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ABSTRACT

Oxides of the Ruddlesden-Popper (RP) series An+1BnO3n+1 are ideal candidates for the 

incorporation of additional anions like F-, H-, or N3- in the crystal lattice. The resulting mixed 

anionic compounds usually exhibit clearly different physical properties compared to the 

precursor oxides due to changes in their atomic and electronic structure. We present the 

synthesis of the highly fluorinated n = 3 oxyfluoride La4Ni3O8.4F3.5 by topochemical 

fluorination of La4Ni3O10, with poly(vinylidene difluoride) (PVDF) as fluoride source. The 

structure of this compound is solved based on X-ray and neutron powder diffraction data. A 

monoclinic (P21/a, a = 5.4206(2) Å, b = 5.5081(2) Å, c = 29.9823(2) Å, and β = 90.85(1)°) 

distorted variant of the n = 3 RP structure was found showing a strong elongation perpendicular 

to the perovskite slabs resulting from full occupation of the interstitial anion positions. The 

formation reaction as well as the decomposition reaction was investigated by in situ X-ray 

diffraction. By this the presence of one distinct formation intermediate was revealed. The 

thermal decomposition was found to start 490°C and is accompanied by the release of oxygen 

as detected by coupled mass spectrometry. Temperature and field depended magnetization 

measurements indicate that the title oxyfluoride is a Curie-Weiss paramagnet in contrast to the 

parent oxide, which shows Pauli paramagnetism highlighting the strong impact of anion 

substitution on the physical properties of these mixed anionic compounds. 
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Introduction

The crystal structure of Ruddlesden-Popper (RP) oxides can be described as alternating stacks 

of n perovskite layers ABO3 and one single rock salt layer AO. This stacking results in the 

general formula An+1BnO3n+1 where n = 1, 2, 3 or even higher.1,2 Here A often is a lanthanide or 

alkaline earth ion and B in most cases is a transition metal cation.3 

Mixed anion Ruddlesden-Popper oxides often exhibit interesting physical properties such as 

gap values in the range of the solar spectrum,4,5 ferroelectricity,5–7 ionic transport,8,9 or 

altermagnetism.10,11 There are even examples showing high-temperature superconductivity.12,13

In the highest symmetric version of the n = 3 RP structure (space group: I4/mmm, (Figure 1)) 

four different anionic sites exist, which form the vertices of the BO6 octahedra of the perovskite 

slab: central apical (ca, 4e, (0,0,z1)), central equatorial (ce, 4c, (1/2,0,0)), terminal apical (ta, 

4e, (0,0,z2)) and terminal equatorial (te, 8g, (½,0,z3)). In addition, a fifth anion site is located 

Figure 1: Representation of the ideal n = 3 Ruddlesden–Popper structure (space group I4/mmm). The BO6 
octahedra are shown and the different anion sites are indicated by different shades of red. 
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within the rock salt layer (i, 8f, (¼, ¼, ¼)), which is usually unoccupied but can take up to two 

additional anions per formula unit. 

Other ions, such as nitride,4,5 hydride,14,15 hydroxide,16,17 halide3,8,18–21 or even carbonate22 ions 

can be located on this interstitial sites, resulting in mixed anionic materials with different 

properties compared to the corresponding oxides. This additive insertion of anions in the rock 

salt-type layer often results in an increase of the average oxidation number of the cations. The 

formation of such mixed anionic compounds can additionally occur from partial substitution of 

O2- ions, where in the case of O2-/F- a substitution on the apical sites is often found as favored 

over a statistical distribution to the apical and equatorial sites.23 

For the more comprehensively investigated group of n = 1 RP oxyfluorides, there are examples 

of both anion substitution scenarios: In K2NbO3F the fluoride ions occupy the apical vertices in 

a disordered manner24,25, whereas in Sr2FeO3F the apical sites are occupied in an ordered way. 

Due to the increased Fe–F bond length compared to the Fe–O bonds, this substitution leads to 

square-pyramidal coordination of the Fe3+ ions.21,26 Examples for the insertion of F- into the 

interstitial sites are La2CoO4F1.2 with unordered occupation,27 LaSrMnO4F with layer-wise 

ordering of fluoride-occupied and empty interstitial sites28 and Ba2-xSrxPdO2F2, where the 

interstitial sites are fully occupied, resulting in a square-planar coordination of Pd2+.29 Finally, 

there are compounds where both anion sites, apical and interstitial, are occupied by fluoride, 

e.g. La2NiO2.5F3,19
 or Sr2TiO3F2.30 To our knowledge, there are no n = 1 RP oxyfluorides where 

the equatorial sites are solely occupied by F-.

