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The crystal and molecular structures of the rare earth carbon-
ates with the general formulae [C(NH,)]3[Ln(CO3),4(H,O)]:
2H,0 (where Ln = Pr®*, Nd3*, Sm?3*, Eu®*, Gd®*, Tb®*) and
[C(NH,)]5[Ln(CO3)4]-2H,0 (where Ln = Y3+, Dy®*, Ho®*, Er’+,
Tm3*, Yb3*, Lu®**) were determined. The crystals consist of
monomeric [Ln(CO;3)4(H,0)]>~ or [Ln(CO3)4]°>~ complex
anions in which the carbonate ligands coordinate to the Ln3*
ion in a bidentate manner. The spectroscopic (UV/Vis/NIR
and IR) properties of the crystalline lanthanide carbonates,
as well as their aqueous solutions, were determined. Corre-
lation between the spectroscopic and the structural data en-

abled us to conclude that the [Ln(CO;),(OH)]®" and [Ln-
(CO3)4]° species predominate in the light and heavy lantha-
nide solutions, respectively. The nature of the Ln-O interac-
tion was also discussed. The experimental data, as well as
the theoretical calculations, indicated that the Ln—-O(CO3%")
bond is more covalent than the Ln-O(OH,) bond. Moreover,
the covalency degree is larger for the heavy lanthanide ions.
Inspection of the NBO results revealed that the oxygen hy-
brids, with the approximate composition sp* form strongly
polarized bonds with the 6s6p5d* hybrids of lutetium.

Introduction

The lanthanide complexes with carbonate anions have
been studied for several years.'! These complexes have a
potential practical role, for example, the common and
cheap carbonate anions may be used to separate lanthanide
and actinide ions from the nuclear waste.’!

It is well known that lanthanides, as well as actinides,
form soluble, thermodynamically-stable, highly charged an-
ionic species in concentrated solutions of alkali metal car-
bonates. The substantial stability of these complexes is
brought about by the high basicity of the CO;>~ anion and
the large effective charge of the Ln3* cations. The cumulat-
ive stability constants of the [Ln(COj),] "3 complexes,
which have been determined by various methods (i.e. po-
tentiometry, solubility and extraction), are widely dis-
cussed.l¥ The stoichiometry of the lanthanide carbonate
complexes significantly differ and depend on the experi-
mental conditions. The presence of 1:1 and 1:2 complexes
is expected in dilute solutions of the carbonate anion (e.g.
sea water) while the [Ln(CO3);]* ! and [Ln(CO3),]> 1 spe-
cies are formed in concentrated solutions. The UV/Vis spec-
troscopy results reported by Nagaishi et al.l indicated that
the eight-coordinate [Ln(CO3)4]> (where Ln = Nd3*, Sm3*,
Eu’*, Gd**, Tb**, Dy3*, and Tm?*) species were predomi-
nant in a 3 M K,CO; aqueous solution. This conclusion is
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in agreement with the results obtained by Rao and Chattl43]
(solvent extraction), as well as by Bond et al.l’l (IR and
Raman spectroscopy). On the other hand, the measure-
ments of the electrophoretic mobilities and solubilities of
Na[Eu(COs3),]'nH,0, which was performed by Philippini et
al.,'®% indicated different complex stoichiometries for the
light ([Ln(CO3)4]>) and heavy ([Ln(COs3);]*) lanthanides.
These differences were explained by the lanthanide contrac-
tion. Vercouter et al.,> by taking into account the results
from the solubility and time-resolved laser-induced fluores-
cence spectroscopy (TRLFS) studies, concluded that the 8-
coordinate [Eu(CO3)3(H,0),]*~ species was predominant in
solution.

Some interesting properties of the lanthanide carbonate
complexes were observed by Hobart et al.l! They found
that it is possible to oxidize electrochemically trivalent
praseodymium and terbium to the tetravalent state in alkali
carbonate solutions (ck,co, = 5.5 M). This suggests that the
coordination environment of the Ln’* ion is completely
filled up by the carbonate anions.

The number of reported crystal structure analyses of Ln
carbonates is limited,”-!'-?%1 since these compounds, in
most cases, have been synthesized hydrothermally in the
form of powders.[>!-??l In the majority of reported crystal
structures, the coordination sphere of the Ln3* ion consists
only of the carbonate anions. The coordination number
(C.N.) of the metal ion is 9 for the light lanthanides and 9
or 8 for the heavy lanthanides. A C.N. of 10 was found for
a holmium complex,!''l in which the Ho** ion was sur-
rounded by three bidentate HCO; anions and four water
molecules.
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Despite a great amount of research on lanthanide car-
bonates, there is a lack of systematic structural and spectro-
scopic studies of these complexes for all of the lanthanide
ions and, in particular, for single crystals that have been
obtained at the same experimental conditions.

Electronic spectroscopy is the method of choice to study
lanthanide complexes in solution.?’l This is particularly
true in the case of lanthanide carbonates, where very high
ionic strengths of the investigated solutions impede the use
of other physicochemical methods. Moreover, the corre-
lation between the UV/Vis/NIR absorption spectra of mono-
crystals and solutions seems to be an especially valuable
method, which enables to determine stoichiometry and
structure of the complex in solution, as the specific charac-
ter of f—f transitions, namely their intensity variations and
crystal-field splittings, depend mainly on the nearest sour-
rounding of Ln3* 23]

Systematic analysis of the structural and spectroscopic
properties of the rare earth (Pr3*, Nd3*, Sm3*, Eu’*, Gd3*,
Tb** Dy’*, Ho**, Er¥*, Tm?*, Yb3*, Lu’**, and Y3*) car-
bonate complexes is presented in this paper. Correlation of
the spectral properties between complexes in the solid state
and in solution is also analyzed. This study should be of
interest as the observed physicochemical properties of the
lanthanide carbonates may shed some light on the debated
nature of the Ln-O bond.**

Results

Crystal Structures

The complexes with the formulae [C(NH,)]5[Ln(CO3)4-
(H,O)]-2H,O (I) (where Ln = Pr3*, Nd**, Sm3*, Eu’*,
Gd**, Tb3*) and [C(NH,)]5[Ln(CO5)4]-2H,0 (II) (where Ln
= Y3, Dy**, Ho**, Er**, Tm**, Yb3*, Lu*) crystallize in
the Pna2, and Pnna space groups, respectively. The crystals
of I are isostructural with the previously studied Nd3* com-

pound.!'3l In both types of crystals, four bidentate carbon-
ate anions coordinate to the Ln* ion, thus filling the eight
coordination sites. The ninth coordination place in I is oc-
cupied by a water molecule, as shown in Figure 1.

Figure 1. The molecular structure of [Pr(CO;),(H,O)]> and
[Yb(CO3),]> together with the atom labels.

In I, the eight oxygen atoms from the carbonate anions
and a water molecule form a distorted monocapped square
antiprism (SAPRS-9) in which the bases are twisted by 23°.
In II, the eight carbonate oxygen atoms form a distorted
dodecahedron (DD-8). The molecular symmetry of the
complex anions is rather low, namely, C; in I and C,, in I
The Ln—O bond lengths are presented in Table 1. They are
comparable to those previously reported in the litera-
ture;[7!5171 the Y-O bond lengths are intermediate between
those of the Ho and Er crystals. The rest of the details of
the data collection and the structure refinement are given
in Tables S1 and S2. The change in the average bond lengths
for the Ln—O(CO5>"), Ln—-OH,, and Ln—Ln distances across
the lanthanide series are presented in Figure 2.

The discontinuity in the Ln-Ln bond lengths between
the Tb and Dy compounds was caused by the change in the
C.N. from 9 for Tb?* to 8 for Dy**. The difference between
the Ln—OH, bond lengths for Eu*, Gd**, and Tb?* in I
was caused by the formation of hydrogen bonds between
the coordinated water molecule, OW1, and one of the two
alternative acceptor oxygen atoms. In the Pr3*, Nd**, Sm?*,
and Eu** compounds, the OW1 molecule forms a hydrogen
bond with the oxygen atom (O12) from an adjacent com-

Table 1. Ln-O bond lengths (A) for T and II. The estimated standard deviations of the sample are given in the case of the average

distances.

