization of the Ln-O stretching modes
of the nona-hydrate of the fully hydrated ions, [Ln(OH,)o]>" as
a function of solute concentration and the possible formation
of ion pairs between Ln** ions and the perchlorate ion. The
concentration dependence of Ce(ClO,); solution spectra were
measured from the dilute solutions to concentrated.
Furthermore, a Ce(ClO,); hydrate melt at 161 °C (Ce(ClO,);
plus 6H,0) was measured and the bands characterized.

The influence of chloride on the fully hydrated Ln**(aq) was
studied exemplarily on aqueous CeCl; solutions. For this
purpose, CeCl; solutions and a CeCl; solution with additional
HCI were measured.
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2. Experimental details and data
analysis

2.1. Preparation of solutions

The rare earth ion concentrations of all solutions were ana-
lysed by complexometric titration,'® the solution densities
determined with a pycnometer at 22 °C and the molar ratios of
water per salt calculated (R,-values). For Raman spectroscopic
measurements, the solutions were filtered through a fine sin-
tered glass frit (1-1.6 um pore size). The solutions showed no
Tyndall effect and were “optically empty”.>°

The preparation and characterization of lanthanum per-
chlorate solutions at various concentrations, from dilute to
highly concentrated were described earlier.'®

Cerium perchlorate solutions were prepared from
Ce(Cl0O,);-6H,0 (Alfa-Aesar, 99.9%) dissolved with ultrapure
water (PureLab Plus, Ultra-pure Water Purification Systems). A
concentrated Ce(ClO,); solution was prepared at 3.118 mol L™
(Ry = 11.68). This solution was acidified with a slight amount
of HCIO, and a pH value at ~1.8 was measured. From this
stock solution, the following dilution series was prepared:
1.886 mol L' (R, = 22.03), 0.942 mol L™ (R, = 51.47),
0.404 mol L™" (R,, = 129.14) and 0.202 mol L™" (R, = 268.74).
The solutions were analysed for dissolved chloride with a 5%
AgNO; solution and the absence of a white AgCl precipitate
was proof that the stock solution was free of CI™. (This is
important because chloride forms complexes with Ce®" albeit
weak.) Crystalline Ce(ClO,);-6H,0 was fused in a quartz
cuvette (Hellma Analytics, Miillheim, Germany) for tempera-
ture dependent measurements.

Two Ce(ClO,); solutions in heavy water were prepared from
a Ce(ClO,); stock solution in D,O (99.9 atom% D; Sigma-
Aldrich) at 2.562 mol L™" and 1.281 mol L™". The deuteration
degree in the solution was determined at 97% D.

CeCl; solutions were prepared from CeCl;-7H,O (Sigma-
Aldrich, 99.5%) and ultrapure water (PureLab Plus, Ultra-pure
Water Purification Systems) by weight 2.167 mol L™ (R,
23.61), 1.083 mol L' (R, = 49.23) and 0.270 mol L™" (R, =
203.1). Furthermore, a solution with an excess of HCI was pre-
pared (CeCl; + HCI) at 1.678 mol L' CeCl; and an additional
4.012 mol L' HCI with a Ce**(aq): Cl (aq) ratio at 1:5.69. A
4.090 mol L™" aqueous HCI solution was prepared from a con-
centrated HCl stock solution and its HCl concentration
checked by titration.

Pr(ClO,); and Nd(ClO,); stock solutions were commercial pro-
ducts from Alfa-Aesar at 50 wt%, Reagent Grade (99.9%). Dilute
solutions were prepared by weight with ultrapure water. Two
Pr(ClO,); solutions were prepared at 0.89 and at 0.317 mol L
and two Nd(ClO,); solutions at 0.793 and at 0.256 mol L™". These
solutions contained a slight excess of HCIO, and the solutions
reacted therefore quite acidic (pH value <1.5).

A 2.171 mol L™ Sm(ClO,); stock solution (R,, = 21.04) was
prepared from samarium(m) oxide (Aldrich, 99.9%) with a
8.2 mol L™" HCIO, by weight. Two dilute solutions were pre-
pared form the stock solution with ultrapure water at

This journal is © The Royal Society of Chemistry 2017
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1.085 mol L™ (R,, = 45.59) and 0.274 mol L™" (R, = 199.91).
These solutions contained a slight excess of HCIO, and the
solutions reacted therefore quite acidic (pH value <1.5).

To further characterize the rare earth solutions UV-VIS
(ultraviolet-visible) — absorption spectra were measured on
Ce(ClOy)3, Pr(ClOy); and Nd(ClO4); solutions. La(ClO,);(aq)
Ce(ClO,)s(aq) are colourless. However, Ce**(aq) shows five
characteristic UV absorption bands.*" Pr(ClO,); and Nd(ClO,);
- solutions are quite strongly coloured. The UV-VIS absorption
spectra were measured from 190 nm to 1100 nm in 1 cm
quartz cuvettes (Hellma Analytics; Millheim/Germany) with
the UV-visible spectrophotometer Evolution 201 from Thermo
Fischer. The spectral resolution was set at 1 nm. Ce(ClO,);
solutions were measured from 190-400 nm (UV absorption).
The UV/UV-vis spectra (see Fig. S1A-C, ESI}) compare favour-
ably with the ones given in the literature® and shall not be
further discussed.

