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Abstract: Crystalline orthorhombic rare earth carbonate 
hydroxides Ln[CO3][OH] (Ln = La, Pr, Nd, Sm, Eu, Gd) were 
synthesised as phase pure powders via a simple hydro-
thermal reaction. CO2 from air acted as natural carbonate 
source and cetyltrimethylammonium bromide was added 
as templating agent to an aqueous rare earth nitrate solu-
tion. Single-crystal X-ray structure determination was per-
formed on La[CO3][OH] (Pnma, a = 7.4106(5), b = 5.0502(3), 
c = 8.5901(6) Å, 563 independent reflections, 38 refined 
parameters, wR2 = 0.037), Pr[CO3][OH] (Pnma, a = 7.2755(4), 
b = 4.9918(3), c = 8.5207(5) Å, 744 independent reflections, 
38 refined parameters, wR2 = 0.04), Eu[CO3][OH] (Pnma, 
a = 7.1040(4), b = 4.8940(3), c = 8.4577(5) Å, 1649 inde-
pendent reflections, 38 refined parameters, wR2 = 0.05) 
and Gd[CO3][OH] (Pnma, a = 7.069(7), b = 4.874(5), 
c = 8.464(9) Å, 431 independent reflections, 38 refined 
parameters, wR2 = 0.051). These findings are supported by 
powder XRD, infrared spectroscopy, UV/Vis spectroscopy 
and, for Pr[CO3][OH] and Eu[CO3][OH], by measurements 
of the non-linear optical properties. Thermal analysis 
could demonstrate the possible use of the Ln[CO3][OH] 
phases as precursors for rare earth carbonate dioxides 
Ln2[CO3]O2 and rare earth oxides Ln2O3. The decomposition 
products inherit the precursor’s morphology. The lattice 
parameters of Pr2[CO3]O2 were refined from high-tempera-
ture powder XRD data.

Keywords: carbonate; crystal structure; hydroxides;  
lanthanide; precursor.

Dedicated to: Professor Wolfgang Bensch on the Occasion of his 65th 
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1  �Introduction
In the course of our systematic investigation on silicate-
analogous materials [1–5] we also try to identify suitable 
precursor compounds. In this context we came across the 
rare earth carbonate hydroxides Ln[CO3][OH], a highly 
interesting class of materials with promising applica-
tions as host materials for phosphors [6, 7], catalysts [8], 
magnetic-cooling materials [9], and precursors for both 
rare earth carbonate dioxides and rare earth oxides and 
further synthesis. A selection of contributions is found 
in refs. [7, 10–17]. The rare earth carbonate dioxides 
Ln2[CO3]O2 can be used also as catalysts or catalyst support 
[18], as host materials for luminescent applications [6, 7, 
19, 20] and as precursors for further syntheses [10, 21]. The 
pure rare earth oxides Ln2O3 are well known as host materi-
als for phosphors [16, 19, 22]. The use of cheap and readily 
available precursors is most attractive if the morphology 
of the product is similar to that of the precursor [12–14, 23].

In general, rare earth carbonate hydroxides occur in 
three modifications: A hexagonal modification crystal-
lising in space group P6̅, an orthorhombic modification 
and a tetragonal modification crystallising in space group 
P42/nmc only for Tm and Yb [13, 24–28]. The orthorhom-
bic polymorph is reported in space group Pnma for the 
large rare earth ions Pr, Nd and Sm. For smaller rare earth 
ions than Sm (Eu, Gd, Tb, Dy, Ho, Er, Tm and Y) space 
group P212121 can be found in the literature [13, 24, 26, 28, 
29]. Nevertheless, space group Pnma is also reported for 
Gd[CO3][OH] [9, 30] showing disagreement with the exact 
structure of the orthorhombic modification.

Several syntheses for rare earth carbonate hydroxides 
are reported in literature via homogeneous precipitation 
[7, 11, 13, 16], hydrothermal methods [6, 8, 13, 15, 17, 24, 27, 
31], solvothermal methods [32], and thermolysis [10].

In nature, the mineral ancylite La2O(CO3)2 · H2O 
crystallises in space group Pnma [33]. It is the only rare 
earth oxycarbonate hydrate for which the crystal struc-
ture has been solved [13, 33]. Dal Negro et al. solved the 
structure using a single crystal from geological origin 
[33]. We show here that this compound is isotypic with 
orthorhombic La[CO3][OH] [24]. This implies that this rare 
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earth oxycarbonate hydrate is truly a rare earth carbon-
ate hydroxide in the orthorhombic modification. Chemi-
cal intuition points into the same direction since the 
structure reported by Dal Negro et  al. lacks any oxygen 
atom not being part of the carbonate ion or the proposed 
water molecule [33]. The same presumably holds true for 
the relationship of the minerals kozoite Nd[CO3][OH] and 
La[CO3][OH] plus calcioancylite CeCa(CO3)2(OH) · H2O with 
their respective carbonate hydroxides [34–36].