[Ln(CO5)4(H,0)P°

Pr3* Nd3* Sm3* Eu®* Gd** Tb3*
Ln-0O33 2.4741(17) 2.455(2) 2.4219(16) 2.410(3) 2.393(5) 2.383(3)
Ln-021 2.4753(18) 2.463(2) 2.4269(16) 2.414(3) 2.409 (5) 2.388(3)
Ln-0O41 2.4828(17) 2.4669(19) 2.4342(15) 2.423(3) 2.422(4) 2.404(3)
Ln-Ol11 2.4877(18) 2.471(12) 2.4403(16) 2.427(3) 2.397(5) 2.396(3)
Ln-O31 2.5042(18) 2.485(2) 2.4563(15) 2.441(3) 2.446(4) 2.438(3)
Ln-O12 2.5074(16) 2.4897(18) 2.4617(15) 2.448(3) 2.432(5) 2.436(4)
Ln-022 2.5279(17) 2.513(2) 2.4871(16) 2.476(3) 2.462(5) 2.458(3)
Ln-043 2.5618(17) 2.5449(19) 2.5231(15) 2.516(3) 2.506(5) 2.490(3)
Average 2.502(30) 2.486(30) 2.456(34) 2.444(35) 2.436(40) 2.424(38)
Ln-OW1 2.503(30) 2.486(30) 2.456(34) 2.444(36) 2.433(38) 2.424(38)

[Ln(CO3)4]>

Dy3+ H03+ Er3+ Tm3+ Yb3+ Lu3+ Y3+
Ln-O4 2.3601(13) 2.3438(12) 2.3265(15) 2.3192(15) 2.3102(12) 2.2992(13) 2.339(2)
Ln-Ol1 2.356(11) 2.3440(11) 2.3334(16) 2.3225(15) 2.3132(11) 2.3071(11) 2.3441(18)
Ln-0O6 2.3606(13) 2.3475(13) 2.3351(16) 2.3240(15) 2.3151(12) 2.3082(13) 2.345(2)
Ln-02 2.3923(13) 2.3740(13) 2.3601(16) 2.3509(15) 2.3443(12) 2.3308(13) 2.372(2)
Average 2.367(15) 2.352(13) 2.339(12) 2.329(13) 2.321(14) 2.311(12) 2.350(13)
3602 www.eurjic.org © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2011, 3601-3616
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Figure 2. Change in the average bond lengths [A] for Ln-O(CO;2)
(M), Ln—O(OH,) (A), and Ln-Ln (#) distances in I and II.

plex anion, while in the Gd** and Tb** compounds the
OWI1 molecule is involved in a hydrogen bond with the lat-
tice water molecule, OW2, as shown in Figure 3. For this
reason, as well as because of lanthanide contraction, the
coordinated water molecule, OW1, is more closely bonded
to the Gd** and Tb3* ions than to the preceding light lan-
thanide cations.
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Figure 3. Hydrogen bonds formed by the coordinated OW1 water
molecule. The scheme on the left is valid for Pr through Eu and
the scheme on the right is valid for Gd and Tb.

In II, of the two lattice water molecules, OW2 forms
weaker hydrogen bonds than OW1. The change in the Ln—
Ln distances also reflects the rearrangement of some of the
hydrogen bonds and the drop in the C.N. Interestingly, a
slight increase in the Ln-Ln distances was observed in II
despite the decrease in the cell volume.

The interaction between the Ln* cation and the CO;>~
anion brought about certain structural changes in the latter.
In the [C(NH,);],CO; crystal,?*! all three of the C-O dis-
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tances, as well as the O-C-O angles, are very similar
[1.294(4), 1.294(4), 1.287(5)A and 120.7(2), 120.7(2),
118.7(4)°, respectively] and the molecular symmetry of the
CO32 anion is close to Dsy,.

The theoretically calculated C-O distances for the car-
bonate anion in vacuo (see the Experimental Section, Theo-
retical calculations) are 1.319 A. In the studied crystals, the
carbonate anions are deformed, namely, the lengths of the
coordinated C-O, bonds are longer than those of the unco-
ordinated C-O, bonds. Moreover, changes in the O-C-O
angles were observed. The variation in the average C-O
bond lengths and the O-C-O angles for the selected com-
pounds are presented in Table 2.

Table 2. Selected average bond lengths and angles for the uncoordi-
nated and coordinated CO5> anions. O, are the coordinated O
atoms; O, are the uncoordinated O atoms.

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CO> [C(NH):,CO>T  [Pr(CO3),(H0)  [Lu(COs)
Average bond lengths (A)
C-O, 1.299(14) 1.304(12)
C-0, 1.292(4) 1.272(6) 1.260(2)
Average angles (°)
0.-C-O, 117.409) 114.8(5)
0.-C-0, 121.3(14) 122.6(9)
0,C-0, 120.0(12)

It is evident that the symmetry of the carbonate anion
in the lanthanide tetracarbonates is lower (C,,) than that
observed in the [C(NH,);],CO; crystal (Ds;,). Moreover, it
is evident that the heavy lanthanide ions disturb the geome-
try of the carbonate anion more than the light Ln3* ions
because of the lower coordination number and the smaller
Ln—O(CO5>) distances.

Theoretical Calculations

We thought that it would be interesting to investigate
how the change in the charges of the respective atoms, as
well as the bond orders, accompanies the geometrical
changes in the complex series under discussion. The calcu-
lated Bader®® and Hirshfeld>”! charges, as well as the natu-
ral charges,®! are presented in Table 3. As these quantities
do not vary much, we have only shown the values for the
closed shell Y, La, and Lu complex anions and for the open
shell Dy and Tm complex anions. We have also given the
calculated charges for the free (in vacuo) CO5> anion for
comparison purposes. We have presented only the average
values since the difference between the average and the indi-
vidual atom values did not generally exceed 0.02. Inspection
of Table 3 shows that the electric charge migrates towards
the central cation. This may be seen if the sum of the O(un-
coordinated) and C charges is compared to the sum of the
O and C charges in the free carbonate anion. The shift was
in the range of 0.05 to 0.07 ¢ in the case of the natural
charges, 0.14 to 0.15 e when the Hirshfeld charges were con-
sidered (0.18 e was obtained only for the La complex), and
0.08 to 0.09 e for the Bader charges (0.13 e for the La com-
3603
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Table 3. The calculated average Bader (Qg), Hirshfeld (Qy), and NBO (Qnpo) charges for the selected tetracarbonates of the rare earths
together with the free carbonate anion (O is the coordinated O atom, O, is the uncoordinated O atom, Ln is the lanthanide or Y atom).
() is the charge for the water molecule: O: Oy = —1.24, Oy = -0.23, Ongo = —1.00; H: O = 0.43, Oy = 0.00, Ongo = 0.32.

Anion Ln O, O, C
Os On Onxpo O On Oxpo O On Ongo Os On Ongo

CO5*> - - - - -1.29 -0.65 -0.97 1.88 -0.04 0.90
[La(CO3)4(H,O)]> ™ 2.09 0.17 2.31 -1.20  -0.37 -0.87 -1.33 -0.59 -0.91 2.05 0.08 0.91
[Y(CO3)4> 2.15 0.28 1.84 -1.23  -0.39 -0.85 -1.38 -0.61 -0.93 2.05 0.07 0.91
[Dy(CO3),> 2.17 0.42 - -1.23 041 - -1.37 -0.61 - 2.04 0.06 -
[Tm(CO3)4)> 2.05 0.40 - -1.22 040 - -1.38 -0.61 - 2.06 0.06 -
[Lu(CO3)4> 2.13 0.29 1.76 -1.23  -0.39 -0.84 -1.37 -0.61 -0.93 2.04 0.07 0.91

plex). The migrated charge, however, does not accumulate
on the coordinated oxygen atoms, but partially enters the
metal basin. This may be noticed if the charges of the coor-
dinated O atoms are inspected (they have even smaller abso-
lute values than those of the uncoordinated O atoms) on
one side and the metal charges are inspected on the other.
In the [Ln(CO5),]>" anion series, the transfer is greater at
the end of the series (the jump between Tm and Lu may
reflect the difference between the open and the closed shell
approach). The NBO calculations for the complexes with
the closed shell metal cations (Y, La, and Lu; see the Exper-
imental Section) were performed in order to elucidate the
nature of the metal-oxygen interaction. In Table 4 we pres-
ent the calculated Wiberg bond indices in an analogous
manner to that presented in Table 3.

Table 4. The Wiberg bond indices. The abbreviations follow those
in Table 3, apart from that for OW, which is the water oxygen atom.