2.2. Spectroscopic measurements

Raman spectra were measured in the macro chamber of the
T 64000 Raman spectrometer from Jobin Yvon in a 90° scattering
geometry at 22 °C. These measurements have been described
elsewhere."*'® A quartz cuvette from Hellma Analytics
(Millheim, Germany) with a 10 mm path length and a volume
1000 pL was used. Briefly, the spectra were excited with the
487.987 nm or the 514.532 nm line of an Ar' laser at a power
level of 1100 mW at the sample. The spectral resolution at
950 cm™" was 2.90 cm™" using the 487.987 nm excitation line
and 2.61 cm™" using the one at 514.532 nm. For the transpar-
ent solution of La*>" and Ce®" both excitation wavelength were
used. Pr(ClO,4); and Sm(ClO,); solutions were measured with
the 514.532 nm Ar' line. Nd(ClO,4); solutions were excited with
the 487.987 nm Ar' line and only the most dilute solution
could be measured because the concentrated ones absorbed
too strongly despite the absorption gap at 488 nm of its UV-vis
spectrum. The laser beam was focused on the sample by a
laser objective. The Gaussian beam width was ca. 38 um at the
focal plane. The length of the laser inside the sample was ca.
10 mm but only 2 mm of the focused laser beam was trans-
ferred into the spectrometer. After passing the spectrometer in
subtractive mode, with gratings of 1800 grooves per mm, the
scattered light was detected with a cooled CCD detector. Iy
and Iy spectra were obtained with fixed polarization of the
laser beam by rotating the polarizator at 90° between the
sample and the entrance slit to give the scattering geometries:

Iw = I(Y[ZZ)X) = 452 + 4y (1)
and
Iyu = I(Y[ZY]X) = 3y"™. (2)
The isotropic spectrum, f;5, was then constructed:
Iiso = Iyv — 4/3 X Iyy. (3)

The polarization degree of the Raman bands, p (p = Ku/lw)
was determined using a polarizer and adjusted if necessary

This journal is © The Royal Society of Chemistry 2017

Paper

before each measuring cycle using CCl,. A detailed account of
this procedure may be found in ref. 16.

In order to obtain spectra defined as R(¢) which are inde-
pendent of the excitation wavenumber vy, the measured Stokes
intensity should be corrected for the scattering factor
(v — (9))°. In the case of counting methods used, the
measured count rates were corrected with the factor (v, — (9))’.
The spectra were further corrected for the Bose-Einstein temp-
erature factor, B = [1 — exp(—huc/kT)] and the frequency factor,
7, to give the so called reduced spectrum, R(p). It is also poss-
ible to calculate the isotropic spectrum in R-format from the
corrected Ryy and Ryy spectra according to eqn (4):

R(D)iso = R(IJ)VV - 4/3R(B)VH‘ (4)

In the low wavenumber region, the I(#) and Rq(?) spectra
are significantly different and only the spectra in R-format are
presented. The advantages of using isotropic R-spectra is that
the baseline is almost flat in the terahertz region allowing rela-
tively unperturbed observation of the presence of any weak
modes."°

Temperature dependent Raman measurements were carried
out in a sealable fused quartz cuvette, 10 x 10 mm, with
3.5 mL volume from Hellma (Millheim, Germany) using a
home-built oven. The oven and the experimental setup have
been described in detail in ref. 23.

3. Results and discussion

3.1. Raman spectra on aqueous Ln(ClO,); solutions
(Ln = La**, ce*", Pr**, Nd*" and Sm*")

The perchlorate spectrum, ClO,™(aq). The Raman spectrum
of the perchlorate ion in hydrated form (dilute NaClO,(aq))
has been well characterized and only a brief description shall
be given ref. 15, 16 and 18. The ClO,™ ion possesses Ty Ssym-
metry and has nine modes of internal vibrations spanning the
representation [I'yp(Tq) = a;(Ra) + e(Ra) + 2f,(Ra, ir.). All
normal modes are Raman active, but in i.r. only the f, modes
are allowed. The v4(a;) ClO,~ band, centred at 931.5 cm™", is
totally polarized (p = 0.005) whereas v;(f,) ClO,™, centred at
1106 cm ™, is depolarized as are the deformation modes v,(f,)
Clo,~ at 628 ecm™" and v,(e) ClO,~ at 462 cm™ """ In dilute
aqueous NaClO, solutions, the spectrum of ClO, (aq) shows
no sign of contact ion pairs or outer-sphere ion pairs; the
v4(a;) ClO,~ band at 931.5 cm™" is quite narrow with a full
width at half height (fwhh) = 7.2 em™. However, the v4(a;)
ClO,~ band shows an intrinsic low frequency shoulder at
923 ecm™"'  and this feature is due to Fermi resonance of the
overtone of v,(e) ClO,~, 2 X vy(e) = 923 em™" with v4(a;) ClO,™.
This fact is relevant to the interpretation of the peculiar band

1 This band is due to the Fermi resonance of the overtone of v,(e) ClO,~ band at
462 cm ™" with z4(a;) ClO,~. In NH,ClO,(cr) the bands are very narrow and the
v41(a;) ClO,~ band which is only 2.5 em™ in width shows a well separated over-
tone 2 x v,(e) at 923 em™~'. The Raman spectrum of crystalline NH,ClO,(cr) is
given in Fig. S2, ESL.{
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shape of the v4(a;) ClO,~ mode. The antisymmetric stretching
mode, v5(f,) ClO,~, is much weaker in intensity than v4(a,)
and it appears at 1106 cm ™' with a fwhh = 65 cm™".