In general, there are three modifications of 
Ln2[CO3]O2, the thermal decomposition product of 
Ln[CO3][OH]. Crystallographically closely related are the 
orthorhombic (“type-I”, space group Ama2) and mono-
clinic (“type-Ia”, space group C2/c) polymorphs only 
described so far for La, while the hexagonal (“type-II”, 
space group P63/mmc) one is found for La, Nd, Gd and 
Dy [13, 30, 37–40].

In this contribution, we present the hydrothermal 
synthesis of orthorhombic Ln[CO3][OH] (Ln = La, Pr, Nd, 
Sm, Eu, Gd) using CO2 from air as carbonate source. 
This process is likely to resemble the pathway followed 
in nature to form minerals such as ancylite or kozoite 
giving further insight into the formation of these minerals 
[33–35].

The crystal structures of Pr[CO3][OH], Eu[CO3][OH] 
and Gd[CO3][OH] are redetermined localising also the 
hydrogen atoms, and the first report on the structure 
of orthorhombic La[CO3][OH] based on single-crystal 
XRD data is given. We elucidated the structures with 
a special focus on the presence or absence of inversion 
symmetry as this point was under discussion in the lit-
erature. Further, the use of the materials as precursors for 
Ln2[CO3]O2 and Ln2O3 is demonstrated. The lattice para-
meters of Pr2[CO3]O2 have been refined by high-tempera-
ture powder XRD analysis.

2  �Results and discussion

2.1  �Syntheses

Phase-pure samples of Ln[CO3][OH] (Ln = La, Pr, Nd, Sm, 
Eu, Gd) were obtained via a facile hydrothermal process 
starting from aqueous solutions of Ln(NO3)3 · xH2O (Fig. 1 
and Fig. S1; Supporting Information available online). 
Cetyltrimethylammonium bromide (CTAB) was added. 
It is well known to serve as a templating agent [13, 23]. 
In literature, comparable syntheses using CO(NH2)2, 
Na2CO3, NaHCO3, (NH4)2CO3 and others as carbonate 
sources have been reported [13, 15, 31]. CO2 is thought to 

act as carbonate source in the solvothermal synthesis of 
hexagonal La[CO3][OH] in an ionic liquid-water mixture 
[32]. Accordingly, we report the first intended hydrother-
mal synthesis using only CO2 from ambient air as carbon-
ate source and we further demonstrate how easily these 
compounds are formed.

All syntheses yielded homogeneous, coarsely crystal-
line products Ln[CO3][OH] (Ln = La, Pr, Nd, Sm, Eu, Gd). 
The CTAB apparently has an influence on particle sizes 
and shape distributions (Fig. S2; Supporting Informa-
tion). For Ln = Nd, Sm, Eu and Gd an additional heating 
step at 350°C was necessary to decompose residual CTAB 
and an unknown side product. The presence of these side 
phases was shown by infrared spectroscopy (Fig. S3; Sup-
porting Information), their decomposition around 350°C 
could be followed by DSC measurements (Fig. S4; Sup-
porting Information); this thermal behavior of CTAB is 
well known [41].

Surprisingly, the use of Ce(NO3)3 · 5H2O yielded phase-
pure CeO2 single crystals (Fig. S5, Supporting informa-
tion). Similar syntheses also using CTAB as templating 
ligand are known in the literature [42]. The reason for this 
behaviour can be found in the high stability of CeO2 at low 
oxygen partial pressures [43].

In the context addressed in the introduction we per-
formed single-crystal X-ray structure determinations on 
La[CO3][OH], Pr[CO3][OH], Eu[CO3][OH] and Gd[CO3][OH] 
(Table 1), accompanied by optical and thermal characteri-
sation of these compounds.

Fig. 1: Powder XRD patterns of compounds Ln[CO3][OH] (Ln = La, 
Pr, Nd, Sm, Eu, Gd) compared to a pattern calculated from single-
crystal data of La[CO3][OH]. All calculated patterns of the determined 
structures can be found in Fig. S1 (Supporting Information).
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2.2  �Crystal structures

2.2.1  �Ln[CO3][OH] (Ln = La, Pr, Eu, Gd)

All four compounds crystallise isotypically with kozoite in 
space group Pnma [24]. Five carbonate and two hydroxide 
groups are coordinated to the respective Ln3+ ion. Two car-
bonate groups act as monodentate and three as chelate 
ligands. Thus, the Ln3+ ions are coordinated by ten oxygen 
atoms (Fig. 2). The Ln3+ cation and the OH− groups form 

+
∞
1 2

2/2[(OH)Ln ]  zigzag chains along [100] linked by car-
bonate anions [24]. The OH− anions are oriented towards 
the resulting channels between the chains (Fig. 3). Each 
carbonate group acts as a chelate ligand to three Ln3+ 
ions and as a monodentate ligand to two other Ln3+ ions. 
Consequently, the carbon centre is coordinated by three 
oxygen atoms in the first and surrounded by five Ln3+ ions 
in the second coordination sphere.

