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ABSTRACT

We report the synthesis and crystal structure of anhydrous cerium(III) acetate [Ce(CH;COO);] (1) as well as the interconversions to
different hydrated phases. The structure determination of 1 was achieved by Rietveld refinement against powder X-ray diffraction
(PXRD). Additionally, the thermal properties of 1 were investigated by thermogravimetry (TG) and variable-temperature PXRD
(VT-PXRD) and a complete characterization was performed. 1 was prepared by solvothermal treatment of the sesquihydrate
[Ce,(CH3CO0)6(H,0),]-H,O (3). The dehydration is reversible and 1 can be transformed back to 3. Using VT-PXRD the transformation
of 3 to 1 was studied. The step-wise dehydration does not proceed through [Ce(CH;COO);(H,0)] (2), instead another hitherto unknown
metastable cerium(III) acetate hydrate (4) was observed. It was only possible to determine a sum formula of Ce,(CH;COO)s(H,0), for 4.

1 | Introduction

Metal acetates are important precursors for the synthesis of
metal oxides [1-3] and metal-organic frameworks (MOFs)
[4, 5]. Metal oxides [6, 7] and MOFs [8-10] derived from
redox-active metals show catalytic properties, but in addition,
the porous nature of MOFs also makes them suitable for gas
adsorption [11, 12]. Many metals have been utilized to prepare
metal oxides and MOFs, with lanthanide-containing com-
pounds being particularly well-known for their luminescent
properties [13, 14] and their use in organic synthesis [15].
Thus, numerous lanthanide acetates have been reported in
the literature, containing, for example, La [16-18], Ce [18],
Pr [19-21], Nd [18, 22, 23], Sm [23-26], Eu [18, 19, 23, 26—
29], Gd [23, 26, 30, 31], Tb [24, 32], Dy [33], Ho [26, 34, 35],
Er [26, 32, 35], Tm [36], Yb [26, 37] and Lu [18, 38]. These
include both anhydrous and hydrated forms, as well as acetic

acid solvates (Table S1). Many of these compounds have been
obtained from an aqueous solution of the corresponding metal
acetate by evaporation of water [18].

Among the lanthanides, cerium is of particular interest for appli-
cations in catalysis due to its redox chemistry [8, 9, 39-44].
Cerium(III) acetates were first mentioned by Maksimov et al. in
1957 [45] and Grigor’ev et al. [46] in 1964, who reported the syn-
thesis of cerium(III) acetate sesquihydrate and cerium(III) acetate
anhydrate. In 1968, Edwards et al. [47] reported the synthesis of
anhydrous cerium(IlT) acetate by treatment of a commercial
cerium(III) acetate hydrate in acetic acid/acetic anhydride under
reflux and its characterization by elemental analysis (EA), ther-
mogravimetry (TG) and infrared (IR) spectroscopy, but no PXRD
data were presented. Anhydrous cerium(II) acetate was also
reported in 2001 and 2002 by Arii et al. [48, 49] as an intermediate
in a thermogravimetric study of commercial hydrated cerium(III)
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acetate. In 1969, Karraker [50] was able to confirm the level of
hydration of the sesquihydrate and the anhydrate, and rudimentary
XRD data, that is, d-spacings were also reported. By combining
results from IR and absorption spectroscopy, he was able to propose
structural details for the sesquihydrate as Ce being eight- or nine-
fold coordinated and the acetate anions acting as bridging and
chelating ligands. For the anhydrous cerium(III) acetate, a coordi-
nation number of >9 for the Ce** ions and bridging acetate anions
were postulated. Limited data on the crystal structures are available
for the cerium(III) acetate hydrates. Thus unit cell parameters were
published by Kvapil et al. [51] in 1973 and Meyer et al. [17] in 1993
for the cerium(IIT) acetate sesquihydrate and anhydrate, respec-
tively, but no crystal structure refinement of the anhydrate was pro-
vided. The crystal structures of the monohydrate [Ce(CH;COO);
(H,0)] [18, 52] (2) and the sesquihydrate [Ce,(CH;COO)s(H,0),]-
H,0 [18] (3) were published by Sadikov et al. [52] in 1968 and Junk
et al. [18] in 1999, but the monohydrate was only characterized at
room temperature. Single crystals of these compounds were
obtained by evaporation of aqueous solutions of cerium(III) ace-
tate, but no additional information on the characterization or even
confirmation of bulk phase purity of these products was reported.