Anion Bond

Ln-O, C-O. CO, Ln-OW OW-H
[La(CO5)4(H,0)P 0.14 1.26 135 0.05 0.73
[Y(COs),P 0.24 125 1.34
[Lu(COs3)4® 0.26 1.25 134
CO5? 1.29

It should be noted that the bond orders for the C-O,
bonds are greater than those for the C-O, bonds, and also
than those for the C—O bonds in the free carbonate anion.
On the other hand, the formed Ln-O bonds acquire a cer-
tain degree of covalency as the relevant indices show. The
covalency is evidently greater in the case of the heavy lan-
thanides and yttrium than that for the light lanthanides. It
is interesting to observe which of the metal orbitals are in-
volved in the covalent interaction with the coordinated oxy-
gen atoms. The calculated natural electron configurations
of the metals are as follows: Y — [Kr]5s%104d%% La —
[Xe]4f0-24650-135d%-25 | Lu — [Xe]4f146s%-1°5d%-93. In the follow-
ing discussion we will limit ourselves to the case of Lu
where these effects are the most pronounced. The examina-
tion of the NBO results revealed that the oxygen hybrids of
the approximate composition sp*’ form strongly polarized
bonds with the 6s6p5d* (more exactly, 6s6p’#5d*! on the
average) hybrids of lutetium (the superscripts indicate the
proportions of the relevant natural atomic orbitals, which
form the relevant hybrids). These bonds are, as expected,
strongly polarized (approximately 90%); however, owing to
their partial covalent character, the metal cations gain ad-
3604
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ditional negative charge. In a more intuitive way, the coval-
ent interactions may be visualized by plotting the canonical
DFT orbitals with non-negligible participation of the lan-
thanide orbitals; such an exemplary drawing for [Lu-
(CO3)4]7 is presented in Figure 4.

Figure 4. A view of a DFT canonical orbital where mixing of the
lone pairs of the O atoms and the Lu orbitals may be observed.
The orbital composition is 86.34% p(O), 5.12% f(Lu), and 3.38%
d(Lu).

IR Spectroscopy

IR Spectra of the Crystalline Lanthanide Carbonates

The IR spectra of all of the studied rare earth tetracar-
bonates, as well as [C(NH,);],CO3, [C(NH,);]Cl, and
Na,COs;, were recorded in the range of 50 to 4000 cm ™' at
room temperature. The assignment of the appropriate in-
ternal modes of the carbonate anion in Na,COj3 and in the
studied compounds, following Fujita et al.,[*”! together with
the wavenumbers are presented in Figure 5, whereas the se-
lected IR spectra of the studied crystals are presented in
Figures 6 and 7.

The changes in the nearest surrounding of the Ln3* ion
are reflected in the variation of the bands that were ob-
served in the spectral range of 220 to 320 cm™! (Figure 6).

As shown by Fujita et al.?*! for the [Co(NH3),COs]* and
[Co(NH;3)sCO;]" complexes, the vy o stretching vibration
was split in the case of the bidentate CO5> coordination
mode {[Co(NH3),COs]" — C,, symmetry}, while a single
band was observed in the monodendate coordination mode
{[Co(NH;3)sCO;]" — C, symmetry}.

Eur. J. Inorg. Chem. 2011, 3601-3616
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In the studied crystals, the splitting of the vy, o band
confirmed the bidentate coordination mode of the carbon-
ate anions. Interestingly, the splitting of the v;,, o band (A,
= v; — v,) was larger in II (ca. 50 cm™') than it was in I
(ca. 35 cm™!), as shown in Figure 8a.
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Figure 8. The relationship between the f-electron number and the
wavenumbers for (a) v, o (v4 and v;); and (b) ve_o(vs and vy) in 1
and II.

Both the v; and the v, bands are red-shifted when the
Ln-O distances and the coordination number of the Ln3*
ions increase. The smaller A, value (36 cm™!) for Y3* (Fig-
ure 6) than for the other lanthanide carbonates in series 1T
is caused by the smaller mass of the Y* ion. This unequiv-
ocally confirmed that the bands located between 220 and
320cm™! (v4 and v;) may be attributed to the vy, o Vi-
brations.

The second group of bands, which provided valuable in-
formation about the Ln—-CO5> interaction, is located be-
tween 1230 and 1550 cm™' and was assigned to the veg vi-
brations. The decrease in the ionic radius and the coordina-
tion number of the Ln3* ions, as well as the shortening of
the Ln-O(CO3?") bond lengths, brought about the vs and
vy shift to higher energies. The splitting of the vco band (A,
= v, — vs) is larger in II than in I, as was the case for the
splitting of the v;,, o band (A,) (Figure 8). The A, splitting
indicated that the carbonate anion coordinates to Ln?* in
a bidentate mode because the value for the monodendate
mode is about 50 to 60 cm 1.[>]

The force constants of the veo and veg, stretching vi-
brations were determined based on the structural data and
the following empirical relation (1):3%

35.5
cO~ 579 (D

r'co
(where fc o is the force constant, rco is the C-O bond
length), and are compared in Figure 9.

Since the relationship between the f electron number and
the fc o is similar to that shown in Figure 8b, the v; and vs
bands may be attributed to the vco, and vcq_ oscillations,
respectively.

The larger splitting of the v; ,o and vco bands in II than
in I (Figures 6, 7 and 8) may suggest a higher covalent con-
tribution to the Ln—O bonds in II than in I and/or a greater
rearrangement of the charge distribution in the CO;>
3605
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force constants of the vc ¢ stretching vibrations.

anion, as was shown in the theoretical calculations. More-
over, the A, values, as well as the position of the v; and vs
bands, may reflect the change in the coordination number
of the Ln** ions in the studied compounds.

The strong and sharp bands that were found in the re-
gion of 1640 to 1720 cm™' were assigned to the 8y, and
dop, vibrations. The most intense, wide bands that were lo-
cated in the spectral range between 2500 and 3750 cm!
were attributed to the vy and vy oscillations and to the
2vco, 28nm,, and 23qy, overtones.PU A difference in the
von positions was observed for I and II. The broadening of
the voy band at approximately 3380 cm™! for I, in compari-
son with that at approximately 3420 cm™! for II, is consis-
tent with the presence of a coordinated water molecule. It
is worth noting that in IT one of the lattice water molecules,
OW2, is involved in weaker hydrogen bonding than OW1.
For this reason, the sharp, relatively weak band that was
observed at approximately 3630 cm™' may be assigned to
the voy vibrations of OW2.

IR Spectra of the Lanthanide Carbonates in Solution

The IR spectra of the lanthanide carbonate solutions
were measured in the spectral range of 1000 to 4000 cm .
The bands of the veo (1300-1550 cm™) and dopy (1600—
1750 cm™!) vibrations in the Nd** and Dy** complexes in
solution spectra, as well as those of H,O and K,COs;, are
shown in Figure 10. The spectra of the appropriate Nd3*
and Dy?* crystals have been included for comparison pur-
poses.

The peak at 1393 cm™' in the spectra of the Nd**, Dy3*,
and K,COj; solutions was attributed to the uncomplexed
carbonate anion. This band partially obscures the bands
at 1373 cm™! (vs) and 1462 cm™! (v;) from the coordinated
carbonate anions in the Nd?* complex. Better resolved
spectra were observed in the case of the Dy3* carbonate
complexes in solution. The shoulder at 1462 cm™! and the
peak at 1485 cm™! that were observed in the spectra of the
Nd3* and Dy?" solutions, respectively, are assigned to the
vco vibrations of the uncoordinated C-O bonds from the
complexed CO5> anion. As previously shown, the differ-
ence between the v; band positions in the spectra of I
(ca. 1460 cm™") and II (ca. 1490 cm ') may be an indication
of the change in the coordination number. The similar val-
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Figure 10. IR spectra of H,O, K,CO3, Nd-CO3, Dy—COj; solutions
and the Nd-COj3, Dy-CO; crystals.

ues for the v; band maxima in the respective spectra for the
IT crystals and solutions (lower arrow in Figure 10) may
suggest that the geometry of the complexes and the coordi-
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Figure 11. NIR absorption spectra of selected monocrystals at
298 K and 4.2 K.
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nation number of the heavy Ln3* ions (8) are similar in
both phases. Because the resolution of the light lanthanide
spectra was worse, it is difficult to draw similar conclusions
about the composition of the metal first coordination
sphere for these systems.

NIR Spectroscopy

The analysis of NIR spectra provides important infor-
mation about possible luminescence deactivation pathways
of the f—f transitions. The presence of overtones in this re-
gion indicates an increased probability of nonradiative lu-
minescence quenching.