The Ln3+ cations are situated on Wyckoff site 4c with the 
Ln–O distances ranging from 240–278 pm (La[CO3][OH]), 
236–276 pm (Pr[CO3][OH]), 230–275 pm (Eu[CO3][OH]), and 
230–276 pm (Gd[CO3][OH]) (Table 2). These values are rea-
sonably close to the sum of the respective ionic radii [44]. 
The distances between adjacent Ln3+ ions are decreasing, 
following the lanthanide contraction, and the Ln–O dis-
tances follow the same trend. The bond lengths within 
the carbonate ions are below the sum of the ionic radii of 
130 pm [44] implying a covalent bond. The O–C–O angles 
are close to 120°. Gd[CO3][OH] has the largest deviation 
due to the increased repulsion between carbonate groups 
since their distance is decreasing with the lanthanide 
contraction.

Evaluation of the literature yields two main aspects 
under discussion regarding “LnCO4H”, a chemical and a 
crystallographic one.

The crystal structure of La[CO3][OH] (Pnma, Z = 4) 
appears to be isostructural to ancylite La2O(CO3)2 · H2O 
(Pnma, Z = 2) [24]. Our data suggest that they are actually 
isotypic. The only difference is the presence of OH− anions 
or H2O molecules besides O2− ions; from a chemical point 
of view the latter discrimination is only reasonable if both 
oxygen atoms find themselves in different chemical envi-
ronments, otherwise a simple acid base reaction yielding 
to hydroxide ions can take place. Both, the chemical envi-
ronment and our electrostatic calculations (see below) 
suggest the presence of two hydroxide ions instead of 
water molecules besides oxide ions. A similar behaviour 
is reported for Gd[CO3][OH] and Gd2O(CO3)2 · H2O [9]. The 
structure model presented by dal Negro et  al. contains 
only crystal water and no oxide [33]; this disagrees with an 
overall electrostatically neutral formula. The assumption 
that the structure is that of a hydrate is not in agreement 
with the high thermal stability of the material [9]. The first 
decomposition step takes place above 400°C [11–15, 31]. 
For crystal water, a loss at lower temperatures is expected 
[45]. We therefore conclude that the structure is indeed a 
carbonate hydroxide, and we were indeed able to local-
ise the hydrogen atom during the structure refinement. 
Consequently, all reported syntheses for Ln2O(CO3)2 · H2O 
using the analogy to ancylite can be taken as routes to 
orthorhombic Ln[CO3][OH] compounds [9, 11, 13].

The same holds for the refined crystal structure 
of Pr[CO3][OH] which thus agrees well with Heinrich’s 

Fig. 2: Coordination of the Ln3+ cation in Ln[CO3][OH] in space group 
Pnma (grey: Ln, black: C, white: H, red: O); displacement ellipsoids 
are set to 75% probability.

Fig. 3:  1 2
2/2[(OH)Ln ] +

∞
 zigzag chains along [100] with OH− groups 

oriented towards the resulting channels in Ln[CO3][OH] (grey: Ln, 
black: C, white: H, red: O).
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Rietveld refinement [28]. Also in this case we were able to 
localise the hydrogen atoms.

Another aspect of the discussion regarding the proper 
structure model is the presence or absence of an inver-
sion centre, i.e. space group P212121 vs. Pnma. Tahara 
et al. reported Eu[CO3][OH] in P212121, while we refined the 
structure without any peculiarities in space group Pnma 
[24]. There is a similar disagreement over the structure of 
Gd[CO3][OH], which was reported in both space groups [9, 
24, 30]. Both solutions differ in the lack of centrosymme-
try of space group P212121 resulting in a postulated change 
of the coordination sphere of the Eu3+ ion – not really jus-
tified by a close look on the interatomic distances and 
MAPLE calculations (Tables S1 and S2; Supporting Infor-
mation). Three carbonate groups are mondentate ligands 
and only two are chelating ligands in this described solu-
tion, because the carbonate group lost its symmetry from 
C2v to Cs [7, 46, 47]. This modification is explained by the 
increased repulsion between the CO3

2− anions due to the 
smaller ionic radius of Eu3+ following the lanthanide con-
traction [24]. This structure in space group P212121 was first 
reported for Y[CO3][OH] [29].