The Raman spectra of La(ClOy)s(aq), Ce(ClO4);(aq),
Pr(ClO,4);(aq), Nd(ClO,);5(aq) and Sm(ClO,)3(aq). The Raman
spectra of aqueous La(ClO,); solutions have been reported
recently and a strongly polarized band in La(ClO4)s;(aq) was
observed at 343 cm™'.'® Here, only the Raman spectra on
aqueous Ce(ClO,);, Pr(ClO,);, Nd(ClO,); and Sm(ClO,); solu-
tions shall be presented. The Fig. 1 shows an overview spec-
trum of an aqueous Ce(ClO,); solution at 0.202 mol L™" repres-
entative of the last three solutions while the Raman spectra of
the Pr(ClO,);, Nd(ClO,4); and Sm(ClO,); solutions are given in
Fig. S3-S5, ESI,t respectively. The Raman scattering profiles in
Fig. 1, from 40-1430 cm ™, show the ClO, (aq) bands and in
addition a broad, weak polarized mode at 344 cm™' which
does not occur in dilute NaClO,(aq). Therefore, the band at
344 cm™" has to be assigned to the v; CeO, breathing mode of
the [Ce(H,0)o]*" species in analogy to the assignment in the
La(ClO,);(aq) system."®

In Fig. 2, the concentration dependence of the v; CeOq
breathing mode in Ce(ClO,); solutions from 0.202 mol L™*
(Ry = 268.74) to 1.886 mol L™" (R, = 22.03) is given. The v,
Ce-O breathing mode appears at 344 cm™" at the lowest concen-
tration and shifts ~2 cm™" to lower wavenumbers with increas-
ing concentration. Furthermore, the fwhh also increases with
increasing solute concentration from 50 cm™" for the 0.202 mol
L™ solution to 56 cm™" for the 1.886 mol L™" solution (Fig. 2).
This slight change in band parameters of v; CeOg breathing
mode may be due to ion pair formation in concentrated solu-
tions. This ion-pairing effect will be discussed below. The inte-
grated band intensity of v; CeOq breathing mode rises linearly
with the solution concentration (Fig. S6, ESIT).
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Fig. 1 Raman spectrum (Ryy, Ryy as indicated by arrows and Rjs, with
slightly thicker line) of a 0.202 mol L™ Ce(ClO,4)s from 40-1430 cm™.
The band at 344 cm™ represents the breathing mode of CeOq skeleton
of [Ce(OH,)sl** and the strong band 460 cm™, 627 cm™, 932 cm™ and
1114 cm™ are due to ClO4 (aq). The left inset shows the isotropic scat-
tering of the Ce—O breathing mode of [Ce(OH,)o]** in greater detail and
the right inset the isotropic scattering profile of the v4(a;) Cl-O stretch-
ing band.
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Fig. 2 Concentration plot of isotropic Raman spectra of Ce(ClO,)s(aq)
(baseline corrected). From bottom to top: 0.202, 0.404, 0.942 and
1.889 mol L™* cerium perchlorate in aqueous solution.

The effect of deuteration on the CeO, skeleton mode of
[Ce(OD,)*" was studied in Ce(ClO,);-D,O solutions and
resulted in a shift of the Ce-O mode down to 326 cm™". The
shift of v, on deuteration is given by v'; = v4[m(H,0)/m(D,0)]"*
=344 \/(18.02/20.03) =326.3 cm™". (The water and heavy water
molecules are viewed as point masses.) Raman spectra of
Ce(ClO,); solutions in D,O at 1.281 and a 2.562 mol L™" are
presented in Fig. S7, ESL.{

In addition to the isotropic mode, v; CeOq of [Ce(OH,)o]**
at 344 cm™" (fwhh = 50 + 2 cm™") a very weak, broad mode cen-
tered at 165 = 10 cm™" can be observed in aqueous Ce(ClO,);
solution (isotropic Raman scattering). This isotropic band is
assigned to a restricted translational mode of the weakly
H-bonded water molecules (O-H---OClO;”). The mode is
strongly anion and concentration dependent.'>'® The influ-
ence of the ClO,~ on the water spectrum has been discussed
in a recent study on aqueous La(ClO4); solutions'® and the
Raman spectra of the O-H stretching region and the H,O
bending region of the solutions are given in Fig. S8, ESI}
without further discussion.