For the n = 2 RP oxyfluorides there are also reports for a variety of anion ordering scenarios 

with examples for F- occupying only interstitial sites,31,32 only terminal apical sites33,34, or both, 

interstitial and terminal apical sites as in La3Ni2O5.5F3.5
35 or other related compounds.36,37 As 

with the n = 1 case, there are no studies indicating occupancy of the equatorial vertices of the 

octahedrons by F-. Furthermore, to the best of our knowledge, no fluoride occupation of central 

apical anion sites has been reported, either.
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Only very few n = 3 RP oxyfluorides are known so far. The four compounds 

La0.5Sr3.5Fe3O7.5F2.6
3, La4Co3O10F2

38, La4Ni3O8F0.84
39 and La4Ni3O8F1.7

39 are the only members 

described in literature to date. For all compounds an increase in the unit cell parameter c was 

found, compared to the parent oxides. With Δc in the region of ~3 Å a clear sign of a full 

interlayer occupation was found for La4Co3O10F2 while for La0.5Sr3.5Fe3O7.5F2 with Δc ~1.2 Å 

only a partially interlayer occupation in combination with a fully terminal apical occupation 

was derived from refinement of neutron powder diffraction data. The nickel compounds 

La4Ni3O8F0.84, La4Ni3O8F1.7 were obtained from fluorination of the reduced RP-oxide La4Ni3O8 

with XeF2. A partial O/F ordering and the presence of highly elongated NiO4F2 octahedra were 

derived based on X-ray diffraction data. The elongated octahedra were seen as indication for 

an occupation of the terminal apical anion sites by F-. 

Different methods are applied to obtain such oxyfluoride. The fluorination applied here, follows 

the low-temperature route first described by Slater.40 The use of fluorinated organic polymers 

such as poly(vinylidene difluoride) (PVDF; (CH2F2)n) often yields oxyfluorides of higher 

quality than other fluorinating agents such as NH4F, CuF2, or F2-gas, which are sometimes 

difficult to handle and whose products tend to remain as impurities in the obtained samples.41–

45 The PVDF-based fluorination method was also applied to obtain the above-mentioned n = 3 

compounds La0.5Sr3.5Fe3O7.5F2.6
3, La4Co3O10F2

38
 as well as the n = 1 nickelate oxyfluorides 

La2NiO3F2
46,47 and La2NiO2.5F3.19

In this study, we present the successful synthesis of the n = 3 RP oxyfluoride with the formula 

La4Ni3O8.4F3.5, which was synthesized by topochemical fluorination of La4Ni3O10, obtained 

from citrate synthesis, with PVDF as fluorine source. The oxyfluoride crystallizes in the 

monoclinic space group P21/a. Its structure was solved by Rietveld refinement based on neutron 

and X-ray powder diffraction (XRD) data in combination with elemental analysis methods (e.g. 

XRF, iodometric titration, F- determination by ISE). In situ XRD experiments were used to 

trace the formation reaction and the thermal decomposition reaction of the oxyfluoride. Here, 
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the presence of reaction intermediates, one for the formation and one for the decomposition, 

each with different crystal structure was revealed. The observation of the decomposition 

intermediate is accompanied by the release of oxygen as identified via mass spectrometry. The 

temperature and field dependent magnetic behavior was also investigated and a change from a 

Pauli paramagnetism of the precursor oxide to Curie-Weiss paramagnetism is found for 

La4Ni3O8.4F3.5.

Experimental Section

Synthesis

The synthesis of La4Ni3O8.4F3.5 was done in a two-step procedure. First, the precursor oxide 

La4Ni3O10 was synthesized by a citric acid complexation method.  Stoichiometric amounts of 

La2O3 (Chempur, 99.99%; dried at 900 °C for 3 h) and Ni powder (VEB-Jenapharm, 99.5%) 

were dissolved in demineralized water under the dropwise addition of concentrated HNO3. 

Citric acid (Grüssing) was added in a molar ratio of 3:1 to the metal cations while stirring. 

Water was evaporated from the solution on a hot plate until a gel-like substance was obtained. 

Further heating of this gel at 350 °C resulted in self ignition. The resulting material was further 

heated in a box furnace at 450 °C for 6 h to decompose the remaining organic compounds. The 

resulting blackish powder was then ground in an agate mortar and calcined at 1000 °C for 24 

h. Fluorination was performed by mixing the precursor oxide with PVDF (Alfa Aesar) in a 1:2 

ratio according to the mass of its monomeric unit CH2CF2. The mixture was heated in air at 

370 °C for 16 h and allowed to cool down to room temperature, yielding in the final oxyfluoride. 

Characterization

Room temperature powder X-ray diffraction (XRD) patterns in the range 2θ = 10-140° with a 

step size of 0.01° and a time of 3 s per step were recorded with Cu-Kα1,2 radiation on a Bragg–

Brentano Bruker AXS D8 Advance diffractometer equipped with a LYNXEYE silicon strip 
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detector. In addition, a STOE STADI MP diffractometer with transmission geometry and 

monochromatic Mo−Kα1 radiation equipped with a DECTRIS MYTHEN 1K detector was also 

used for room temperature scans in the angular range of 2θ = 5-85°.  