The refinement of the single-crystal X-ray data 
implies unambiguously a centrosymmetry due to similar 
residuals. Possible explanations are a centrosymmetric 
space group or an inversion twin. The space group Pnma 
was confirmed using the program Platon [48]. Non-cen-
trosymmetric crystal structures necessarily show non-
linear optical properties – normally proven by recording 
the SHG (second harmonic generation) intensity [49]. 
We used the powder SHG method developed by Kurtz 
and Perry [50]. Table S3 (Supporting Information) shows 
the intensity of the SHG signals and comparisons to the 
quartz reference. In the cases of both Pr[CO3][OH] and 
Eu[CO3][OH] no respective signal could be detected in very 
careful measurements, thus apparently both structures 
are centrosymmetric. The same consideration holds for 
Gd[CO3][OH]. Structure determinations have been reported 

in both Pnma and P212121 [9, 24, 30]. Using the new data, 
the structure could only reliably be solved and refined in 
space group Pnma (Table 1).

2.2.2  �Ln2[CO3]O2

The lattice parameters of the intermediate product 
Pr2[CO3]O2 (a = 4.0388, c = 15.7651 Å) could be determined 
using a high-temperature powder XRD measurement at 
720°C (Fig. S6; Supporting Information) with the crystal 
structure of La2[CO3]O2 (a = 4.0755, c = 15.957  Å, space 
group P63/mmc (No. 194)) [37] as a model. The refinement 
based on the CIF data of the lanthanum compound [37] 
was carried out using the program Jana2006; R1 = 7.11, 
R2 = 6.40, GooF = 1.05 [51]. The refined lattice para-
meters are in agreement with the reported structures of 
Nd2[CO3]O2, Gd2[CO3]O2 and Dy2[CO3]O2 taking into account 
the lanthanide contraction [30, 39, 40]. The synthesis of 
Pr2[CO3]O2 was achieved via thermolysis of Pr(O2C2H3)3, but 
no structure has been reported in literature [10].

As already discussed in the introduction, the struc-
ture of hexagonal Type II Ln2[CO3]O2 has been refined in 
space group P63/mmc. [OLn4] tetrahedra are connected 
via edges to form layers parallel (001). These layers are 
stacked along [001] with layers of CO3

2− ions, leading to the 
overall formula (LnO)2(CO3). The carbonate groups are dis-
ordered around [001], the C position and one O position 
being only 1/3 occupied; which does not appear to make 
sense. The Ln3+ ion is coordinated by four oxygen atoms 
from the CO3

2− groups and four naked O2− [39].
Nevertheless, the facts that the C position and one O 

position are disordered with an occupation factor of 1/3 
and the ratio of a/c is roughly 1/3 in space group P63/mmc 
strongly imply that there is an underlying lower symme-
try in a primitive orthorhombic space group, in which 
the carbonate ions are not disordered. Similar findings 
for Gd4[BO2]O5F have been reported in literature [52]. 

Table 2: Selected interatomic distances (in pm) and angles (in deg) of La[CO3][OH], Pr[CO3][OH], Eu[CO3][OH] and Gd[CO3][OH]a.

La[CO3][OH] Pr[CO3][OH] Eu[CO3][OH] Gd[CO3][OH]

Ln–OC
b 258.13(8)–278.0(2) 255.06(7)–275.5(2) 250.30(5)–274.89(17) 249.7(3)–275.8(5)

Ln–OH
c 240.9(3)–242.7(3) 236.2(3)–237.2(3) 230.4(2)–231.0(2) 229.8(7)–230.4(7)

∑ IR (Ln–O) [44]d 263; 265 254; 256 248; 250 247; 249
Ln–Ln 396.85(4) 390.45(4) 382.89(3) 381.54(34)
C–O 126.5(5)–129.4(3) 126.7(5)–129.1(3) 126.9(3)–128.6(2) 124.4(12)–129.3(7)
C–C 388.67(63) 382.73(61) 376.61(40) 374.82(119)
O–C–O 119.3(4)–120.31(18) 119.7(3)–120.05(17) 119.3(2)–120.29(12) 117.7(8)–121.1(4)
O–Ln–O 49.28(9)–94.45(5) 49.19(8)–94.84(5) 49.64(6)–95.08(4) 49.43(17)–94.83(11)

aThe respective standard deviations are given in parentheses; b OC = oxygen as part of the carbonate group; c OH = oxygen as part of the 
hydroxide group; d Different sums of ionic radii due to oxygen with both CN = 3 and 4.
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However, this investigation is beyond the scope of the 
present contribution.