In the Raman spectra of the Pr(ClO,);, Nd(ClO,); and
Sm(ClO,); solutions (Fig. S3-S5, ESIT), strongly polarized bands
were observed at 347, 352 cm™' and 363 cm™', respectively,
which cannot be found in the hydrated ClO, (aq) spectrum.
Again, several concentrations of the Pr(ClO,);, Nd(ClO,4); and
Sm(ClO,)(aq) solutions were measured. The peak positions for
the v; LnO, breathing modes of [La(OH,)s]>" (ref. 18),
[Ce(OH,)o]*, [Pr(OH,) >, [Nd(OH,)s*" and [Sm(OH,)]*" are
given in Table 1. Force constant calculations for the v; LnOg
breathing modes of this species, applying a simple model,
have been carried out according to eqn (5):

kM*O = 4752()21712N 71AL (5)

with ¢, the velocity of light, 7; the wavenumber of the totally
symmetric mode, N the Avogadro number and A; the mole-
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Table 1 Vibrational frequencies, Ln—O bond distances® and calculated
force constant, k.,_o for the [Ln(OH,)ol** species of La**, Ce*, Pr*
Nd** and Sm** at 22 °C

[Ln(OH,)o** v4 Ln-O/em™ Ln-O/A kin-o/Nm™*
La®* 343 2.585 124.88
ce*' 344 2.565 125.60
pr** 347 2.540 127.80
Nd** 352 2.520 131.51
Sm** 363 2.490 139.86

cular weight of the ligand. The force constants, ki, o, calcu-
lated for the measured v4 breathing modes are given in Table 1
together with the corresponding Ln*'-0O bond distances.’ The
force constants increase from La**, Ce**, Pr**, Nd** to Sm®" in
the same order as the corresponding Ln-O bond distances
decrease.

Recently, Lutz et al.>* computed the Ce-O stretching mode
at 354 cm™' and compared their result with the band position
measured in the glassy state of Ce**-nitrate at 359 cm™" (ref.
13) and stated an “excellent agreement with experimental
results”.>* However, the peak position of the v; CeO, breathing
mode is 15 em™" higher than our value at 344 cm™". Kanno
and Hiraishi'* measured rare earth nitrate solutions including
Ce’**-nitrate in vitreous state at a high concentration. It is
known, that nitrates form nitrato-complexes especially at such
high concentrations."* From the Ce-O mode given in ref. 14
Lutz et al.** calculated the force constant for the v, breathing
mode of the [Ce(OH,)o]’" species among other hydrated
cations. Their calculations was based on the simplified model
of a heteronuclear diatomic species, A-B, but such an assump-
tion is not correct. The symmetrical normal mode v, of the
CeO, skeleton of the [Ce(OH,)s]>" species reveals that the
central cation stays stationary and only the water molecules are
involved in the breathing motion.

3.2. Concentration dependent Raman spectra in
Ce(Cl0,);(aq) solutions and the Ce(ClO,);-6H,0 melt

In dilute perchlorate solutions, the formation of contact ion
pairs of perchlorate with La**,'® Ce**, Pr*", Nd*" and Sm®" is
negligible. The breathing modes, v, LnOy, in these solutions
are the ones of the fully hydrated Ln*" ions, the nona-hydrates.
Representative of the other rare earth perchlorate solutions,
the concentration dependence of the Ce(ClO,); solutions will
now be discussed. At Ce(ClO,); concentrations >1.5 mol L™,
the Raman spectra reveal signs of contact ion pair formation.
Raman scattering profiles from 48-1425 em™', Ry, Ryy and
R, of an aqueous Ce(ClO,); solution at 3.118 mol L™ (mole
ratio water to Ce(ClO,); = 11.68:1) are presented in Fig. 3. In
addition to the perchlorate bands, a broad, weak and strongly
polarized band at 340 cm™' is observed, namely, the Ce-O
breathing mode. The strong influence of the Ce(ClO,); on the
water deformation band and its O-H stretching region,
especially the perchlorate anion, is given in Fig. S9, ESI} (see
ref. 15 and 18).
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Fig. 3 Raman spectra (Ryy, Ryn and Ris, as slightly thicker line) of a
3.118 mol L™ Ce(ClO,)s solution (R,, = 11.68) at 22 °C.

In the most concentrated solution at 3.118 mol L™, the Ce-O
breathing mode appears four wavenumbers lower than in
the dilute solution (0.202 mol L") at 344 cm™". Furthermore,
the band width of the v, Ce-O breathing mode in the most
concentrated solution (3.118 mol L™') broadens by an
additional ~17 em™" compared to the most dilute solution
(0.202 mol L") with its fwhh = 50 cm™". The band profile of
the Ce-O breathing mode contains two component bands,
one, at 326.5 cm™ " with a fwhh = 79.8 em™" containing 59.8%
of the whole band area and a component band at 344 cm™"
with a fwhh = 48 cm™" representing 40.2% of the band area.
The component at 326.5 cm™" represents the Ce-O mode of
the partially hydrated Ce®* species while that at 344 cm™
represents the fully hydrated Ce** (Fig. S10, ESIY).

The direct contact of ClO,~ on Ce*" causes marked changes
of these ligated perchlorate bands and therefore, the band
parameters of these perchlorate bands in Ce(ClO,); solution
will be considered. The discussion of the perchlorate band
parameters shall begin with the most intense perchlorate
band, v4(a;) ClO,™. In a 0.202 mol L™ Ce(ClO,); solution, the
v4(a;) mode peaks at 932.2 cm™' and possesses a fwhh at
9.2 em™". A 0.404 mol L™" solution shows a peak position at
932.5 cm ™! with a fwhh at 9.35 cm™; in a 0.942 mol L™ solu-
tion the band peaks at 932.7 ecm™' and has a fwhh =
9.71 em™, and in a solution at 1.889 mol L' the band peaks
at 932.8 cm™" and has a fwhh = 10.34 cm™'. Finally, in the
solution at 3.118 mol L™ the v4(a;) ClO,~ band appears at
933.4 cm™" and has a fwhh at 15.8 cm™" and is therefore much
broader than the band in dilute NaClO,(aq) (peak position of
v4(a;) at 931.5 em™" and a fwhh = 7.2 em™"). A concentration
plot of the v, ClO,~ band profiles in Ce(ClO,);(aq) as a func-
tion of the solute concentration from 0.202 mol L' to the
highest concentration at 3.118 mol L™" is presented in Fig. 4.