Summarizing, to the best of our knowledge, no systematic inves-
tigation concerning the synthesis, phase purity, and interconver-
sion of the three known Ce(III) acetates has been reported. In
this work we describe the synthesis and crystal structure of
[Ce(CH5COO0);] (1) and the reversible structural transformation
from [Ce,(CH3COO0)s(H,0),]-H,0 (3). Also, a new monohydrate
Ce,(CH;COO)(H,0), (4) was observed. These studies were car-
ried out by varying the temperature or the relative humidity
(RH). In addition, characterization using PXRD, TG, EA, and
IR spectroscopy was performed and the crystal structure of
[Ce(CH3COO0);5(H,0)] (2) was determined at low temperatures.

2 | Results and Discussion

The syntheses of three cerium acetates were accomplished using
various synthetic routes ranging from solvothermal reactions, treat-
ment at different temperatures and under saturated water vapor.
Starting from commercially available [Ce,(CH3;COO)s(H,0),]:
H,0 (3), solvothermal treatment in acetonitrile at 150°C for
2h resulted in the formation of the fully dehydrated product
[Ce(CH5CO0);] (1). The treatment of 1 in an atmosphere saturated
with water vapor resulted in the recrystallization of 3. In addition, a
fourth crystalline product with the sum formula of Ce,(CH3;COO)q
(H,0), (4) was observed during the thermal treatment of 3 in air,
before 1 has formed as the final product. These structural transfor-
mations will be discussed in detail below. Additionally, the crystal
structure of 2 has been determined at 100 K and is presented in the
Supporting Information (Section S4).

2.1 | Crystal Structure Determination

Analysis of a PXRD pattern of 1 using Topas Academic [53]
suggested several possible unit cell parameters and space groups.
These results were used to search for isostructural compounds in
the Cambridge Structural Database (CSD) [54] using ConQuest
[55]. The trigonal space group R3 (No. 148) with a, b=21.88 A
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FIGURE1 | Final Rietveld plot of the structure refinement of 1 with the
measured PXRD pattern (black), the calculated PXRD pattern (red), the
resulting difference (blue) and allowed reflection positions (black ticks).

and ¢=9.85A resulted in [La(CH;COO);] (Refcode: PEWJUW
[17]) as a possible match. Therefore, this crystal structure was used
as the starting structural model and was refined against
PXRD data using the Rietveld algorithm [56] in Topas Academic
[53] (Figure 1). Hence, La was replaced by Ce, and the bond lengths
and angles of the acetate ions were refined using z-matrices.
Individual temperature factors were used for Ce and the atoms
of each acetate ion, respectively. For the peak fit, the Thompson-
Cox-Hastings-pseudo-Voigt function was used. The background
was modeled using strongly broadened reflections from an hkl-
phase. The crystallographic data are shown in Table S2.

2.2 | Crystal Structures

The crystal structure of 1 is shown in Figure 2. The cerium cat-
ions are tenfold coordinated by oxygen atoms all originating from
acetate anions (Figure 2a). The asymmetric unit contains one
cerium cation and three acetate anions (Figure 2b). Each cerium
cation is coordinated by eight acetate ions, six of them coordinate
in the monodentate mode, and two are chelating (Figure 2c). The
refined Ce-O distances, ranging from 2.446(7) to 2.720(9) A, are
in good agreement with values of other cerium compounds
retrieved from the CSD [54] analyzed with the help of the soft-
ware ConQuest [55] and Mercury [57].

The connection of the cerium cations by the acetate anions leads
to edge- and face-sharing CeO,o polyhedra, which results in a
three-dimensional inorganic building unit (IBU). The IBU exhib-
its a complex connectivity. However, subdividing it into hexam-
ers facilitates the structural description of the IBU. In each
hexamer, the CeO,q polyhedra are connected via common edges
within the ab-plane, while along the c-axis face-sharing CeO;q
polyhedra are found (Figure 2d). Each hexamer is connected
to two other hexamers, forming a ladder-like arrangement that
proceeds along the c-axis (Figure 2e). These ladders are further
connected to two neighboring ladders through O atoms (edge-
sharing CeO,, polyhedra), forming hexagonal tubes that contain
potential voids along the c-axis (Figure 2f), which are occupied
by the methyl groups of the acetate ions. These tubes are
connected via common edges (Figures 2g and S3) and form a
honeycomb-like structure (Figure 2h).
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FIGURE 2 | Representation of the crystal structure of 1.
(a) Coordination environment of the cerium cations. (b) Asymmetric unit
of the crystal structure. (c) Connection of the cerium cations by the acetate
anions. (d) Hexamer composed of CeO,, polyhedra. () Ladder-like arrange-
ment by connection of one hexamer to two adjacent hexamers (purple, yel-
low and green are used for better distinguishability). (f,g) Pores made up by
interconnection of ladders (different shades of purple are used to distinguish
the different ladders). (h) Honeycomb framework observed in 1 with methyl
groups pointing into the pores. CeO;q-polyhedra are colored differently
(except for blue) to improve the distinction of the hexamers.