The latter diffractometer was also used to collect high temperature XRD data with a STOE 

capillary furnace. These patterns were recorded in the range 2θ = 8-44°. To follow the 

formation reaction of the oxyfluoride, the sample was heated up to 370 °C and diffraction 

patterns were recorded every 7 minutes. To study the decomposition processes of the 

oxyfluoride in oxidative and reductive atmospheres (N2, air, O2), heating was performed at 50 

K/min up to 250 °C, then at 10 K/min in the range of 250-650 °C and at 25 K/min from 650-

900 °C. After each heating segment, a XRD scan with an acquisition time of ~10 min was 

performed. The transfer capillary of a mass spectrometer (Pfeiffer Vacuum OmniStar GSD 

350), was inserted in the sample capillary using a self-made setup (compare Figure S 1) 

allowing for the analysis of the gaseous reaction products. 

Neutron diffraction (ND) data of La4Ni3O8.4F3.5 was collected on the high-resolution powder 

diffractometer D2B at the Institute Laue-Langevin in Grenoble, France. Beamtime was granted 

for Proposal 5-23-76948 and measurement of the 1.1 g sample (in a 6 mm V-cylinder) was 

performed at 300 K with λ = 1.594 Å and an acquisition time of about 3h. 

Joint Rietveld refinements of XRD and ND data were performed using GSAS-II software.49 

Instrumental resolution parameters for the Bruker D8-Advance diffractometer were determined 

from the refinement of an α-Al2O3 reference scan. LaB6 was used as reference material to 

determine the instrumental resolution parameters for the STOE STADI MP diffractometer.

Magnetic measurements were carried out using the ACMS option of a Quantum Design PPMS-

9. Approximately 100 mg of the powder samples (oxide and oxyfluoride) were loaded in gelatin 

capsules, which were then attached to the end of a plastic straw. The gelatin capsules ensure a 

low diamagnetic contribution to the measured susceptibilities. The temperature dependent 

moment was measured at an external field of 0.1 T and 5 T in the temperature range of 5−300 
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K. For B = 0.1 T zero-field-cooled (ZFC) and field-cooled (FC) conditions were applied. The 

data for the measurement in B = 5 T was collected while warming of the previously field-cooled 

sample (FCW). The field dependence of the magnetic behavior was analyzed by recording the 

complete hysteresis from −5 to 5 T at 5 K.

The oxygen content of both, the oxide and the oxyfluoride was determined by 

thermogravimetric analysis (TGA) using a TA Instruments TGA550 thermo balance in flowing 

forming gas (furnace gas: 10% H2 in N2, 25 mL/min; balance protecting gas: N2 25 mL/min). 

The samples were heated to 950 °C at 10 K/min and held at this temperature for 10 min ensuring 

a full reduction.

The fluorination product was checked for residual PVDF as well as other carbon related 

impurities by infrared (IR) spectroscopy (Bruker Alpha) in the range of 𝜈 = 4000-400 cm-1.

The contents of La and Ni were quantified by X-ray fluorescence spectroscopy (XRF) 

(Panalytical Epsilon 4) using the standardless quantification mode (Omnian mode).

The average oxidation states of Ni in the precursor oxide and the oxyfluoride were determined 

by iodometric titration. Approximately 15 mg of the samples were dissolved in 5 M HCl 

containing an excess of KI. Afterwards ~1 g of Na2CO3 was added to provide a pseudo inert 

atmosphere of CO2. A 0.006 M Na2S2O3 solution was used as titrant with starch solution as 

indicator. The oxidation state was averaged from three independent measurements per sample.

The amount of fluoride was quantified using a Mettler Toledo Seven Multi ion sensitive 

electrode (ISE). In a 100 mL PMP volumetric flask ~10 mg of the sample was dissolved in 

10 mL of 5 M HCl. The dissolved cations were complexed with 10 mL of a Titriplex IV 

solution (c = 6.82 g/L). The pH value was adjusted to ~6 against bromothymol blue indicator 

by adding a CH3COOH/CH3COONa buffer and NaOH solution (c = 5 mol/L). The flask was 

then topped with demineralized water. The F- content was obtained from five-point standard 

addition (40 mL sample solution, addition of 5 x 100 µL of a 1 g/L F- standard solution (Mettler 
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Toledo) using a single channel pipette, for a total of six measurements per sample)3. The final 

F-content was averaged from three independent solutions per sample. 

Scanning electron microscopy (SEM) was performed with a Phenom ProX desktop electron 

microscope. The powdered samples were spread onto carbon tape and images were collected in 

backscattered electron mode (BSE) with an acceleration voltage of 10 keV.

The analysis of the Ni oxidation state was carried out by X-ray photoelectron spectroscopy 

(XPS) using a DAR 400 instrument (Omicron) with an Al-Kα line (1486 eV, 250 W) as X-ray 

source and an EA 125X Hemispherical Energy Analyzer (Omicron). Survey scans were 

performed with 100 eV pass energy, detail scans of the Ni3p region with a pass energy of 30 eV. 

The spectra were fitted an analyzed using the CasaXPS software.