In addition, to the intrinsic low frequency shoulder at
~922 cm™' (Fermi resonance), a broad band at 942 cm™'
emerges in the concentrated Ce(ClO,); solutions. Three band
components were detected: the first one at 918 cm™" (fwhh =
26.1 cm™'), the second at 933 em™" (fwhh = 12.97 em™") and
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Fig. 4 Concentration plot of the 14 ClO4~ band profiles in Ce(ClO4)z(aq)
as a function of the solute concentration: (A) 3.118 mol L™ (R,, = 11.68), (B)
1.886 mol L™ (R,, = 22.03), (C) 0.942 mol L (R, = 51.47), (D) 0.404
mol L™ (R,, = 129.14) and (E) 0.202 mol L™ (R,, = 268.74). Note, the very
large band width in the most concentrated Ce(ClO,4)3 solution (A).

the third at 942 ecm™" (fwhh = 13.95 cm™"). The first two bands
of the v(a;) ClO,~ profile also appear in the fully hydrated
ClO,™, albeit much broader, while the third band component
at 942 em™" is a new component. This finding clearly indicates
two different sites for the ClO,~; one in the outer-sphere posi-
tion and the other constituting the contact ion pair binding
directly to Ce". At such a high concentration state, the ClO4~
has to occur in an outer-sphere ion pair, Ce*"(OH,)ClO,".

The other three perchlorate bands also show large devi-
ations from the ones found in dilute NaClO,(aq) as explained
above. The antisymmetric stretch, v;(f,)ClO,~, appears with a
band width of 128 cm™" compared to 65 cm™" in fully hydrated
ClO, (aq). Several broad unresolved band components were
observed in the polarized band profile of v;(f,) ClO,~ which
was fitted with four bands with components at 1051 cm™"
(fwhh = 458 cm™), 1102 cm™ (fwhh = 81.8 cm™),
1133.4 cm™' (fwhh = 61 ecm™) and 1153.5 ecm™' (fwhh =
51.7 cm™'). Two weak and broad band components were
detected in the isotropic scattering profile at 1050 cm™" and at
1156 cm™'. These isotropic band contributions can only be
explained by reduction of the T4 ClO,” symmetry due to direct
bonding on the Ce*" ion.

The deformation modes in the most concentrated solution
also show large deviations from the one in dilute ClO, (aq).
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The first broad deformation mode v,(e) at 460 cm™" shows a
high frequency shoulder at ca. 470 cm™" and the second defor-
mation mode v,4(f,) at 627 cm™" is also much broader and
slightly asymmetric compared to the one in the fully hydrated
ClO, (aq) spectrum (see above).

In the most dilute solution, with its 269 water molecules
per Ce(ClO,);, the water content is large enough to completely
hydrate all ions. In such a dilute solution no inner-sphere ion
pairs are formed. Although the perchlorate ion is known as a
non-complex forming anion, contact ion pair formation,
however, becomes more and more likely with an increase in
solute concentration and a shrinking amount of water. In the
3.118 mol L™ solution, only 11.68 water molecules are avail-
able which are not enough to fully hydrate all ions. Inevitably,
ion-pair formation must occur. The ion pair formation
between Ce**(aq) and ClO, (aq) most likely occurs in a step-
wise equilibrium process with the outer-outer sphere and
outer-sphere ion pairs, Ce’"(H,OH,0)ClO,~ and Ce*(H,0)
ClO, ™, respectively. In the most concentrated solution, ca. 20%
contact ion pairs are formed which are in equilibrium with the
outer-sphere ion pairs of the formula: {Ce**(H,0),ClO,}. The
equilibrium in the concentrated solution state may be formu-
lated according to:

Ce*"(H,0),Cl0,~ = [Ce(OH,),0,ClO,]*” +2H,0.  (6)

To summarize, the perchlorate ion penetrates the flexible
first hydration shell of Ce®" in concentrated solutions in
contrast to Al(ClO,); solutions, where perchlorate does not
penetrate into the first hydration shell of AI**.>*?® The
hydration shell of [Al(OH,)¢]>" is inert.>® In a Ce(ClO,); hydrate
melt with a shortage of water, contact ion pair formation
should be pronounced. Such a hydrate melt will be discussed
in the following section.

In a Ce(ClO,4);-6H,O0 melt at 161 °C, shown in Fig. 5, the
deviations of the ligated perchlorate bands are most pro-
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Fig. 5 Raman scattering profiles (Ryy, Rvny and Riso as slightly thicker
line) of a Ce(ClO4)s hydrate melt of the composition Ce(ClOy4)s plus
6H,0 at 161 °C. The left inset shows the scattering profile in the tera-
hertz region in detail. The right inset shows the isotropic and anisotropic
scattering profiles of the v, ClO4~ band at full scale.
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nounced and are compared to the Ce(ClO,); solution state.
The Ce-O breathing mode will be discussed below.