2.3  �Electrostatic calculations

The electrostatic reasonability of the crystal structures was 
confirmed by calculations based on the MAPLE concept 
(MAdelung Part of Lattice Energy) [53–55]. The MAPLE 

values of La[CO3][OH], Pr[CO3][OH], Eu[CO3][OH] and 
Gd[CO3][OH] were calculated and compared to the sum of 
the respective chemically comparable rare earth oxides, 
ice and a hypothetical CO2 derived from the difference of 
CaCO3 and CaO (Table 3) – an approach also employed 
recently for other oxides, in which the respective crystal 
structure comprises only molecules [62]. For CaCO3, the 
aragonite structure was chosen since it’s carbonate group 
shows Cs symmetry being close to the C2v symmetry of the 
carbonate groups in the present compounds [47]. The 
deviation is well below 1% for all four structures, which 
is our empirical benchmark for electrostatic consistency. 
The MAPLE values for Eu[CO3][OH] in space groups Pnma 
and P212121 do not differ significantly (Table S4; Support-
ing Information).

2.4  �SEM and EDX investigations

The Ln[CO3][OH] (Ln = La, Pr, Eu, Gd) samples were inves-
tigated by EDX. The results shown in Table 4 match well 
with the expected ratios of the respective rare earth 
element and oxygen. The simultaneously taken SEM pic-
tures show the crystallinity of the compound (See Fig. 4).

2.5  �Infrared spectroscopy

Infrared spectroscopy was performed on the phase pure 
powders of the Ln[CO3][OH] compounds (Ln = La, Pr, Nd, 
Sm, Eu, Gd). The spectra shown in Fig. 5 fit to structural 
units of the determined structures and to reports in litera-
ture for related systems [6–8, 14, 31].

The OH stretching and bending vibrations appear 
around 3440  cm−1, between 1680 and 1630  cm−1 and 
around 1320 cm−1 [6, 7, 12]. In agreement with the O–H · · · O 
distance derived from single-crystal structure determi-
nation, the second mode is shifted from La[CO3][OH] to 

Table 3: Electrostatic calculations for the rare earth carbonate 
hydroxides Ln[CO3][OH] (Ln = La, Pr, Eu, Gd) in space group Pnma.

La[CO3][OH] ½ La2O3 [56] + H2O [57] + CaCO3 [58] 
– CaO [59]

MAPLE = 27 016 kJ mol−1 MAPLE = 27 084 kJ mol−1

(Δ = 0.25%)

Pr[CO3][OH] ½ Pr2O3 [60] + H2O [57] + CaCO3 [58] 
– CaO [59]

MAPLE = 27 336 kJ mol−1 MAPLE = 27 201 kJ mol−1

(Δ = 0.49%)

Eu[CO3][OH] ½ Eu2O3 [61] + H2O [57] + CaCO3 [58] 
– CaO [59]

MAPLE = 27 520 kJ mol−1 MAPLE = 27 448 kJ mol−1

(Δ = 0.26%)

Gd[CO3][OH] ½ Gd2O3 [61] + H2O [57] + CaCO3 [58] 
– CaO [59]

MAPLE = 27 571 kJ mol−1 MAPLE = 27 483 kJ mol−1

(Δ = 0.32%)

Table 4: EDX results for Ln[CO3][OH] (Ln = La, Pr, Eu, Gd) comparing 
the ratio of Ln to O to the stoichiometric value of 0.25a.

Sample EDX result

La[CO3][OH] 0.19(5)
Pr[CO3][OH] 0.18(3)
Eu[CO3][OH] 0.27(6)
Gd[CO3][OH] 0.26(6)

aThe respective standard deviations are given in parentheses.

Fig. 4: SEM pictures of as prepared La[CO3][OH] taken simultaneously to the EDX measurement.
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Gd[CO3][OH] to higher wavenumbers [47, 63]. The products 
are free of the starting material CTAB since the expected 
absorption bands νas(C–CH2) and νs(C–CH2) at 2920 and 
2850  cm−1 are absent [23]. The bands between 1500 and 
600  cm−1 can be assigned to coordinated CO3

2−. The four 
normal modes can be found at 1090–1070 cm−1 (ν1), 850–
840 nm (ν2), 1500–1480 cm−1 and 1440–1420 cm−1 (ν3) plus 
725 cm−1 and 700–690 cm−1 (ν4) [6, 7, 12]. The splitting of 
the degenerated modes ν3 and ν4 is caused by the sym-
metry reduction from D3 to C2v or Cs from the free to the 
coordinated carbonate anion (Table 5) [6, 7, 12, 46, 47]. 
For Eu[CO3][OH], a discrimination between both possi-
ble space groups Pnma and P212121 corresponding to the 
CO3

2− ion’s point group C2v and Cs is not possible based on 
the IR spectrum since six IR-active bands are expected for 
both symmetries compared to only three for both higher 
symmetries D3h and D3. Additionally, the CO3

2− deformation 
band is present between 825 and 795 cm−1 [7]. Around 470 
and 400 cm−1 the respective Ln–O vibrations occur [23, 64]. 
A detailed assignment of the bands can be found in Table 
S5 (Supporting Information).