The f—f transition bands of some of the lanthanide ions
(e.g. Nd**, Sm3**, Dy**, Yb**) appear between 800 and
3000 nm. In many cases they have an intensity that is com-
parable to those of the overtone bands. Therefore, to inter-
pret the spectra in this region, knowledge of the voy, Vnu,
Onm,» Oom, and veo vibrations is necessary. The wave-
number of the combination bands is close to the sum of the
fundamental vibrations and the wavenumber of the over-
tones, which one may find from Equation (2):

\7n+1 - \_}n = m'[l - Z.Xanh(n + 1)] (2)

where V,,; and V, are the wavenumber of the overtone tran-
sitions, ® is the oscillation constant, and y,,;, is the anhar-
monicity constant.

According to Equation (2), the difference, AV, should be
a linear function of n. This was one of the criteria that was
used to identify the respective overtones.

The NIR absorption spectra of the studied crystals were
measured at room and liquid helium temperatures and
some of them are presented in Figure 11. The characteristic
sharp peaks were clearly observed in the Y3* and Yb**
complex spectra at approximately 2100, 1900, 1470, and
1410 nm and were interpreted as the combination bands for
Vsccoy ¥ Vorow2) Yorowl) + Ont, Youown + Vnu, and
2von(owa), respectively. These bands are particularly clear
in the spectra of II, in which the OW2 water molecule forms

Table 5. Assignement of selected bands in the NIR spectrum of
[C(NH2)3]s[Y(CO3)4]-2H,0.

[C(NH,);]5[Y(CO3)4]-2H,0 v (em™) / (nm)
3v5co) 3980 2513
SVI(CO) 4024 2485
Vsccoy T VNH 4522 2211
don * Vonow?) 4594 2177
Viccoy t VNH 4594 2177
RN 4753 2104
Vscoy T Vorowz) 4813 2078
4vsco) 4990 2004
Vscoy T Vorowi) 5000 2000
4vyco) 5070 1972
VOH(OWI) + 5NH and/or Z(VI(CO) + vS(CO)) 5252 1904
Vouow2)tVNH 6575 1521
Vounown1tVNua 6798 1471
2voH©OW?2) 6798 1471
2voH©OW1) 7091 1408
3vonowl) 9872 1013
3vonoOwW2) 10403 961

Eur. J. Inorg. Chem. 2011, 3601-3616

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur/IC

European Journal
of Inorganic Chemistry

a weak hydrogen bond. The assignment of selected bands
for the [C(NH,)3]s[Y(CO3)4]-2H,0 crystal are presented in
Table 5.

UV/Vis Spectroscopy

Reflectance Spectra

The UV/Vis reflectance spectra of the lanthanide carbon-
ates were measured at room temperature (Figure S1). Weak
intramolecuar n—7* transition of the carbonate anion may
be observed in the spectral range of 200 to 250 nm.[? It
should be noted that the n—n* transition is hypsochrom-
ically shifted in the spectra of I and II in relation to that
observed in the spectra of Na,CO; and [C(NH,)3[,COs.
The energy of the n—m* transition increased with the
number of  electrons in the series of lanthanide complexes
(Table 6).

Table 6. The n—>7* transition wavenumber in the crystal spectra.

Crystal n—m* (cm™!)
[C(NH);],CO; 42480
Na,CO;3 43480
[C(NH,)3]5s[Nd(CO3)4(H,0)]-2H,O 43690
[C(NH,);]5[Dy(CO3)4]-2H,0 43760
[C(NH,);]{[Tm(CO5),]-2H,0 43810
[C(NH,);]5s[Lu(CO5),]-2H,0 44270

These data may suggest that the electron lone pairs of
the carbonate oxygen atoms are affected by the metal-li-
gand bond formation and the concomitant electron density
transfer from the carbonate oxygen atoms into the empty
6s and 5d orbitals of the Ln*" ion, as was shown from the
theoretical calculations. This leads to a lowering of the en-
ergy of the non-bonding orbitals and, consequently, to a
hypsochromic shift of the n—n* transition results.

Absorption Spectra of the f—f Transitions

The absorption spectra of some of the f—f bands of the
lanthanide carbonates are presented in Figures 12 (mono-
crystals) and S2 (aqueous solutions). The oscillator
strengths of the f—f transitions and the Judd—Ofelt, Q,,133-34
parameters [Equation (11) in the Experimental Section] for
the Pr3*, Nd**, Sm**, Eu**, Dy**, Ho®*, Er**, and Tm?3*
compounds in both phases were determined and are given
in Table 7 and S3.

The lanthanide ions Nd3*, Ho3*, and Er’* were the most
suitable for the f—f transition intensity analysis because their
hypersensitive bands are not disturbed by the electronic
transitions of the ligand in UV or by overtones in the NIR
region. In the case of Pr3*, Sm3*, Dy3*, and Tm?3*, the hy-
persensitive transition bands often coalesce with the first
overtone of water (2vpy). For this reason the inclusion of
these bands in the fitting of the €2, parameters can yield
biased results, as has been shown by Mondry and Bukietyn-
ska.[33]

Significant differences between the Q, values for both of
the phases (crystals and solutions) were observed for the
Nd3* complexes whereas, for the Er** compounds, the Q,
3607
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Figure 12. The absorption spectra of the Ln—carbonate crystals.

parameters are similar for both of the phases. This suggests
that for Nd** the coordination sphere of the metal ion in
solution is different from that in the crystal, while in the
case of heavy lanthanides the nearest surrounding of the
metal ion is rather similar in both of the phases.

From among the Q; parameters, €2, is the most sensitive
to the polarizability of the coordinated ligands,>®! as well
as the covalent® and vibronic effects,?”! while Q, and Q¢
are more dependent on the crystal field and the covalent
interactions.*®! Mason and Taranter*®¥! calculated the con-
tribution of ligand polarizability and the crystal field effect
to the total values of the Q;(tot) parameters for eight-coor-
dinate lanthanide(III) tetrakis(dithiocarbamate). The au-
thors concluded that the ligand polarizability contribution
to ©,(tot) decreases from 66% to 17% and 0.1% for A = 2,
4, 6, while the corresponding contribution of the crystal
field increases from 5% to 57% and 98.5%. The changes in
the 2, parameters for all of the studied compounds in the
crystal phase and in solution are presented in Figure 13.
The variation in the 2, and Q4 parameters is irregular,
which may confirm that many factors, which are acting in
opposite directions, affect them. However, a clear trend in
the changes of Q¢ was observed, namely, that Q4 decreased
with the increasing atomic number for the Ln?* ion. These
changes may be rationalized in terms of greater rigidity of
the carbonate systemsP**! and/or increased covalent effects.
3608
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Due to the increased influx of electron density in the 6s
orbitals, which leads to the screening and the contraction
of the 5d shell, the reduction in the (4f]r"|5d) radial integrals
(to which the Qg parameter is particularly sensitive) takes
place.*°! This explanation is consistent with the results of
the DFT calculations (presented above), which indicated
that the transfer of the charge density onto the metal ion
orbitals is stimulated more efficiently by the carbonate
anion than by the water molecule.

Analysis of Selected f—f Transitions

Hypersensitive Transitions

The hypersensitive f-f transitions are those that are
strongly influenced by the changes in the nearest surround-
ing of the Ln* cation. Thus, the analysis of these transi-
tions may provide valuable information on the coordination
chemistry of the lanthanide ions. The experimental data
indicated that the intensity of the hypersensitive transitions
mainly depends on the symmetry of the lanthanide com-
plex, the polarizability of the ligands,[*! and the covalency
degree of the Ln-L bond.?¥ Generally, the binding of soft
polarizable ligands brings about an increase in the hyper-
sensitive transition intensities.[*?! The hypersensitive transi-
tion spectra of the Nd** and Er** carbonate complexes in
solution and in the crystal phase are presented in Figure 14.

There are significant differences in the intensities, shapes,
and positions of the peak maxima in the Nd complex spec-
tra, whereas the Er spectra are more similar to each other.

In order to assess the effect of the carbonate ion coordi-
nation in solution, the ratios of the hypersensitive transition
intensities in solution and in crystal (hereinafter Pyujuiion/
Prrysiar) Were compared (Figure 15).