The bands of the ligated ClO,” in the melt are broad and
show distinct new band features. The deformation mode of
vy(e) ClO,~ at 458 cm™, for instance, splits into two broad
components; one at 457.5 cm™' (fwhh = 35.5 em™) and a
second positioned at 489.7 em™" (fwhh = 26 cm™"). The v4(f,)
ClO,” deformation mode, also broad and with an asymmetric
profile peaks at 628 cm™'. The whole band complex shows
three components: a first one at 586 ecm™" (fwhh = 35.3 cm™),
a second at 621.9 cm™" (fwhh = 24.7 em™") and a third at
635.2 cm ™' (fwhh = 28.1 cm™"). The Raman scattering profiles
in R-format in the lower part of the wavenumber region from
60-800 cm™" showing both deformation modes of ClO,™ are
presented in greater detail in Fig. S11A, ESL.{ The band fit
results from the polarized scattering profiles for v,(e) ClO,~
and v,(f,) ClO,~ such as the sum curve of the band fit and the
component bands together with the measured profiles are
presented in Fig. S11B and S11C, respectively (ESIT). The v4(a;)
ClO,” band, the perchlorate symmetric stretch with the
highest intensity in the Raman spectrum located at 934 cm™"
and its fwhh at 24.5 cm™ appears dramatically broadened
compared to the dilute solution state (fwhh = ~7.8 cm™). The
band profile shows an asymmetric band contour at 941 cm™*
in addition to the asymmetry stemming from the Fermi reson-
ance component at 914 cm™'. The Fermi resonance band,
however, also appears in the spectrum of the fully hydrated
ClO,"(aq) as was discussed in detail above. The component
band at 941 cm™" stems clearly from the ligated ClO,~ of the
inner-sphere ion pairs. The band fit results for the isotropic
vi(a;) ClO,~ profile in R-format is given in Fig. S12, ESL{ The
antisymmetric Cl-O stretching mode, v;(f,) ClO,™, is very
broad compared to the one in the fully hydrated ClO, (aq) and
the band complex shows clearly two band components and a
pronounced asymmetry at higher wavenumbers. These bands
are not only visible in the polarized or depolarized scattering
but also in the isotropic scattering with its components at
1033 ecm ™" and 1130 cm™" and a broad shoulder at 1184 cm™*
(see Fig. S13, ESIT). In contrast, in dilute ClO, (aq) the band
peaks at 1106 cm™', appears much smaller and is completely
depolarized.

Finally, the Ce-O breathing mode normally positioned at
344 cm™" shifts to 326 cm™" and broadens considerably (fwhh
= 81 cm™'). The band was fitted with two components at
306 cm™' (fwhh = 65 cm™) and at 332.8 cm™ (fwhh =
56 cm'). Furthermore, a small isotropic component at
159 cm ™" is detectable (see Fig. S11A, ESI{).

All these spectroscopic features clearly show that the sym-
metry of the ligated ClO,” and its geometry are considerably
altered due to the direct coordination to Ce®*". Consequently,
the vibrational bands lose their degeneracy and shift. The
monodentate binding of one of the four oxygen atoms of the
perchlorate will reduce the symmetry of the ligated ClO,~ from
Tq to Cs,. Bidentate binding of two of the oxygen atoms of
Clo,~ to Ce*" will reduce the symmetry further to C,, (corre-
lation table of T4 symmetry with Cs, and C,, see ref. 27). The
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most likely type of coordination of the perchlorate, however,
will be an asymmetric bidentate binding with the two ligated
oxygen atoms with different Ce-O bond distances. This would
lead then to symmetry C;. The two isotropic components in
the antisymmetric Cl-O stretching region, mentioned above,
are an indication. The Ce*'-perchlorate inner-sphere ion pairs
are the dominate species in the hydrate melt at 161 °C in equi-
librium with the outer-sphere species, {Ce*"(H,0),ClO,}.

The results of a combined X-ray scattering and **Cl NMR
spectroscopic study on Ce(ClO,);(aq) and on Mg(ClO,),(aq)
verify the formation of contact ion pairs in Ce®* solutions
depending on the solute concentration.”®*° In Mg(Cl0,), solu-
tions, however, no contact ion-pairs could be verified. Again,
recent Raman data support this finding and confirm that the
first hydration sphere of Mg>" is inert for ClO,~ penetration.”
The Raman spectroscopic findings confirm the results of the
combined X-ray scattering technique and *°Cl NMR spec-
troscopy. Furthermore, a recent study on aqueous La®* per-
chlorate solutions confirmed the labile hydration structure of
the La**(aq) and the formation of La**~ClO,” inner-sphere ion
pairs in concentrated solutions."®