2.6  �UV/Vis spectroscopy

The optical properties of La[CO3][OH], Pr[CO3][OH], 
Eu[CO3][OH], and Gd[CO3][OH] have been determined 
by UV/Vis spectroscopy (Fig. 6). The spectra show the 
expected electronic transitions for Pr3+ and Eu3+. The 
absorption maxima at 440, 448, 465, 485 and 580  nm 
correspond to the 3H4 → 3P2, 3H4 → 1I6, 3H4→

3P1, 3H4 → 3P0 
and 3H4 → 1D2 transitions of Pr3+, respectively [65]. The 
characteristic transitions for Eu3+, 7F0 → 5L6, 7F0 → 5D2 and 
7F0 → 5D1, result in the reflexion minima at 395, 466 and 
534  nm, respectively [66]. As expected, no such transi-
tions are observed within the range of measurement 
for La3+. Below 300  nm the fundamental absorption of 
the samples’ band gaps governed by the carbonate ion 
is rising [67]. With increasing distance of the CO3

2− from 
the rare earth ion (already discussed in Table 2) the onset 
of the absorption is shifted to lower wavelengths. The 
absorption below 300  nm overlaps the transitions for 
Gd3+. Consequently, the 8S7/2 → 6I7/2 and 8S7/2 → 6P7/2 transi-
tions expected at around 310 and 280 nm could not be 
observed [68].

Fig. 5: Infrared spectra of Ln[CO3][OH] (Ln = La, Pr, Nd, Sm, Eu, Gd).

Table 5: Correlation scheme for D3h, D3, C2v, Cs for the CO3
2− iona.

aI: infrared-active; R: Raman-active; ν1: symmetric C–O stretching; ν2: CO3 out-of-plane deformation; ν3: asymmetric C–O stretching; ν4: CO3 
in-plane deformation mode.

Fig. 6: UV/Vis spectra of La[CO3][OH], Pr[CO3][OH], Eu[CO3][OH] and 
Gd[CO3][OH].
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2.7  �Thermal analysis

The compounds Ln[CO3][OH] are well known as precur-
sors for the preparation of Ln2[CO3]O2 and Ln2O3 com-
pounds. The thermolysis properties were investigated 
using thermal analysis. For all compounds, a two-step 
process was observed (See Fig. 7) following the reaction 
equations [11–15]

3 2 3 2 2 2

2 3 2 2 3 2

2 CO OH CO O CO H O
CO
[ ][ ] [ ]

[ ]O O CO
Ln Ln

Ln Ln
→ + +

→ +

The DTG curves reveal the first reaction to take place 
around T = 469, 449 and 514°C and the second step to occur 
around T = 745, 685 and 612°C for La[CO3][OH], Pr[CO3][OH] 
and Eu[CO3][OH], respectively. The mass losses during 
these decompositions match well with the expected values 

from the reaction equation (Table S6; Supporting Informa-
tion). The La[CO3][OH] sample lost 16.2 wt.-% during the 
first step compared to 14.4  wt.-% expected for the loss 
of one CO2 and one H2O molecule. For Pr[CO3][OH], the 
experimental value for the first step is also slightly higher 
due to residues decomposing at low temperature. Only 
for Eu[CO3][OH], the experimental value is lower than the 
theoretical one. This is presumably due to the post-syn-
thesis heating step of the sample in order to remove side 
phases. A mass loss of 10 wt.-% was determined after this 
step explaining the deviation for the Eu[CO3][OH] sample 
which showed an experimental loss of 9.7 wt.-% compared 
to the expected 13.5 wt.-%. During this step the decompo-
sition of Eu[CO3][OH] has already begun. For the second 
step, all samples match the expected values, e. g. a mass 
loss of 10.0 wt.-% is measured for La[CO3][OH] compared 
to 10.2  wt.-% expected. For Gd[CO3][OH], a non-heat-
treated sample was used showing a mass loss of 3.8 wt.-% 
at 300°C due to the decomposition of the side phases. 
The further decomposition steps appear to overlap each 
other. However, the overall mass loss of 23.1 wt.-% com-
pared to expected 22.6 wt.-% fits to the decomposition of 
Gd[CO3][OH] to Gd2O3. For all four samples, the phase tran-
sitions are confirmed by temperature dependent powder 
X-ray diffraction (Figs. S7–S10; Supporting Information).

Additional DSC measurements have supported 
the transition temperatures taken from the DTG curves 
with endothermic peaks at T = 459, 456 and 463°C for 
La[CO3][OH], Pr[CO3][OH] and Eu[CO3][OH], respec-
tively (Fig. S4; Supporting Information). The peaks rep-
resent the phase transformation from Ln[CO3][OH] to 
Ln2[CO3]O2. Further, the DSC measurements of Eu[CO3][OH] 

Fig. 7: Thermal analysis of La[CO3][OH], Pr[CO3][OH], Eu[CO3][OH], 
and Gd[CO3][OH]: Both the mass loss (TG in %) and the first derivative 
of the mass loss with temperature (DTG in % K−1) are given.