Results & discussion

In previous investigations on the n = 1 oxyfluorides La2NiO3F2 and La2NiO2.5F3 we 

demonstrated that isothermal in situ X-ray powder diffraction can be used to obtain insight in 

the reaction intermediates occurring during the fluorination reaction as well as to obtain suitable 

parameters for bulk synthesis.50 We also showed that the use of precursor oxides obtained from 

soft chemistry are beneficial for obtaining phase-pure oxyfluorides, most probably due to 

smaller particle sizes.19,47 This is why we started our investigations with in situ XRD 

experiments for the fluorination of La4Ni3O10 obtained from citrate synthesis. 

Structural and Compositional Characterization of La4Ni3O8.4F3.5

Different Oxide:PVDF ratios (1:1, 1:1.5, and 1:2) were initially tested and a single-phase 

product was obtained for the 1:2 ratio corresponding to a nominally 4 F- per f.u.. The in situ 

XRD data obtained for the 1:2 reaction mixture at 370 °C is shown in Figure 2 and the 

diffraction patterns of the precursor oxide (bottom) and the reaction product (top) are 

additionally given. From the additional reflections found in the time range of 4 - 7 h in the 
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contour plot of Figure 2 it is apparent that the reaction to the final oxyfluoride proceeds via one 

reaction intermediate. This intermediate possesses a larger unit cell than the oxide, which is 

indicated by the significant shift of (117) as well as (200)/(020) (please note that all (hkl) values 

are given with respect to the orthorhombic Fmmm coordinate system with c as longest axis) to 

smaller Q values. Upon longer heating, the formation of the final oxyfluoride is achieved. Here 

a clear shift of (200)/(020) to higher Q values indicate a decrease in the size of the basal ab-

plane, which is accompanied by a further elongation of c as the most intense (117) signal shifts 

to even lower Q values. The observation of a distinct reaction intermediate is in contrast to the 

reaction of closely related compound La4Co3O10 with PVDF, where the product La4Co3O10F2 

is formed directly.38 For the n = 1 nickelates, on the other hand, the presence of several reaction 

intermediates was previously found.50 Efforts to isolate the intermediate of the fluorination 

Figure 2: Time dependent in situ XRD patterns of the reaction of La4Ni3O10 with PVDF (molar ratio 1:2) 
obtained at 370 °C. Bottom and top diffraction patterns are the initial and final pattern.
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reaction through targeted synthesis as well as quenching remained unsuccessful. From 

quenching experiments, a range of samples was obtained, which appeared to be mixtures of the 

precursor oxide and the final fluorination product. To extract the unit cell parameters of the 

intermediate Le Bail fits to the in situ XRD data were performed in space group Fmmm. The 

following unit dimensions were obtained for the 370°C data a = 5.662 Å, b = 5.705 Å, and 

c = 29.223 Å. Full structure refinements were not attempted as the present data quality is not 

sufficient enough. Nonetheless, the detailed investigation of the formation reaction is planned 

for a future publication.

Bulk synthesis of the oxyfluoride was performed with oxide:PVDF mixtures (1:2 ratio) at 

370 °C for 16 h. This results in the highly fluorinated black product La4Ni3O8.4F3.5. SEM 

investigations give irregular shaped particles with diameters of 0.5-1 µm (see Figure S 2). The 

morphology of these particles does not differ significantly from the particles of the starting 

oxide. IR spectra (see Figure S 3) show high absorption in the entire range 4000 to 400 cm-1 

but no signals of PVDF indicating the absence of residual PVDF or other carbon related 

impurities in the resulting product. The fluoride content of the oxyfluoride was determined 

using a fluoride ion sensitive electrode by applying the standard addition technique. The 

obtained value of 7.15(4) % corresponds to 3.5(2) F- per formula unit, which is clearly less than 

the nominal 4 F- per f.u. expected from the amount of PVDF used. This deviation reveals that 

not all fluorine from the PVDF is incorporated into the oxide lattice. A similar finding was 

observed in the synthesis of La0.5Sr3.5Fe3O7.5F2.6 where 3 F- per f.u. are expected from the 

amount of PVDF used. Based on these findings, synthesis experiments with an extended range 

of oxide:PVDF ratios were performed in finer steps (see diffraction patterns in Figure S 4) were 

carried out. It was found that the 1:1.75 oxide:PVDF ratio (nominally 3.5 F- per f.u.) also result 

in a phase-pure product but with slightly decreased lattice parameters. This points to a rather 

wide accessibility range of the oxyfluoride. The structural investigations of the here presented 

Page 11 of 27 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

7/
07

/2
5 

12
:5

4:
36

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5DT01138H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt01138h


work (vide infra) were nevertheless performed for the 1:2 product hence neutron diffraction 

data was obtained for this compound. Assuming La3+ and taking into account the result of the 

XRF measurement (La / Ni = 1.31; which is in good agreement to the nominal molar ratio of 

1.33), in combination with the results of the iodometric titration, it can be concluded that Ni 

has an average oxidation state of 2.76(11) in the oxyfluoride, which is comparable to the 

obtained average oxidation state of Ni in the precursor oxide of 2.68(4). According to this value 

and with 3.5 fluoride ions per f.u., the oxyfluoride should contain ~8.4 O2- per f.u. for charge 

neutrality. XPS spectra were obtained for the oxide and the oxyfluoride. This enables a 

comparison of the surface oxidation state of nickel in both samples. Due to a heavy overlap of 

the Ni 2p3/2 and the La 3d3/2 peaks,19,46,51,52 the less well resolved Ni 3p peak was investigated. 