The crystal structure of 2 was redetermined at 100K by single-
crystal X-ray diffraction (SCXRD) from a single crystal found in
an aged batch of commercial cerium(III) acetate sesquihydrate.
Structural details of 2 are presented in Section S4.

2.3 | Thermal Properties of 1

Compound 1 was characterized regarding its thermal properties,
phase changes, decomposition temperature, and thermal expan-
sion by TG and VT-PXRD. According to the TG data 1 exhibits a
thermal stability up to 180°C (Figure S8) and the sum formula of
[Ce(CH5COO0);] could be confirmed (Section S5). In contrast, the

VT-PXRD experiment (Figure S10) of 1 showed a loss of long-
range order at approx. 260°C. This temperature difference is
due to different measurement conditions.

2.4 | Phase Transformations

The phase transformations were studied by heat treatment of the
samples (TG and VT-PXRD) or exposure to water vapor at high
RH values. An overview of the observed phase transformations
can be found in Figure 3.

Anhydrous cerium(III) acetate (1) is accessible through a solvother-
mal treatment of 3 (see experimental section). To study the revers-
ibility of the dehydration of 3, an in situ PXRD measurement of 1
was carried out under well-defined RH values up to 80% RH, the
maximum achievable value for the set-up (Figure S12). Up to 80%
RH, only compound 1 is present. To study the influence of higher
RH values and longer exposure time 1 was stored at 100% RH and
20°C for 88h and was analyzed ex situ (Figure 4). According to
PXRD, compound 1 completely transformed to 3 under these con-
ditions. The transformation during the dehydration of 3 was also

[Ce(CH3C00)3]

treatment

FIGURE 3 | Overview of the conditions that lead to the phase trans-
formations between the cerium(III) acetates. Compound 4 could only be
obtained as a metastable product and the crystal structure could not be
determined. Compound 2 was not observed in the systematic study.
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FIGURE 4 | Comparison of the calculated PXRD patterns of 1 (yel-

low) and 3 [18] (blue) with the measured PXRD patterns of 1 before
(black, bottom) and after 88 h under 100% RH at 20°C (black, top).
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studied in situ by VT-PXRD, and the data are shown in Figure 5. In
this context it is noted that the data show the presence of another
crystalline compound at the beginning of the experiment. This
phase crystallized prior to the measurement from a pure sample
of 3 upon aging (Section S6.2 and Figure S13). While no informa-
tion about the transformation leading to this phase mixture could
be gained, it was used to study the temperature-dependent phase
transformations. At low temperatures ranging between 25 and
70°C, the reflection intensities of 3 decrease continuously with
increasing temperature, while the intensities of the additional
reflections increased in the same temperature range. At 85°C,
no reflections indicating the presence of 1, 2, or 3 are observed,
indicating phase purity of the crystalline phase (4) at this temper-
ature. Further heating to 100-175°C yielded an X-ray amorphous
product, and between 175 and 190°C compound, 1 started to crys-
tallize and remained stable up to 205°C. Between 205 and 220°C, 1
began to lose its long-range order. The final product of this experi-
ment is CeO, (Figure S14).