Fig. 8: Microscope pictures of (a) Eu[CO3][OH], (b) Eu2[CO3]O2 and (c) Eu2O3 showing the inheritance of the morphology from the precursor 
during the decomposition.
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and Gd[CO3][OH] revealed an extra endothermic peak at 
T = 350°C corresponding to the decomposition of the side 
phases, which is the reason for the need of an additional 
heat treatment. This peak is not present for La[CO3][OH] 
and Pr[CO3][OH].

Moreover, another requirement for the possible use of 
the compounds as precursors is the passing on of the mor-
phology of the precursors to the final products. This behav-
iour could be observed for the presented compounds as 
can be seen in the microscope pictures in Figs. 8, S11 and 
S12 (Supporting Information). The Ln[CO3][OH] samples 
consist of single crystals and their shape is inherited by the 
polycrystalline Ln2[CO3]O2 and Ln2O3 products accompa-
nied by a size reduction due to the release of gaseous CO2 
and H2O. Consequently, the hydrothermally synthesised 
Ln[CO3][OH] samples are suited for the use as precursors.

3  �Conclusions
In this contribution, we obtained the compounds 
Ln[CO3][OH] (Ln = La, Pr, Nd, Sm, Eu, Gd) via hydrother-
mal syntheses using ambient CO2 as carbonate source, 
thus resembling the natural formation of the minerals 
ancylite or kozoite. We also obtained single crystals of 
high quality allowing for the unequivocal localisation of 
hydrogen. There is no indication for the absence of an 
inversion centre in the crystal structures. This result has 
been confirmed by the powder SHG method which did not 
deliver any SHG intensity. We could therefore clarify the 
discussion ongoing in the literature regarding the proper 
space group assignment of Pnma instead of P212121. None 
of the previous investigations proved the absence of inver-
sion symmetry by recording the non-linear optical prop-
erties. Moreover, our investigations have confirmed the 
chemically inspired assumption that the hydroxide form 
is favoured over the oxide hydrate form as the crystallo-
graphic surrounding of the non-carbonate oxygen atoms 
is very similar. Consequently, Ln2O(CO3)2 · H2O is appar-
ently identical with Ln[CO3][OH].

We have further demonstrated the possible applica-
tion of the carbonate hydrates as precursors for the cor-
responding carbonate oxides and the pure oxides.

4  �Experimental section

4.1  �Materials

La(NO3)3 · 6H2O, Nd(NO3)3 · 6H2O, Pr(NO3)3 · 6H2O, 
Tb(NO3)3 · 5H2O (all from Strem Chemicals, Inc.), 

Eu(NO3)3 · 5H2O, Sm(NO3)3 · 6H2O (both from Alfa Aesar), 
Gd(NO3)3 · xH2O (Chempur), Ce(NO3)3 · 5H2O (Merck) and 
cetyltrimethylammonium bromide (Fluka) were used as 
starting materials without further purification and were 
handled in air.

4.2  �Syntheses

A 1  mmol quantity of a rare earth nitrate hydrate and 
0.5 mmol cetyltrimethylammonium bromide (CTAB) were 
dissolved in 20 mL H2O. After stirring for 20 min at 70°C 
the solution (pH = 5) was transferred into 30  mL PTFE 
pressure digestion vessels [69], which were heated in a 
compartment dryer at 180°C for 5 days. After the vessels 
naturally cooled to room temperature, the precipitates 
were separated and washed by centrifugation at 4000 rpm 
for 10  min with deionised water three times and subse-
quently dried in a compartment dryer at 65°C for 24 h.

Additionally, the Nd[CO3][OH], Sm[CO3][OH], 
Eu[CO3][OH], and Gd[CO3][OH] samples were heated in 
a corundum crucible for 10  h at 350°C in air in order to 
decompose side phases with heating ramps of 200 K h−1.

4.3  �Characterisation

4.3.1  �X-ray structure determination

Suitable single crystals were selected for single-crystal 
XRD under a polarising microscope. Diffraction data 
were collected with a Bruker D8 Venture diffractometer 
using MoKα radiation (λ = 0.7093 Å). Absorption correc-
tion was performed by the multiscan method with the 
program Saint within the Bruker APEX-II software suite. 
The structures were solved by Direct Methods and refined 
by full-matrix least-squares technique with the Shelxtl 
crystallographic software package [70]. The hydrogen 
atoms were refined using residual density of electrons 
for localisation and a reasonable restraint for the length 
of the O–H bond [63]. Relevant crystallographic data and 
further details of the structure determinations are summa-
rised in Table 1.