The corresponding spectra are given in Figure S 5 in the SI. The observed signal can be 

interpreted as overlap of the Ni2+ signal at ~ 67.0 eV and Ni3+ signal at 70.7 eV.53 Upon 

fluorination a decrease of the Ni2+ signal is observed pointing to less Ni2+ species at the sample 

surface which is in concordance with the slight increase of the Ni oxidation state as found in 

the iodometric titration. In order to verify the oxygen content, thermogravimetric analysis in 

reducing atmosphere (50mL/min of 5% H2 in N2) was performed (see Figure S 6). It was found 

that nickel is reduced to its metallic state under the applied conditions, which was verified by a 

field dependent magnetization measurement at 300 K showing ferromagnetic behavior (see 

Figure S 7). On the other hand, in the XRD pattern of the reduction product (see Figure S 8), 

only LaOF could be identified, implying that nickel is amorphous. This decomposition reaction 

was also investigated by in situ XRD (vide infra). Given these products and the observed weight 

loss of 7.45 % during the reduction process, an initial oxygen stoichiometry of 8.4 is confirmed 

in good agreement with the expectation. Therefore, the sum formula La4Ni3O8.4F3.5 can be 

deduced for the title compound. The presence of ~12 anions per formula unit demands for fully 
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occupied interstitial anion positions, which is in agreement with the results from refinement of 

neutron powder diffraction data (vide infra). 

Laboratory X-ray diffraction patterns of oxyfluoride samples from different batches are shown 

in Figure 3. Based on this data a significant anisotropic broadening of selected reflections (like 

(117)/(11-7)) is evident. This broadening is similar for all batches and is also found in the 

diffraction pattern presented by C. K. Blakely et al. for a compound denoted La4Ni3O8F2, which 

was obtained from fluorination of La4Ni3O8 with XeF2 as fluorination agent.39 The authors 

indexed their diffraction pattern with an orthorhombic unit cell even though the same splitting 

of (117)/(11-7) is clearly visible in their data. This anisotropic reflection broadening is most 

likely the result of stacking faults in the perovskite like layer i.e. the random appearance of 

perovskite slabs with deviating layer thickness n. Such stacking faults are common for 

Ruddlesden popper compounds and result in in the observed broadening of all (hkl) reflections 

with l ≠ 0.54–57 Clearly the anisotropic broadening is interfering the structure determination from 

laboratory X-ray diffraction data alone, which is why we performed different post synthetic 

annealing experiments aiming to reduce the peak broadening. For the n = 2 compound 

La3Ni2O5.5F3.5 an improvement of the crystallinity upon heating in evacuated silica ampules 

was reported but unfortunately no X-ray diffraction patterns are shown of the crude or the 

Figure 3: XRD patterns of La4Ni3O8.4F3.5 from different batches. The indices are given for the (117)/(11-7) and 
(200)/(020) reflexes indicating the difference in reflection broadening.
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annealed product, which would allow for a comparison to the reflection broadening observed 

here.35 We annealed our oxyfluoride samples in evacuated glass ampules for 5 days at 350 °C 

but unfortunately none of the experiments resulted in significantly sharper peaks. 

The structure refinement was performed as joint refinement combining laboratory XRD with 

neutron powder diffraction data. The above discussed splitting of (117)/(11-7) demands for a 

monoclinic unit cell symmetry and indexing of the XRD-data was possible in space groups 

P21/a (the space group of the starting oxide; please note the non-standard setting with c as 

longest axis, enabling an easier comparison to the I4/mmm archetype) and A2/a (the space group 

recently reported for the closely related oxyfluoride La4Co3O10F2).38 In a subsequent Le Bail fit 

of the NPD data in A2/a some reflections occurred, which should be integrally extinct in an A-

centered lattice. These reflections can be indexed as (123), (027), and (207) (see Figure S 9) 

and a primitive unit cell is thus derived for La4Ni3O8.4F3.5. The subsequent structure refinement 

was therefore performed in P21/a with Z = 4 and a = 5.4206(2) Å, b = 5.5081(2) Å, 
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c = 29.9823(2) Å, and β = 90.85(1). The anisotropic peak broadening was taken into account 

by applying the Stephens model for general strain broadening.58 To limit the number of 

refinable parameters the anisotropic strain parameters were constrained to be the same for both 

patterns (since the samples were from the same batch). Additionally, the thermal displacement 

parameters were constrained to be identical for the same type of atoms. The Rietveld plots 

obtained for the refinements in P21/a are given in Figure 4 and the refined crystallographic 

parameters are listed in Table 1. Fluorination results in the elongation of the c axis of about 2 Å 

compared to the starting oxide La4Ni3O10: P21/a a = 5.4234 Å, b = 5.4732 Å, c = 28.0041 Å, 

and β = 90.15°59 which is indicative for the insertion of F- into the interstitial sites of the rock 

salt layer, and indeed a full occupation of this interstitial position is found from refining the 

occupation of this position. Additionally, an increase of b and therefore of the distortion of the 

basal ab-plane is observed, which is accompanied by an increase in the monoclinic angle β. 