Additional experiments were carried out to synthesize and charac-
terize product 4 that was observed in situ during the VT-PXRD
study. It was found that heating 3 at 115°C for 1 h in a ventilation
oven leads to the formation of 4 (Figure 6). The elevated temper-
atures indicate that the loss of water molecules of 3 leads to the
formation of 4. This is also confirmed by the results of the TG meas-
urements of 3 and 4 (Figure 7). In the TG curve of 3, two distinct
mass losses between 26 and 109°C and 109 and 186°C are
observed, corresponding to the loss of approximately one and two
water molecules per sum formula, respectively, while the TG curve
of 4 shows only one distinct weight loss between 109 and 181°C.
These findings indicate 4 being another cerium(III) acetate hydrate
with a sum formula of Ce,(CH;COO)¢(H,0), (Tables S3 and S4). It
is noted that this compound is formally also a monohydrate as 2.
However, the PXRD patterns are substantially different as shown in
Figure 6. The different temperatures needed for obtaining 4 by VT-
PXRD (85°C), TG (109°C) and the temperature treatment in an
oven (115°C) likely arise due to the different experimental condi-
tions including the heating rate, different ambient relative humid-
ity values and volumes of the sample holders. Unfortunately, no
crystals suitable for SCXRD could be obtained and indexing of
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FIGURE 5 | Variable-temperature PXRD (VT-PXRD) measurement
of a mixture of 3 and 4 in comparison with the calculated PXRD patterns
of 1, 3 [18] and the measured PXRD pattern of 4.
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FIGURE 6 | Comparison of the calculated PXRD patterns of 1 (yel-
low), 2 [18] (green) and 3 [18] (blue) with the measured PXRD patterns
of 3 from the VT-PXRD measurement at 85°C (black) and after treatment
at 115°C for 1 h (purple). The marked reflection (*) is an artifact caused
by the heating chamber.
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FIGURE 7 | TG curves of 3 (blue) and 4 (purple) measured with a
heating rate of 8 K/min under constant air flow (6 L/h).

the PXRD pattern of 4 was unsuccessful, so that no crystal structure
could be retrieved. Under ambient conditions (24.4°C, 40% RH)
4 transforms partially back into compound 3 within minutes
(Figure S16). Still, additional reflections are observed that change
with time, which could not be assigned to the known phases.
Further details are given in Section S7.

3 | Conclusion

We presented a systematic study on the transformation of
cerium(III) acetates, demonstrating the impact of temperature
and relative humidity on the product composition. The cerium(III)
acetate anhydrate [Ce(CH3COO);] (1) and sesquihydrate
[Ce,(CH5CO0)s(H,0),]-H,O (3) can be easily transformed into
each other at high relative humidity or by thermal treatment,
respectively. The full characterization including the crystal struc-
ture of 1, is reported for the first time. The structure determination
was successfully carried out by Rietveld refinement against PXRD
data. 1 exhibits a three-dimensional IBU made up of edge- and face-
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sharing CeO,o polyhedra. As confirmed by TG and VT-PXRD
measurements, 1 shows a moderate thermal stability in the tem-
perature range of 30-180°C. Under relative humidity of 0-80%
for 20 min, 1 remains stable. Exposing 1 to 100% RH for 88h,
the formation of 3 was observed. Dehydration of 3 under air
and elevated temperatures also led to 1, as shown by VT-PXRD.
Surprisingly, the transformation of 3 to 1 does not proceed through
the formation of 2, but a new product with the sum formula
Ce,(CH;CO0)4(H,0), (4) that is formed as an intermediate. Our
systematic investigation shows that in addition to the previously
known cerium(III) acetates, one new metastable phase was found.
Also, in the supposedly simple cerium(III) acetate hydrate system
some hydration/dehydration processes can be easily performed
(1<3) while others (1-2 or 3—2) cannot be achieved. Thus,
the reproducible formation of 2 is still an open scientific question.
Additionally, the crystal structure of 2 was determined at 100 K.

4 | Experimental Section

All used chemicals were used without further purification.
Ce(CH;C0O0);-xH,0 was obtained from TCI (>98%). It was iden-
tified as phase pure 3 by PXRD and IR spectroscopy (Figures S1
and S2, respectively). Acetonitrile (>99.9%) was purchased from
Honeywell.

Microwave-assisted syntheses were carried out in a Biotage
Initiator+ synthesizer. TG measurements were performed on a
Linseis STA PT 1600 with a heating rate of 8 K/min and constant
air flow (6 L/h) with the samples being located in open Al,O3
crucibles. EA was carried out on an Elementar vario MICRO
cube. For IR spectroscopy a Bruker ALPHA-P ATR MIR spec-
trometer was employed.