These ratios are greater than 1 for the light lanthanides
and very close to 1 for the heavy Ln*" ions. In the case
of Pr3* and Tm3*, however, the hypersensitive transitions
(*H4—3F, and 3Hg—>F,, respectively) coalesce with the
overtones and the combination bands of the OH and NH
group vibrations and, therefore, the pseudo-hypersensitive
transitions *Hy,—>P, of Pr’** and *H¢—3H, of Tm3" were
taken into consideration. Likewise, the hypersensitive tran-
sition of Dy3* (°H,s>—°Hgs, °F;;») coincides with the
2voy overtone, therefore the NIR absorption spectra of the
solution was recorded with reference to a solution of the
analogous yttrium complex. The 2F5,—2Fs,, transition of
Yb?" is not a typical hypersensitive transition because A J
#= 2.

In order to explain the large Psoution/Perystar Value ob-
served for the Eu®* carbonates, it should be noted that all
of the considered hypersensitive transitions, except for that
of Eu**, have non-zero U® and/or U® matrix elements.
Thus, the influence of the ligand polarizability on the oscil-
lator strength, which is manifested the most through the
value of the Q, parameter, is tempered by the part depend-
ent on U® and/or U® [see Equation (11)]. However, in the
case of Eu**, U® and U® are equal to 0 for the hypersensi-
tive "Fy—>D, transition. It should be noted that the ob-
served oscillator strength of this transition in solution (P =
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Table 7. The oscillator strengths (P-10%) and @, parameters for the Ln?* ~CO5?" complexes in single crystals and in solutions (cy 3+ =
0.050 M, ck,co, = 2.4 M, pH = 12 at 298 K). The hypersensitive transitions are printed in bold.

Nd Ho Er
Crystal Solution Crystal Solution Crystal Solution
Top — g — Tysp —
2Ly72, “Dapa, L3 212.21 CF’D); 365.62 231.17 T13, CP2D)3)s 137.17
Lisp, Dipllinp,  575.54 1161.05 *Is, CD,°’D,P);, 68.27 i1 Lz, Dy 27911
“Dsp,*Dsp D,
’Ds)» 3.64 6.47 CP,'D),, L, 317, 120.32 ’Dsys, “D7jn 1091.06 1252.14
3F,, 31s, *M
4, 15, "My
2Py 34.87 42.93 Py, CH,’D,'G),,  247.03 328.18 (*H,’G)gp» 71.97 71.18
*F, 'Lg, CH.’G)s
K51, *Gopa, 144.37 188.10 (°G,°D*G)s, 285.69 317.61 ’Ds)» 9.10 7.92
(D.F)3p, *Giip CE’G);
4Gop* G 2K 3 726.03 1203.15 M0, 3Lg 77.70 154.23 4Gy 14.10 19.16
°Gp,*Gsp 1693.69 4013.26 CFE*H3G),, °Kq 139.59 90.12 2Kisp, *Gsp, 2Py 28.27 28.05
2Hy 11.87 19.47 5Gs3, 3L, 89.77 177.38 (*P’D,*F)3 9.86 8.78
“Fopn 51.19 71.33 (°G,*H)s, 1116.62 1325.53 4Gop, Kisp, *Gopy 23544 430.69
*He, CFEG),
4F,S3p 743.34 950.22 3Gy, Ky 104.69 139.87 G 2992.28 2914.65
4Fsp,>Hopp 734.31 896.48 (°G,’G)s 334.23 363.93 (’G,*F*H)qp 82.07 86.68
“Fapn 127.93 209.33 3Gg, °F, 4566.32 5267.01 4Fsp, 4F3p 105.52 99.93
F,, 3Ky 77.37 170.93 “Fap 239.00 221.53
F; 140.74 168.00 2Hy 1449.78 1519.32
3S,, °F4 440.00 447.69 4Ssp 38.37 69.30
°Fs 364.58 343.78 “Fo/ 273.96 243.90
s 32.74 28.33 “Topp 43.05 39.72
e 113.23 105.31 T 90.85 90.40
02,:10%° (cm?) 531+0.54 14.68*+0.22 13.88£0.30  17.99+0.35 11.00+£0.30  11.76 20.22
025:10%° (cm?) 216049 5.07x0.20 3.29+0.35 3.53+042 3.36+0.22 4.02x0.16
025:10%° (cm?) 6.23+0.69 8.31%0.28 2.09+0.35 2.60x0.41 1.26£0.39 1.11%0.30
rms-107 11.0 15.4 6.82 7.33 6.95 4.65
"2 "Gmrﬁﬁm ‘I:m = ’Him
20 T
’\I 12t
18 g™ | 1ol Er A
40 12, / 'II s:- { '-\
2 8l ~ | T [
1 / \ 41 I
20 * & - / \ 1 / A solution
. A . * TG S 5 i Y :,__/; J\\ Somen
S 0= * T-?. 2y 12} |
= Z :g.’.‘ﬁn N Lod 10! |1"ll.l'
S = | ] I
s ol Y
. 4 Wi’ v \ 3 f I'\/‘\, crystal
B a 5 [ 10 12 R e R . N
560 570 580 590 GO0 610 510 520 530 G540 S50
A 4 (nm}
15
gg Figure 14. The hypersensitive transitions of the Nd** (left) and
s " @ g S Er3* (right) carbonate complexes as crystals (bottom) and in solu-
* tion (top).
5 " A Q
* 4 % 50
+ * + 4 + +
2 4 [ 8 10 12 i) -
) 4,0+
30 g 35+
5
o’ 304
=] n
* £ 25+
5 o .
c * 3 201 ®
] o’
A . & 154 .
A * ® & & & 10+ . = "
2 4 6 8 10 12 0,5 +——— +—+— ——1}

1" electrons

Figure 13. The Q; parameter changes for the lanthanide carbonates
in solution and in the crystal phase.
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Figure 15. The oscillator strength ratios of selected lanthanide hy-
persensitive transitions, Psopytion/ Perystals fOr the lanthanide carbon-
ate complexes in solution and as crystals.
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53.94%107®%) is one of the largest reported in the litera-
ture.[*3!

By taking into account the structural data, as well as the
electronic absorption and the IR spectroscopy results, it
may be concluded that the coordination environments of
the heavy lanthanide ions in the carbonate complexes in
solution and in the solid state are similar. Hence, the
[Ln(CO3)4]>~ species appear to predominate. The data pre-
sented in Figures 14 and 15 show that the coordination en-
vironments for the light lanthanide ions in the crystals and
in solution differ. Moreover, the Psoution/ Perystal Tatio may
indicate that the surrounding of the light Ln?* ions contains
more polarizable components and the overall average
allocation of the ligands around the metal cation may be
more anisotropic in solution than in the crystals. As far as
the polarizability is concerned, it is useful to point out that
the experimental values, a, determined for the H,O mole-
cule in CaSO,2H,0 (gypsum)“* and for the CO53> anion
in CaCOj (calcite)) are 1.442 A3 and 3.85 A3, respectively.

*Io>—°P,> and "Fy—>D, Transitions

Valuable information about equilibria in solution may be
provided by the analysis of the *I,,—>P; > transition for the
Nd3** compounds and the "Fy—>D,, transition for the Eu’*
complexes. The *Io/,—2Py, transition reveals splitting of the
ground level of Nd3* in the ligand field, while the number
of components observed in the "Fy—>Dj, transition renders
directly the number of chemically distinct environments of
the Eu’* ion. The position of the *Iy/,—2P,,, and "Fy—>D,
transitions may be an indicator of the nephelauxetic effect,
which is connected with the metal-ligand distances, the co-
ordination numbers, and the total negative charge accumu-
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Figure 16. The spectra of the *Io;,—2P;» and "Fy—>D,, transitions
for the Nd3* and Eu3* complexes (a) in solution (¢p 3+ = 0.050 M,
Ccoy = 2.4 M) and in crystals (b) at 300 K and (c) at 4.2 K (engs+
=239 M, ey = 2.43 M),
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lated around the metal cation.[*®! The spectra of the *Io,
2Py, and "Fy—>D, bands in solution and in the single
crystals at 300 K and 4.2 K are presented in Figure 16.