3.3. CeClj; solutions

From thermodynamic measurements, it is known that Ce*
forms weak chloro-complexes/ion-pairs.>"*> As a model system
for the strongly coloured praseodymium- and neodymium-
chloride solutions, aqueous CeCl; solutions at 2.167 mol L™
(Rw = 23.61), 1.083 mol L™ (R, = 49.23) and 0.270 mol L™}
(Rw = 203.1) were studied Raman spectroscopically. In
addition, a ternary solution, CeCl;-HCI-H,0, was also investi-
gated. The Raman scattering profiles of a 2.167 mol L™" CeClj
solution (R,, = 23.61) are presented in Fig. 6 in the wavenum-
ber range from 75-700 cm™" in R-format and that of the solu-
tion at 0.270 mol L™" in Fig. 7. The Ce-O stretching mode in
the 2.167 mol L™ solution is down shifted and appears at
341 em™'. A broad isotropic component at 201 cm™' and an
unresolved broad feature at 245 cm™" are also observed. These
findings are clear evidence that ClI™ has penetrated into the
first hydration shell of Ce** and partially hydrated Ce*" chloro-
complex species formulated as [Ce(OH,)o_,Cl,]> " with n =1, 2 are
formed. The second isotropic component at 201 cm™" is assigned
to the restricted translation band of water of its O-H:--O/Cl™
units and the third broad feature to the v Ce**~Cl™ stretching
mode(s) of the Ce*"-chloro-complex species. With dilution, the
Ce-O mode shifts to higher wavenumbers. For a 2.167 mol L™
in which the mole ratio of solute to water is 1 to 23.61, the
Ce-O breathing mode appears at 341 cm ™" and at a concen-
tration at 1.013 mol L™" (R,, = 52.5) appears at 342 cm™ . The
Raman spectral scattering profiles of a 0.270 mol L™" (R,, =
203.1) in Fig. 7 show the Ce-O breathing mode at 344 cm™*
and the chloro-complex species almost diminished. These
Raman spectroscopic results demonstrate that with dilution
the chloro-complex species disappear rapidly. Extrapolation of
our Raman data leads to the conclusion that in CeCl;(aq)
< 0.1 mol L™ the Ce* ion is fully hydrated. These findings
show that Ce®" forms weak complexes with CI™.

Dalton Trans., 2017, 46, 4235-4244 | 4241



Paper

639

1000

800

Intensity / R

400 [

200

L L L L . !
400 500 600 700 800 900

Raman shift / cm ™'

L L .
0 100 200 300 1000
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modes show: 341 cm™, 1, the Ce—O breathing mode and at 209 cm™
the restricted translation mode of water of the O-H---O/Cl™ units.
Considering the isotropic scattering the restricted translational water
band peaks at 201 cm™ but also contains broad and unresolved feature
at ca. 245 cm™ indicated by arrow. These broad, unresolved features
represent the Ce—Cl stretching band(s). In the isotropic scattering the
very broad band at 732 cm™ is due to the water librations.
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Fig. 7 Raman scattering profiles of a 0.270 mol L™ CeCls solution
(Rw = 203.1) in the wavenumber region from 50-1000 cm™.
R-Scattering profiles (from top to bottom: Ryy, Ryy and R;so) at 22 °C.
The very broad band at 730 cm™ (Riso: ~910 cm™) is due to water libra-
tions. In the terahertz region, below 400 cm™, the following modes in
the Riso scattering show the 14 Ce—O breathing mode at 344 cm™* and at
185 cm™ (Riso: 180 cm™) the restricted translational band of water of
the O—H---O units.

To further verify chloro-complex formation in CeCl;(aq), a
ternary solution, CeCl;-HCI-H,0, was studied. In Fig. 8 the
isotropic scattering of a CeCl;-HCI solution with a CeCl; con-
centration at 2.03 mol L™" and 4.0 mol L' HCI is shown. From
the isotropic spectrum of CeCly(aq) at 2.03 mol L™ plus
4.0 mol L™" HCI the isotropic scattering profile of a 4 mol L™
HCl(aq) was subtracted and the difference spectrum reveals a

4242 | Dalton Trans., 2017, 46, 4235-4244

Dalton Transactions

150

222

90

Intensity / R

6or 110

646
30

0 100 200 300 400 500 600 700 800
Raman shift / cm ™'

Fig. 8 The isotropic Raman scattering profile (Ris,) of a 2.167 mol L™*
CeCls solution with additional 4.01 mol L™! HCl added at 22 °C. The
wavenumber range is from 50 to 800 cm™. The band at 330 cm™ rep-
resents the Ce—O mode of the partially hydrated chloro — complex
species of Ce®*, [Ce(OHy)e_nCl,1*>™" with n = 1 and/or 2. The broader
band complex at 222 cm™ is assigned to the Ce**—Cl~ modes as well as
the band at 110 cm™ of the chloro-complex species. The very broad
band at 646 cm™ represents the librational modes of the water in this
ternary solution.

broad band at 329 cm™" and one at 222 cm™' and a smaller
scattering contribution at 101 cm™" (Fig. 8).

The marked shift of the isotropic band of the Ce-O breath-
ing mode at 341 cm™ in a 2.167 mol L™ CeCl; solution
without added HCI (Fig. 6) compared to the peak position at
329 em™! in CeCl; plus HCI (Fig. 8) shows the extensive for-
mation of chloro-complex(es). A stepwise formation may be
formulated according to:

[Ce(OH,),*" + Cl” = [Ce(OH,),Cl]*" + H,0 (7A)

and with an increase in Cl~ a second chloro-complex may be
formed according to eqn (7B):

[Ce(OH,)4Cl]*" + CI” = [Ce(OH,),Cl,]" + H,0. (7B)

The estimated value of the log f; value for eqn (7A) equal to
~0.1 reveals the weak nature of the chloro-complex in
CeCl(aq) at 22 °C. Thermodynamic data on the chloro-
complex formation in CeClz(aq) confirm the weak nature of
the complexes and values for the equilibrium constants for
reactions (7A) and (7B) may be found in ref. 31 and 32.