Both observations are the result of an increased tilting distortion of the Ni(O,F)6 octahedra 

Figure 4: Rietveld plots of the joint refinements against a) X-ray (λ = 1.542 Å) and b) neutron diffraction data b) 
(λ = 1.594 Å) in space group P21/a. 
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compared to the starting oxide. This is different to the structure of La4Co3O10F2 where the 

fluorination results in a stronger elongation of c (~3 Å) that is accompanied by a decrease of 

the ab-distortion, a β value close to 90° and smaller tilting components of the perovskite 

octahedra.38 Such different structural behavior upon fluorination is in line with the results 

obtained for the n = 1 oxyfluorides of nickel and cobalt. Here the Co-oxyfluoride shows a 

similar strong elongation of c (~2.6 Å) and a decrease of the ab-distortion.27 For the Ni-

oxyfluorides La2NiO3F2 and La2NiO2.5F3 on the other hand, less pronounced elongations in c 

are accompanied by strong changes in ab and a significant increase of the octahedra tilting even 

though no full interlayer occupation was found for the Ni-oxyfluorides.19,46 In the refinements 

the site occupation factors were fixed to unity after preliminary tests due to the limited quality 

of the present data. Attempts to refine the anionic occupation factors or the isotropic thermal 

displacement parameters resulted in unrealistic values due to highly correlated parameters and 

the strong anisotropic reflection broadening. The difference Fourier map obtained for the NPD 

data gave no hints for partial anion occupation. Therefore, SOF values were used for all anion 

positions which is in concordance with the results of the chemical analysis. As the almost 

identical scattering lengths of O and F do not allow a clear assignment of the remaining 1.5 F- 

to specific positions, we performed additional bond valence sum analysis (BVS) for selected 

anion distributions (results are shown in Table S 1). All models in which the terminal apical 

O/F(6) site is solely occupied by F- gave a significantly reduced global instability index (GII) 

of ~8% compared to statistical distribution (GII: ~11%). The tested model with the lowest 

global instability index (GII (7.7 %) involves full occupation of the O/F(6) site by F- and an 

occupation of one quarter of each of the central equatorial anion sites (O/F(9) and O/F(10)). 

This distribution is unusual, as occupation of the equatorial sites has never been observed in 

other RP oxyfluorides. Another model takes the short atomic distance of Ni(4)-O/F(5) into 

account and comes with a full occupation of the O/F(6) site by F-
, full occupation of O/F(5) by 

O2- and a statistical distribution of the remaining F- over the other octahedral anion sites. The 
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GII of this model (7.9 %) is nearly as good as the one mentioned above. It is therefore very 

likely for the O/F(6) site to be occupied only by F-, whereas a clear statement about the 

distribution of the remaining 0.5 F-/f.u. is not unambiguously possible. We therefore opted for 

a statistical distribution of the remaining F- to the remaining anion positions (please note that 

the atoms of these positions are shown as oxygen in Figure 5). To obtain charge neutrality, 

nickel has to partly to be in oxidation state +2. The Ni(4) site has the lowest BVS, we therefore 

choose an 0.5:0.5 occupation of this site by Ni3+ and Ni2+.”

Table 1: Structural parameters of La4Ni3O8.4F3.5 obtained from joint Rietveld refinements of XRD, and ND data.a

Atom Anion Site x/a y/b z/c Uiso [Å2] Occ. Wyck.
La(1) 0.4945(2) 0.5037(13) 0.4343(19) 0.0160 1 4e
La(2) 0.0087(7) 0.4969(18) 0.0667(2) 0.0160 1 4e
La(3) 0.0786(2) 1.0019(16) 0.3117(3) 0.0160 1 4e
La(4) 0.5015(2) 1.0032(17) 0.1942(3) 0.0160 1 4e
Ni(1) 1/2 0 1/2 0.0073 1 2b
Ni(2) 0 0 0 0.0073 1 2a
Ni(3) 0.0050(3) 0.5030(3) 0.3705(3) 0.0073 1 4e
Ni(4) 0.0085(3) 0.9966(3) 0.1236(4) 0.0073 1 4e