In both cases, the band maxima in the solution spectra
are batochromically shifted in comparison to those in the
crystal spectra. Significant differences in the *1o,,—>P;/, and
"Fy—>D, peak positions in the respective spectra for the
solutions and the crystals confirmed that the coordination
environments of the light lanthanide ions in both of the
phases are different. Moreover, the larger half widths
(Avyp) of the appropriate transitions in solution indicated
an equilibrium between the different species. In the low
temperature spectra (4.2 K) of the Nd** crystal, the
*19/»—2P,)» band is slightly shifted in comparison to that
at 298 K, while in the case of Eu’*, the "Fy—>D, band is
significantly shifted (18 cm™') to a lower energy at 4.2 K.
Moreover, the ’Fy—>D, band in the studied Eu’* crystal at
4.2 K is hypsochromically shifted to 17258 cm™! in compari-
son with the band that was observed in the Nas[Eu(COs3);]
crystal at 9 K (17234 cm™1).112]

Luminescence Spectroscopy

Luminescence Lifetimes

The Iuminescence lifetimes of Eu*, Tb?* and Dy** car-
bonate complexes in solution and in crystals were deter-
mined and are compared in Table 8. The average number
of coordinated water molecules was also evaluated in two
ways by using Equations (3) and (4):

_ L)[M] (3)

D,0

qin = A'(

TH,O

1
TH,0

where 4 = 1.05 for Eu*>* and 4.2 for Tb>"; 4’ = 1.1 and B
=0.71 for Eu*; A’ = 4.0 and B= 1.0 for Tb>*; 4’ = 0.024
and B = 1.3 for Dy**; 4, A’, and B are in milliseconds.

q'tn=A'C—)— BH 4

Table 8. The luminescence lifetimes and the calculated number of
coordinated water molecules for the Eu, Tb and Dy carbonate
complexes in solution. The precision of the presented luminescence
lifetimes is =10% and ¢ = 0.5.

Crystal  Solution Crystal ~ Solution

7 (us) TH,O (ps) TD,0 (us) quzo 41,0 q,HzO
Eu 625 455 1260 1.0 1.5 1.7
Tb 1920 1240 1290 1.1 0.1 2.2
Dy 10.5 10.0 85 1.0 1.1

The determined gy, values for the respective lanthanide
complexes significantly differ and depend on which of the
equations (3 or 4) was used in the calculations. The estima-
tion of the number of coordinated water molecules, which
was accurate in the case of the Eu and Tb crystals, com-
pletely failed in the case of Dy. On the other hand, the
measured lifetimes for the Dy crystal and solution were
practically identical, which suggests that the coordination
environment composition for Dy?* in both systems is very
similar. For Eu, the number of coordinated water molecules
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tends to oscillate around 1.5. For the Tb solutions, the ¢y,
and ¢’y o values are divergent and, moreover, they are dif-
ferent from that estimated in the crystal. By taking into
account the insignificant difference between the Tb* emis-
sion lifetimes in H,O and D,O, we were inclined to think
that the number of water molecules that are coordinated to
the metal cation is actually close to zero.

Luminescence Quantum Yields

For the Eu?*, Tb**, and Dy** compounds, the lumines-
cence quantum yields (@) with respect to quinine sulfate,
fluoresceine, and/or [Ru(bpy);]Cl; were determined at dif-
ferent concentrations of the complexes. In addition, the
quantum yields (®.,c) of the Eu?* and Dy** complexes
were estimated by using the calculated 7,,4 according to the
relation (5):

Texp
q)calc -

(%)
rad

where 7y, and 7,,4 are the experimental and radiative lumi-

nescence lifetimes, respectively. In order to determine the

radiative luminescence lifetimes for the Eu* complexes, the

following Equation (6) was applied:!*!

A
T, Ly ) (6)

rad

where Ayp = 14.65 57113334 is the refractive index, I, is
the sum of the integrated intensity of the Dy—"Fg 1534
transitions, and Iyp is the integrated intensity of the
’Dy—"F, transition, which is assumed to be constant and
independent of the coordination environment. For the Dy>*
complexes, the 7.4 values were calculated according to for-
mula (7):[33:34

1 _Z 64n’e’V® n(n® +2)° 'Z,‘Q' _
Trad 3h(2J +1) 9 -

where e is the charge of the electron, V is the wavenumber
of the band maximum, / is Planck’s constant, 2J + 1 is the
degeneracy of the ground state, n is the refractive index,
Ny J|UD|fNy'J') are the relevant reduced matrix element
of the unit tensor operator U®, and Q, are determined
from absorption spectra [Equation (11)]. The first sum runs
over all of the transitions from *Fo, to the lower lying
states. The luminescence quantum yield results for the
studied compounds are presented in Table 9.

Interestingly, in the case of the Eu®* complexes, the @
values (independent from the determination method) are
larger in solution than in the crystal, while the @ values (by
taking into account the experimental errors that resulted
from the relatively low intensity of the Dy*" luminescence)
are similar in both of the phases for Dy3*.

It is well known that the presence of H,O in the lantha-
nide first coordination sphere contributes to nonradiative
deexcitation of luminescence and, as a consequence, reduces
the quantum yield of the lanthanide luminescence.

(4{""in0“-]|4f-"¢u')|2
(7
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Table 9. The luminescence quantum yields (%) for the Eu?*, Tb3",
and Dy** compounds in solution and in the solid state determined
relative to quinine sulfate (@), fluoresceine (@r), [Ru(bpy)s]**
(Dry), and @, (the total concentration of CO5> was 2.4 M).

CEu (M) (pF (pRu (Dcalc CTb (M) (DF ch (M) (DQ (pF (pcalc
0.246 24 27 20 0.199 51 0.249 09 1.2

0.114 23 26 19 0.124 53 0.116 14 19
0.0571 21 23 18 0.0597 46 0.0580 1.6 2.3
0.02860 19 21 20 0.0298 48 0.0290 1.8 2.5
0.0143 16 19 23 0.0149 51 0.0145 2.0 2.7
0.00571 21 23 28 0.00597 48 0.00580 2.0 2.8
0.00286 25 29 27 0.00299 47 0.00290 2.0 2.9
0.00143 25 28 28 0.00179 52

0.000715 24 27 27 0.000896 59

Average 22 25 23 50 1.7 23 1.2
Crystal 16 Crystal 1.3

Stern—Volmer Quenching Constants

In order to determine if polynuclear complexes are
formed in considerable amount, the Stern—Volmer Kgy
quenching constants, which are defined by Equations (8)
and (9):

‘r[b = ]I'h.l;'u

kg =2
Tb.Eu * Cru 3

T~ Trb.ku
Kf =-— ">
sV

Trb,Eu " Cru 9)

were determined. Kqy® and Kgy® are the Stern—Volmer
quenching constants that were determined from the lumi-
nescence intensity (/) or the luminescence lifetime (7), and
Itv, Ito Eus TEus TTHs TTh.Ews TTo are the appropriate lumines-
cence quantities in the presence or absence of the quencher
(Eu?*). As shown previously,®”! the quenching of the donor
luminescence may result from static interactions (polynu-
clear donor-acceptor complex formation) or from dynamic
factors (collisional deactivation). The equality of Kgy® and
Kgy® shows that the quenching is a result of dynamic fac-
tors only. The Kgy constants for the Tb3*—Eu’"*-CO;>"
aqueous solutions were determined and are compared in
Table 10.

Table 10. The Stern—Volmer quenching constants.

crp (M) Ceu (M) Ity  Itbre Ksv® Tro Troopu Ksy®
(ns)  (us)

1.49%x 1072 — 19.3 - 1240 —

1.49%X1021.43x10%19.3 182 423 1240 1168 431

149X 102 1.43%X1073 19.3 124 389 1240 802 382

1.49%x 1073 — 1.96 - 1243 —

149X 1073 1.43X10* 1.96 1.85 416 1243 1169 443

The similar values of the Kgv® and Kgy® constants indi-
cated that no significant amount of the polynuclear species
was present and that the monomeric species dominates in
the terbium carbonate solutions.
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Discussion and Conclusions

The structural and spectroscopic properties of the
monocrystallinelanthanide carbonates [C(NH,)]5[Ln(CO3),-
(H,0)]-2H,0 (where Ln = Pr3*, Nd3*, Sm**, Eu’**, Gd3*,
Tb*") and [C(NH,)]5[Ln(CO3)4]:2H>O (where Ln = Y3*,
Dy3*, Ho**, Er3*, Tm3*, Yb**, Lu®") were determined. All
of the compounds are monomeric. In the first series, the
metal cation is nine coordinate and is surrounded by 4 bi-
dentate carbonate anions and a water molecule, while in the
other series, the metal coordination number is eight and has
4 bidentate carbonate anions. The structural change was
observed between Tb** and Dy3*.