Further details of the crystal structure investigations 
may be obtained from the Fachinformationszentrum 
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany 
(Fax: +49-7247-808-666; E-Mail: crysdata@fiz-karlsruhe.
de, http://www.fiz-karlsruhe.de/request for deposited 
data.html) on quoting the depository numbers CSD-
1862162 (LaCO3OH), CSD-1862163 (PrCO3OH), CSD-1862164 
(EuCO3OH) and CSD-1862165 (GdCO3OH).
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4.3.2  �X-ray powder diffraction

Ground samples were prepared on a stainless steel sample 
holder and flattened using a glass plate. The X-ray powder 
diffraction patterns were recorded with a Seifert 3003 TT 
diffractometer at room temperature in Bragg-Brentano 
geometry using Cu-Kα radiation, a GE METEOR 1D line 
detector, and a Ni-Filter to suppress Kβ radiation (X-ray 
tube operated at 40  kV and 40  mA, scan range: 5–80°, 
increment: 0.02°, 40  scans per data point, integration 
time: 200 s per degree).

4.3.3  �Variable-temperature X-ray powder diffraction

The samples were ground and filled into a silica-glass 
Hilgenberg glass capillary (outer diameter 0.3  mm, wall 
thickness 0.01  mm). The data were collected between 
T = 50 and 920°C with a Bruker D8 Advance diffractom-
eter with CuKα radiation (λ = 1.54184 Å) with a 1D LynxEye 
detector, steps of 0.02°, acquisition time 3 s per step and 
transmission geometry. The generator operated at 38 kV 
and 40 mA.

4.3.4  �EDX/SEM

The elemental composition of solid Ln[CO3][OH] (Ln = La, 
Pr, Eu, Gd) samples was determined by energy dispersive 
X-ray spectroscopy (EDX) with a Philips XL 30 FEG scan-
ning electron microscope (SEM) equipped with an EDAX 
SiLi detector.

4.3.5  �FTIR spectroscopy

The Fourier-transform infrared spectra were recorded at 
room temperature with a Bruker EQUINOX 55 T-R spectro-
meter using a Platinum ATR device (scan range: 400–
4000 cm−1, resolution: 4 cm−1, 32 scans per sample).

4.3.6  �UV/Vis spectroscopy

The UV/Vis spectra were recorded as diffuse reflection 
spectra at room temperature with a Varian Cary 300 Scan 
UV/Vis spectrophotometer using an Ulbricht sphere detec-
tor and a deuterium lamp / mercury lamp light source 
(scan range: 200–800  nm, increment 1  nm, scan rate: 
120 nm · min−1).

4.3.7  �SHG measurement

The powder SHG method developed by Kurtz and Perry 
[50] is commonly used in the first step to estimate the non-
linear optical properties of new materials or to detect the 
absence of an inversion centre in crystalline structures 
[49]. A Q-switched Nd:YAG laser (Impex-hightech, 1064-
Q-HP, 2kHz), operating at 1064 nm and a pulse width of 
5 ns provided the fundamental wave. With a harmonic 
separator, a short-pass filter, and interference filter, the 
fundamental infrared light was separated from the gen-
erated second harmonic. The generated SHG signal at 
532  nm was collected using a photomultiplier (R2949, 
Hamamatsu) and an oscilloscope (Tektronix). The average 
values of different areas are presented here. SHG signals 
from five different areas of the sample were measured 
to check the homogeneity of the sample. The measured 
intensities were corrected by subtracting a background 
signals collected between the pulses.

4.3.8  �Thermogravimetry

The TG analyses were performed with a NETZSCH STA 409 
PC Luxx thermobalance under N2 atmosphere with 70 mL 
min−1 flow in alumina crucibles (heating rate: 10 K · min−1). 
Besides standard TG, differential thermogravimetry, e.g. 
the first derivative of the mass loss with respect to tem-
perature was investigated.

4.3.9  �Differential scanning calorimetry

The DSC measurements were undertaken on a TA Instru-
ments DSC 2920 in a 50 mL min−1 N2 flow using Netzsch 
standard Al pans with pierced lids with a heating rate of 
5 K min−1.

4.3.10  �Microscopy

The synthesis products, the products of the TG analyses 
of La[CO3][OH], Pr[CO3][OH] and Eu[CO3][OH] and samples 
of La[CO3][OH], Pr[CO3][OH] and Eu[CO3][OH] heated in 
corundum crucibles for 10  h at T = 470, 460 and 500°C, 
respectively were investigated by light microscopy. These 
temperatures correspond to the maxima in the DTG curves 
related to the transformation into Ln2[CO3]O2. The heating 
ramps were 200 K h−1. An Olympus IX70 Microscope with a 
Abrio CRi CCD camera was used.
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5  �Supporting information
Supporting data associated with this article can be found 
as supplementary material available online (DOI: 10.1515/
znb-2018-0170).�
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