Powder X-ray diffraction (PXRD) measurements were conducted
on a STOE Stadi P instrument equipped with a DECTRIS
MYTHEN2 1K detector using Cu Ko (4 =1.540598 A) radiation.
The VT-PXRD measurement of 1 was conducted on the same
STOE Stadi P diffractometer using a STOE capillary furnace, with
the sample being located in an open quartz capillary with a diam-
eter of 0.5 mm and a wall thickness of 0.01 mm. One PXRD pattern
was collected at 30°C as the starting point and consecutive PXRD
patterns were collected in the range of 40-600°C with steps of 20°C
for 39 min per PXRD pattern for 1. A heating ramp of 50°C/min
between the targeted temperatures was applied. Since the PXRD
patterns showed pronounced background modulations, the back-
ground was subtracted with the Raw Data Handling module within
the WinXPOW software (Version 3.10) from STOE & Cie GmbH
for visual representation of the data. The refinement of the cell
parameters was carried out using the raw data. The VT-PXRD
measurement of 3 was performed using a Malvern Panalytical
Empyrean diffractometer equipped with an Anton Paar TTK 600
chamber, a nonmonochromated Cu radiation (Cu K =
1.540598 A, Cu K, = 1.544426 A) and a PIXcel 3D 1x1 solid-state
pixel detector. The diffraction experiments were performed in
Bragg-Brentano configuration using a 0.02rad Soller slit on both
the incident and diffracted beam sides, and a ¥4° divergence slit on
the incident beam. The sample was mounted on a flat sample
holder with an integrated heating element and positioned to ensure
optimal alignment with the incident X-ray beam. The diffractome-
ter was configured to scan over a 26 range from 5° to 50°, with a

fixed step size of 0.0263° per measurement point. The exposure
time was set to 10s/step. The first PXRD pattern was collected
at 25°C, with consecutive PXRD patterns being measured in an
interval of 15°C up to 400°C under synthetic air. The sample
was heated at a rate of 10°C/min, with an equilibration period
of 15min at each target temperature before data collection.
Each PXRD pattern was collected for 45 min. Variable relative-
humidity PXRD measurements were performed at the BM26 beam-
line at the European Synchrotron Radiation Facility (ESRF,
Grenoble, France), using an incident beam with an energy of
12keV (1=1.03320A). The humidity conditions were controlled
using a gas dosing system equipped with four mass flow controllers
(MFCs) to create N,/H,O mixtures at relative humidities ranging
from 10% to 80%. At each humidity setting, an equilibration period
of 10 min was allowed before data collection. For each measure-
ment, multiple PXRD patterns were accumulated over a total
measurement time of ~20 min, and the resulting summed diffra-
ctogram is presented. SCXRD was performed with a XtaLAB
Synergy, Dualflex, HyPix diffractometer from Rigaku using Cu-
K, radiation.

4.1 | Synthesis of [Ce(CH5;C00)s] (1)

367.2 mg (0.5333 mmol) of 3 were transferred into an 11 mL glass
vial. 4 mL acetonitrile as well as a magnetic stirring bar were added
and the vial was sealed. The synthesis was carried out by micro-
wave-assisted heating at a temperature of 150°C for 2h and a stir-
ring rate of 300 rpm. After cooling to room temperature, the white
precipitate was filtered off and washed three times with 2mL
acetonitrile. After drying under air, the product was obtained as
a white microcrystalline powder. EA (meas./calc.): C/wt% =
(22.54/22.72), H/wt% = (2.90/2.86), N/wt% = (0.26/0.00). Yield:
329.3 mg (1.038 mmol, 97.28%). An IR spectrum of 1 was collected
and the data is presented in Figure S2.

4.2 | Synthesis of [Ce,(CH5C00)4(H,0),]-H,0 (3)

30.0 mg (0.0945 mmol) of 1 was ground thoroughly and exposed
to a saturated water atmosphere by placing it into a desiccator
over an excess amount of demineralized water. Thus, an atmo-
sphere with a RH of 100% was established and the sample was left
under these conditions for 88 h at 20°C. Afterwards, the product
was dried in air for 30 min at ambient conditions.

4.3 | Synthesis of 4

30.0 mg (0.0435 mmol) of 3 were heated in a glass vial at 115°C for
1 hin a preheated oven with forced ventilation under air. The sam-
ple was immediately characterized since it is unstable under ambi-
ent conditions and starts to rehydrate to 3 immediately at 24.4°C
and 40% RH. For collecting the reference PXRD pattern, the sam-
ple was prepared in scotch tape without delay after the synthesis to
isolate it from air humidity. This sealing was enough to prevent a
transformation within the measurement time of 30 min.
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