The change in the C.N. and the Ln—O bond lengths and
character in the studied crystals were clearly visible in the
IR spectra, namely, the splitting of the v ,o and vco bands
in the case of the heavy lanthanides are approximately 15
and 20 cm™! larger, respectively, than those in the light lan-
thanides. These differences may be connected with the de-
crease in the Ln—O(CO5”>") distances in the case of II
These data may also suggest that the stronger Ln-O inter-
actions in II are brought about by the larger impact of
covalency in II than in I. In order to elucidate the nature
of the metal-oxygen interaction, the NBO calculations for
the closed shell metal cations were performed. Inspection
of the NBO results revealed that the oxygen hybrids, which
had the approximate composition sp>”7, form strongly pola-
rized bonds with the 6s6p5d* hybrids of the lanthanide cat-
ion. These bonds are, as expected, strongly polarized
(90%). The covalency is evidently greater in the case
of the heavy lanthanides and yttrium than for the light
lanthanides. This statement, of course, should not be con-
fused with the assessment of the role of the covalent inter-
actions that involve the 4f subshell, where it is commonly
agreed that the latter interactions are larger for the light
lanthanides.

The comparison between the IR spectra of the studied
complexes in solid state with those in aqueous solution sug-
gested that the coordination number of the predominating
species in solution for the heavy lanthanides complexes is
8. In the case of the light lanthanides, the splitting of v
was smaller and resulted in the v; and vs bands from the
Ln—CO5> complexes being partially obscured by the in-
tense veo from the uncomplexed CO5> anion. Thus, a sim-
ilar comparison for these elements was not possible.

Despite many works devoted to the lanthanide carbonate
complexes in aqueous solutions, their structure remains a
complex and debatable problem. The thermodynamic sta-
bility constants that were obtained from the extraction and
potentiometry methods and, particularly, from the solubil-
ity studies of Na[Ln(COs),]'nH,O indicated that the limit-
ing species is [Ln(CO3)4]> in the concentrated alkali metal
carbonates. However, Philippini et al. stated that in the case
of the heavy lanthanides (from Eu to Lu), [Ln(CO3);]*~
seems to be the limiting complex.[>8-]

We decided to investigate the speciation of the carbon-
ates by taking advantage of the analysis of the f—f transi-
tions, which has previously been successfully applied to
3612
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identify the structure and stoichiometry of various com-
plexes in aqueous solution.[*’]

The analysis of the UV/Vis/NIR absorption spectra led
to certain conclusions about the stoichiometry of the com-
plexes and the coordination modes of the carbonate anions.
The remarkable agreement between the spectral properties
(shape of bands, crystal field components, Judd-Ofelt pa-
rameters, luminescence lifetimes, and quantum yields) of
the heavy lanthanide (from Dy to Yb) carbonate complexes
in the monocrystals and in solution unambiguously sug-
gested that the coordination environments of these cations
are very similar in both of the phases. This led to the con-
clusion that [Ln(COs),]> is the predominant form (in the
case of the heavy lanthanides) in the concentrated potas-
sium carbonate solutions.

The analysis of the spectral properties of the light lantha-
nide carbonate complexes was not as straightforward. Al-
though the crystal structures suggested that the [Ln(COs)4-
(H,O)]>~ species was a good candidate to exist in solution,
the spectroscopic data for these complexes in both of the
phases were remarkably different. Firstly, a significant in-
crease in the intensities of the hypersensitive transitions, as
well as the Judd-Ofelt parameter values, was observed in
solution compared to those observed for the relevant crys-
tals. These increases may indicate that the symmetry of the
complexes in solution is lower than that in the crystal and/
or that the first coordination sphere of Ln3* is filled to a
greater degree with strongly interacting ligands, namely, po-
larizable CO53>~ and/or OH™. The ligand polarizabilities in-
crease as follows ay o = 1.442 A < g =203 A <
dcop = 3.85A31T The OH™ anions are not particularly
polarizable, but they tend to form Ln-O bonds that are
shorter!?! than those of water.>3 In order to assess the in-
fluence exerted by these anions on the spectroscopic param-
eters of the lanthanide complexes, some comparisons were
necessary. In the low temperature spectrum of the Eu’*
crystal, the "Fy—>D, band is located at 17258 cm™!,
whereas for the Nas[Eu(COs);] compound,'?! where Eu**
is surrounded by 9 oxygen atoms from the carbonate
anions, the band is located at 17234 cm!, which is in ac-
cordance with the general rule*®46®! that a larger accumu-
lation of the total negative charge around Eu?* brings
about a lowering in the "Fy—>D,, transition energy. Also,
the "Fy—°D, band maximum for [Eu(OH),]® in the
Eu(OH); crystal® (17225 cm™ at 4.2 K) was shifted to
lower energies in comparison to that of [Eu(H,O)o]** in the
crystalline Eu(C,Hs5S0,)5-9H,0P (17256 cm™' at 95 K).
Hence, the substitution of the H,O molecules by OH™
anions, where the C.N. and the symmetry of the surround-
ing for Eu®" is preserved, brings about a 31 cm™! shift to
the lower energies. Similar changes were observed for the
*lgj»—2P,), transition in similar Nd3* compounds. The
4Io/»—2P), transition was shifted by 98 cm ! to lower ener-
gies in Nd(OH); (23272 cm ! at 4 K)P® compared to the
same transition in Nd(CF5S803);*9H,O (23370 cm™! at
4 K).P7] The hydroxy anion is also capable of shortening
the europium Iluminescence lifetime from 110 ust’! in
Eu(C,H5S04)5°9H,0 to 21 ps in Eu(OH);.58
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We observed bathochromic shifts of the *lg»,—2P;)
(Nd**) and "Fy—°D, (Eu*) band maxima (23299 cm™! for
Nd3* and 17252 cm™! for Eu?*) in the investigated solutions
in comparison to those observed for the crystals at room
temperature (23314 cm! for Nd** and 17276 cm™' for
Eu®*). Other factors that should be considered are con-
nected with the luminescent properties, namely, lifetimes
(Eu and Tb complexes) and quantum yields (Eu com-
plexes). The luminescence lifetime of Eu®* in the crystal is
longer than that in solution. Moreover, these values for the
Eu’*—carbonate complexes in H,O and D,O differ signifi-
cantly. This suggested that around 1.5+ 0.5 water mole-
cule(s) are present in the first coordination sphere of Eu?*
but this is incompatible with the other spectroscopic results.
These factors are more easily understood if the existence of
a hydroxy complex is assumed. This may lead to the ob-
served increase in the f—f transition intensities in solution,
which in turn brings about an increase in the probability
of the radiative processes and a shortening of the radiative
luminescence lifetimes. Thus, the luminescence quantum
yield is larger for the Eu**—carbonate complex in solution
than it is in the crystal. Given that hydrolysis of the com-
plex may occur in the aqueous solution under these condi-
tions (pH = 12), the presence of the [Ln(CO5)4(OH)]® spe-
cies is probable. This conclusion may be extended to the
lanthanides that are lighter than Eu. On the other hand,
the similarity between the luminescence lifetimes of the Tb
carbonate complex in H,O and D,O excludes the presence
of OH oscillators in the first coordination sphere of Tb3*
and points towards [Tb(COs)4]>~ as the main species in
solution. The Stern—Volmer constants indicated that poly-
nuclear species do not form in the solutions.

Thus, a comparison between the spectroscopic results
obtained for the lanthanide carbonate complexes in the
crystals and in the aqueous solutions enabled us to postu-
late that (1) the coordination environment of the metal ions
for the heavy lanthanides (Dy-Lu) are similar in both of the
phases, namely, [Ln(CO5),]°>~ with an octacoordinate metal
cation and bidentate carbonate anions, (2) a hydroxy nine-
coordinate species, [Ln(COs3)4(OH)]®, forms for the light
lanthanides (La—Eu), (3) terbium forms an octacoordinate
[Tb(CO5)4]> complex in solution and a nonacoordinate
[Tb(CO3)4(H,0)]> complex in the crystalline state while no
conclusions were drawn with regards to gadolinium, (4) the
Stern—Volmer constants that were determined for the Tb**
and Eu’* complexes indicate that monomeric species domi-
nate in the solutions.

Experimental Section

All of the chemicals used were analytical grade. The solutions of
LnCl; were prepared from the appropriate lanthanide oxides,
PrsOq1 (99.9%), Nd>O3 (99.9%), Gd,03 (99.9%), TbsO7 (99.9%),
Dy,05 (99.9%), H0,05 (99.9%), Er,O3 (99.9%), Tm,03 (99.9%),
Lu,05 (99.9%), and Y,03 (99.9%), which were obtained from
Merck, Sm,0; (99.9%), EuyO3 (99.99%), Yb,05 (99.99 %), which
were obtained from Stanford Materials, and hydrochloric acid
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(POCH). The stock solutions of the Ln3* chlorides were standard-
ized with EDTA (POCH) by using Xylenol Orange (Merck) as the
indicator.