O/F(1) te 0.2568(10) 0.2419(6) 0.1422(17) 0.0167 1 4e
O/F(2) te 0.2804(9) 0.7115(6) 0.3638(14) 0.0167 1 4e
O/F(3) te 0.2524(7) 0.7426(5) 0.6227(15) 0.0051 1 4e
O/F(4) te 0.2629(9) 0.7562(6) 0.1195(16) 0.0167 1 4e
O/F(5) ta -0.0022(8) 0.4765(7) 0.3146(11) 0.0167 1 4e
O/F(6) ta 0.0278(8) 0.9468(7) 0.1930(12) 0.0167 1 4e
O/F(7) ca 0.4892(9) 0.9489(8) 0.4345(13) 0.0167 1 4e
O/F(8) ca 0.5026(7) 0.4400(7) 0.0611(13) 0.0167 1 4e
O/F(9) ce 0.2121(9) 0.7835(7) 0.5025(11) 0.0167 1 4e
O/F(10) ce 0.2525(7) 0.7521(7) 0.0102(12) 0.0167 1 4e

F(1) i 0.2535(9) 0.2297(5) 0.2512(13) 0.0105 1 4e
F(2) i 0.2143(11) 0.7253(5) 0.2595(12) 0.0105 1 4e

space group: P21/a (14)                                                                Rw = 5.44 %, χ2 = 1.33, GOF = 1.15
a = 5.4206(3) Å, b = 5.5081(3) Å, c = 29.9823(18) Å
α = γ = 90°, β = 90.85(4)°
V = 895.10(6) Å3

aOctahedral anion sites have a 85%/15% oxide/fluoride occupation. The sum formula is taken as La4Ni3O8.5F3.5.
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The structure derived from the Rietveld refinements is shown in Figure 5 and the atomic 

distances and angles are reported in the SI (Table S 2 and Table S 3). A strong tilting of the 

octahedra is apparent and additionally all four different octahedra are clearly distorted. This is 

especially true for the terminal octahedra, which include three different anion positions. The 

terminal apical anion position deviates in a way that this position seems to not follow the overall 

tilt of the octahedra (compare Figure 5 and S 10). Interestingly, similarly strong distorted 

octahedra were published for La4Ni3O10, and La4CoO10F2 especially showing the deflection of 

the terminal apical anion position.38,59 On the other hand, the anion positions are subject to an 

increased uncertainty due to the strong reflection broadening in combination with the 

complexity of the structure and the resulting high number of refinable variables. For a more 

precise structural description less anisotropic broadened diffraction data would be needed. 

Alternatively, modeling of the stacking faults with the FAUTLS/DIFFaX60,61 program might 

enable a better refinement of the diffraction data. 

Figure 5: Crystal structure of La4Ni3O8.4F3.5 (space group P21/a) with representation of Ni-coordination 
polyhedra. 
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Thermal stability

To investigate the thermal stability of the oxyfluoride, temperature dependent XRD 

measurements up to 900 °C were performed on a laboratory diffractometer in dynamic gas 

atmosphere (40 mL/min) N2, air, and O2 using a homemade ‘Norby like’ capillary reactor,62 

which was modified in order to position the transfer capillary of a mass spectrometer close to 

the surface sample (see Figure S 1 for a sketch and a photograph). With this setup we were able 

to analyze the evolving gases, gaining a deeper knowledge of such reactions. The thermal 

evolution of the diffraction patterns in the region of the most intense peaks are shown as contour 

plots in Figure 6. The decomposition proceeds via a reaction intermediate, which is clearly 

visible from additional peaks in the temperature region 500 to 600 °C in all 3 contour plots. 

From the in situ MS data obtained in N2 atmosphere (compare Figure S 11) a release of oxygen 

was found to be linked with the formation of this intermediate decomposition product. The 

Figure 6: Contour plots of the in situ XRD patterns obtained for the thermal decomposition of La4Ni3O8.4F3.5 in 
different atmospheres. The start of the decomposition is highlighted by a yellow line in each plot.
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oxygen release was also observed in additional thermogravimetric experiments indicating that 

~ 0.5 O per formula unit is released in this first step (as shown in the supplement Figure S 12). 

The formation of the decomposition intermediate is therefore linked to a partial reduction of 

Ni3+ to Ni2+ while the full reduction of all Ni3+ atoms to Ni2+ would result in the release of 

~1.25 O per formula unit. The reaction is clearly linked to the oxygen partial pressure in the 

reaction atmosphere, which leads to different onset temperatures (defined as the temperature 

step where first signals of the next phase are observable) for the different reaction atmospheres. 