The existence of a chloro-complex species in concentrated
LaCl; solutions using Raman spectroscopy in the terahertz
region was presented recently.'® The results on LaCl, solutions
from dilute to concentrated ones'® are quite similar to the
recent findings on CeCl; solutions. The chloride ion pene-
trates the flexible first hydration shell of La®* and Ce*" and
pushes out water. With dilution, the weak chloro-complexes
disappear and fully hydrated La®* resp. Ce®*" ions could be
detected. In contrast, in concentrated AlICl; solutions, C1~ does
not penetrate into the first hydration shell of AI*".>>?°
The hydration shell of [Al(OH,)s]*" is quite inert®® and the
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symmetric stretching mode of the v; AlOg4 skeleton at 525 cm™!
could be observed in the whole concentration series of
AlCl(aq) (0.5 to 3.14 mol L™1).

The results of an extensive EXAFS study on 0.1 and
0.01 mol L™ La*", Ce*" and Nd*" - solutions in 0.20 mol L™
HCI and with 14 mol L™" LiCl are especially instructive.®® (Ref.
33 also contains data on heavy rare earth and actinide ions.)
Allen and co-workers®® showed convincingly that in solutions
with low chloride concentrations the Ln-O bond distances for
Ln** (Ln = La, Ce and Nd) and coordination numbers equal to
~9 are consistent with fully hydrated La®*, Ce*" and Nd*" ions,
the nona-hydrates. In solutions with an excess of LiCl, it was
demonstrated that inner sphere chloro-complexation takes
place together with a loss of water.’> The average chloride
coordination numbers and Ln-Cl bond lengths for La**, Ce*
and Nd** were also given.?® In a recent combined EXAFS and
XRD study®* ion pair formation was reported in a 1.0 mol kg™*
LaCl; solution. Our results of concentration dependent Raman
profiles on CeCls(aq) and the results on LaCls(aq)'® confirm
the data of these structural studies.**>*

To summarize, the [Ce(OH,)s_,Cl,]” " modes in chloride
solutions could be detected and formation of weak chloro-
complexes with Ce** verified. In dilute solutions (¢ < 0.1 mol L")
the chloro-complex species disappeared upon dilution and
[Ce(OH,)o]** and Cl (aq) are formed. The chloro-complex for-
mation may be one reason for the data scatter of the recently
published Ce-O bond distances and coordination numbers
presented for Ce*(aq) and other rare earth chloride
systems.>** In recent experimental structural studies, it was
observed that inner-sphere chloro-complex species are formed
in aqueous LnCl; solution (Ln = La, Ce and Nd) with high
chloride concentrations while in dilute solutions, fully
hydrated ions exist.****

4. Conclusions

Raman measurements on dilute aqueous La(ClO,);, Ce(ClO,);,
Pr(ClO,4);, Nd(ClO4); and Sm(ClO,); solutions have been
carried out. In these solutions, strongly polarized modes at
343 em™, 344 em™', 347 em™', 352 em™! and 363 cm ™! were
detected and assigned to the breathing modes, v; Ln-O of the
nona-hydrates  [La(H,O)o]*",  [Ce(H,O)o]**,  [Pr(H,0)o]*",
[Nd(H,0)o]*" and [Sm(H,0),]**. The force constants of these
Ln-O breathing modes were calculated from these data. In the
dilute perchlorate solutions, these species represent the fully
hydrated [Ln(OH,),]** ions. The calculated force constants of
the nona-hydrates of [La(H,O)o]>", [Ce(H,0)o]**, [Pr(H,0)o]*",
[Nd(H,0)o]** and [Sm(H,0)o]*" strengthen with the corres-
ponding decrease in the Ln-O bond distances.

In Ce(ClO,); in heavy water, the Ce-O breathing mode
shifts to 326 cm™" for the deuterated species [Ce(OD,)o]*" as a
result of the isotope effect by changing from H,O to D,O.

As a typical example of these lanthanide perchlorate solu-
tions, higher concentrated aqueous Ce(ClO,); solutions were
studied. In the highest concentrated Ce(ClO,); solution,
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3.118 mol L', contact ion pairs between Ce** and ClO,~ were
detected. In a hydrate melt of Ce(ClO,); plus 6H,0, measured
at 161 °C, the contact ion pairs dominate the spectrum. The
bands of the ligated ClO,~ were characterized as well as the v4
Ce-O breathing mode of the partially hydrated Ce®" species,
[Ce(H,0),0,ClO,]*".

In CeCl; solutions, Cl™ penetrates the first hydration sphere
of Ce*"(aq) and weak chloro-complexes are formed. However,
the chloro complexes disappear rapidly upon dilution and at a
concentration <0.1 mol L™ the chloro-complexes have almost
disappeared. These Raman spectroscopic findings were sub-

stantiated by recently published Raman and EXAFS
results.'®?33*
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