The solutions of the Ln3* carbonate complexes were prepared by
mixing the LnCl; and K,COj; stock solutions in appropriate molar
ratios for the given spectroscopic measurements.

Crystal Preparation: An aqueous solution (20 mL) of [C(NH;)s],-
CO; (ABCR) (0.050 mol) was mixed with an aqueous solution
(10 mL) of LnCl; (0.0025 mol). The solution was heated at 90 °C
(£5°C) under reflux until the initially formed precipitates dis-
solved. The final pH of the solutions was approximately 12. Large
(5 to 15 mm of diameter) crystals of I and II were formed during
the slow evaporation (a few months) of the water. The results of
the elemental analyses of I and II are shown in Table 11.

Table 11. The elemental analysis of I (H3sCyoN;50,5Ln) and II
(H34CoN;504Ln).

Hca]c Hexp C('alc Cexp Ncalc Nexp
o) ) () (o) (70) (7o)
1
Pr 493 493 14.7 14.77 28.57 28.82
Nd 491 5.05 14.63 16.47 28.44 28.02
Sm  4.87 4.82 14.51 14.78 28.21 29.15
Eu 4.86 4.89 14.48 15.17 28.15 28.20
Gd 483 4.72 14.38 14.53 27.95 28.62
Tb 4.82 4.82 14.35 14.48 27.89 28.36
II
Dy 4.64 4.75 14.63 14.41 28.43 27.79
Ho  4.62 4.85 14.58 14.29 28.34 27.95
Er 4.61 4.82 14.53 14.65 28.25 27.27
Tm 4.6 4.85 14.5 14.29 28.19 27.95
Yb 457 4.93 14.42 14.77 28.03 28.82
Lu 4.56 4.76 14.39 15.08 27.96 26.92
Y 5.15 5.45 16.25 16.35 31.58 3241

Single-Crystal X-ray Diffraction Analysis: The appropriate crystals
were cut from larger ones and were mounted on a Kuma KM4
diffractometer equipped with a CCD counter. The collected data
were corrected for polarization, Lorentz, and absorption, the last
of which was calculated from the crystal habits that were captured
from the photo scans. The positions of Ln or Y were found from
Patterson maps and the remainder of the non-H atoms were found
from difference Fourier maps. The positions of the C-bonded hy-
drogen atoms were calculated geometrically. All of the water H
atoms that could be found were refined freely. The refinements were
full-matrix with all of the non-H atoms anisotropic. All of the com-
putations were performed with the SHELXS97 and SHELXL97
programs.® The molecular graphics were prepared with DIA-
MOND.©0

CCDC-800327 (for Pr), -800326 (for Nd), -800328 (for Sm),
-800322 (for Eu), -800323 (for Gd), -800329 (for Tb), -800320 (for
Dy), -800324 (for Ho), -800321 (for Er), -800330 (for Tm), -800331
(for YD), -800325 (for Lu), -800332 (for Y) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Theoretical Calculations: The DFT calculations for the complex
anions were performed with the ADF suite of programs.[®' In the
case of the [Ln(CO3)4(H,O)]> anions (I), it was necessary to opti-
mize the O-H distances. The relevant Ln—-O-H angles and the O'—
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Ln-O-H torsion angles were kept frozen to prevent migration of
the H atoms towards the neighbouring O atoms. The positions of
the non-H atoms were kept as fixed input from the X-ray refine-
ment. For the [Ln(COs)4]> anions (II), no geometry optimization
was performed. The PWO9I1 functional and the TZ2P basis, which
was composed of double { functions for the core electrons, triple {
for the valence ones and two polarization functions, were used; the
core was not frozen. The scalar relativity was included by using the
ZORA method and the bases scaled to ZORA, supplied with the
ADF packet, were used. The natural bond orbital (NBO) analysis
was performed with NBO 5.0.1°?l The final calculations were unsuc-
cessful for the I anions, therefore we decided to compute the prop-
erties for the hypothetical [La(COs)4(H,0)]> anion with geometri-
cal parameters that were taken from the Pr complex. The calcula-
tion for [Yb(COs)4]> also did not eventually converge. For com-
parison purposes we have calculated the properties of the CO5>
anion with the geometry optimized in vacuo.

Spectroscopic Measurements and Calculations

IR Spectroscopy: The IR spectra were recorded with a Bruker IF
S66 spectrometer. The spectra of the crystalline complexes in KBr
pellets and nujol suspension were recorded in the range of 50 to
4000 cm !, while the aqueous solutions (cp, = 0.200 M, ¢k, co, =
2.4 M) were measured in a CaF, cuvette in the spectral range of
1100 to 4000 cm™!.

UVIVisINIR Spectroscopy

The reflectance spectra of the lanthanide carbonates powders were
recorded with a Cary 5 UV/Vis/NIR spectrophotometer at 298 K.
The electronic absorption spectra were recorded with a Cary 500
UV/Vis/NIR spectrophotometer at 298 K for solutions and crystals
and at 4.2 K for crystals. The experimental oscillator strengths (P)
were determined by using the Equation (10):

433-107° %
P:*

. [4G7)av (10)

where ¢ is the concentration of the Ln** ion in M, d is the length
of the optical path in cm, and A(V) is the absorbance as the func-
tion of the wavenumber in cm™.

The values of the Q, parameters were calculated from the least-
squares fitting of the oscillator strengths that were computed from
the Judd—Ofelt?®334 relation (11):

8’myeln® +2 f ' i
" 5 ( -l 5 ZQ’(IM\W]IU[M
A=24.6

Ny -2
'S

Py =
D 27h(2g + 1) (an

to the experimental ones. Pgp is the oscillator strength of the f—f
transition, m, is the electron mass, ¢ is the velocity of light, % is
Planck’s constant, n is the refractive index (1.51 for crystals and
1.38 for solutions), J is the total quantum number of the
ground state, V is the wavenumber of the band maximum, and
Ny J|UX||fNy' J') is the reduced matrix element of the unit tensor
operator U [ The root-mean-square error was determined from
Equation (12):

- ‘rt:llc:)2
i=n (12)
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Luminescence Spectroscopy

The corrected emission spectra were recorded with Edinburgh In-
struments FLS 920 and Aminco 500 spectrofluorometer. The lumi-
nescence decay curves were detected with Edinburgh Instruments
FLS 920 Spectrometer.

The quenching experiments (Stern—Volmer constants) were carried
out by mixing appropriate quantities of the Tb** and Eu®* com-
plexes and K,COs. The relevant concentrations of the Ln?* cations
are given in Table 10 (ck,co, = 2.4 M, pH = 12).

The emission spectra and lifetime measurements were recorded at
the following conditions: Ae. = 394 nm, Ao, = 617 nm (for Eu’*),
Jexe = 368 M, Aey, = 548 nm (for Tb3*), and Ao = 352 nm, Aep, =
576 nm (for Dy**).

The luminescence quantum yields for solutions of the Eu®*, Tb3*,
and Dy>* complexes were determined relative to quinine sulfate in
0.5M H,SO4 (@ = 55%), fluoresceine in 0.1 M NaOH (@ = 93 %),
or [Ru(bpy)s]Cl; (@ = 4.3%) by using the Equation (13):

j= lO—z:g-.nl’-n'h

Ox =05 =3 (13)

s

Va 1

— ”]—f;x-nf-cx

where Q stands for the quantum yield, # is the refractive index (nx
= 1.38, ng = 1.33), the integrals were taken for the emission spectra
corrected for the instrument response, ¢ is the molar absorption
coefficient, ¢ in the concentration, and d is the thickness of the
cuvette (1 cm). The subscripts X and S stand for the sample and
the standard, respectively. The pairs of the sample and the standard
spectra used in the above equation were taken at the same instru-
ment setting (slit widths, photomultiplier voltage, etc.). The slits
were 2 nm for the excitation and 2 nm for the emission recording.

Supporting Information (see footnote on the first page of this arti-
cle): Selected crystal data and structure refinements for I and II,
oscillator strengths and the 2, parameters of the f—f transitions for
the lanthanide carbonates in the crystal and the solution states,
reflectance spectra of I and II, absorption spectra of the lanthanide
carbonate complexes in solution.
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