For the heating in N2 an onset temperature of 490 °C is obtained, which increases to 510 °C in 

air and 530°C in O2. It is noteworthy that the decomposition intermediate observed here is not 

the same as the one found in the fluorination reaction (see Figure 2). The decomposition 

intermediate has a smaller unit cell than La4Ni3O8.4F3.5, reflected by the significant shift in the 

main reflections towards higher Q values. With increasing temperature, the oxyfluoride further 

releases oxygen (see the TG-MS results Figure S 12) and the reflections of an n = 3 RP-phase 

similar to the starting oxide are observed. In all cases LaOF and NiO were identified as the 

decomposition products above 650 °C as is often observed upon decomposition of La 

containing RP oxyfluorides.19,46 When performing the in situ XRD-MS experiment in a 

reducing atmosphere (10% H2 in N2, compare Figure S13) LaOF is observed as decomposition 

product, while signals of Ni(0) are not found. This is most probably the result of a weak 

amorphous contribution to the diffraction pattern which is in contrast to the hard character of 

the Mo radiation used (please note that even the amorphous contribution of the glass capillary 

is missing from the diffraction data). From this experiment it is additionally found that the 

reductive decomposition of La4Ni3O8.4F3.5 proceeds via at least two intermediates which were 

not further investigated yet but clearly differ from the above observed decomposition 

intermediates. Such partially reduced oxyfluorides are of high interest and attempts to isolate 

them will be pursued in future studies. The thermal stability of the title compound is comparable 

to the n = 1 nickel-based oxyfluoride La2NiO3F2 (~450°C), while the higher fluorinated 
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compound La2NiO2.5F3 exhibits a significantly lower thermal decomposition temperature 

(~380 °C).19,40,46,47

Magnetic Properties

The precursor oxide La4Ni3O10 has previously been reported to be a Pauli paramagnet as the 

result of electron exchange between nickel sites with two different oxidation states (Ni2+, and 

Ni3+). A weak susceptibility minimum around 90 K is additionally linked to a metal-to-metal 

transition.63,64 This magnetic behaviour was also found for the precursor oxide of this study for 

which the χmol vs. T data is shown in Figure 7a. Upon fluorination a strong impact on the 

exchange interactions between different perovskite slabs is expected and was previously 

observed for La4Co3O10F2,38 and nickelate oxyfluorides with n = 2, and 1.35,46,47 The results of 

the temperature dependent susceptibility measurements for La4Ni3O8.4F3.5 in an external field 

Figure 7: Temperature dependent susceptibility (black) and inverse susceptibility (red) data of a) La4Ni3O10 and 
b) La4Ni3O8.4F3.5 at 5 T. For the oxyfluoride the inverse susceptibility was fitted using an extended Curie-Weiss 

law (blue line) in the range of 75 K to 300 K.
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of 5 T are shown in Figure 7b) and reflects a Curie-Weiss behavior. As the inverse susceptibility 

shows a clear curvature the data was fitted with an extended Curie–Weiss law 1
𝜒𝑚𝑜𝑙

= 1
𝐶

𝑇― 𝜃
+𝜒0

 

compromising a temperature independent contribution (𝜒0). The fit is shown in Figure 7b and 

the obtained Curie constant of 5.31 cm3 K mol–1 corresponds to a paramagnetic moment of µeff 

= 1.84 μB. This is in fairly good agreement with the value of 2.04 μB expected for Ni with an 

observed average oxidation state of 2.76 and Ni3+ being in a low-spin configuration. If Ni3+ is 

considered to be in high-spin configuration, the expected moment is 3.65 µB, which is much 

larger than the observed value. However, it should be kept in mind that the Curie–Weiss law in 

principle only applies to isolated ions which is why such values should not be overinterpreted. 

Furthermore, the value of C, and in turn of μeff, is highly dependent on the temperature interval 

used for the fit. The Weiss temperature of θ ≈ −115 K is indicative of antiferromagnetic 

interactions but no clear sign of a long-range magnetic ordering was observed neither in the 5 

T nor in the 0.1 T data (see Figure S 14). Our investigations show that fluorination strongly 

alters the magnetic properties compared to the parent oxide most probably due the partially 

oxidation of Ni2+ to Ni3+ resulting in less delocalized electrons.

Conclusions

The Ruddlesden–Popper oxyfluoride La4Ni3O8.4F3.5 with a mixed Ni2+/3+ oxidation state was 

prepared for the first time by topochemical fluorination of a La4Ni3O10 precursor from the 

citrate synthesis with PVDF as fluorine source. The chemical composition of this compound 

was confirmed by several analytical methods. La4Ni3O8.4F3.5 crystallizes in the same space 

group as the parent oxide P21/a and the presence of strongly anisotropic broadened (hkl) 

reflections with l ≠ 0 points to stacking faults related to the thickness of the perovskite layers. 

La4Ni3O8.4F3.5 is stable up to 510°C in air (490 °C in N2 and 530 °C in O2) and the thermal 

decomposition is accompanied by release of oxygen as found by XRD-MS and TG-MS 

measurements. La4Ni3O8.4F3.5 is a Curie-Weiss magnet with a Weiss constant of θ ≈ −115 K, 
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indicating antiferromagnetic interactions. The observed paramagnetic magnetic moment of 

µeff = 1.84 μB points to low-spin configuration of Ni3+. 
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The data supporting the findings of this study are available within the article and its ESI. The 

crystallographic data of La4Ni3O8.4F3.5 has been deposited at the CCDC under deposition number 

2451197, and can be obtained from https://www.ccdc.cam.ac.uk/. The neutron diffraction data is 

available under the following link https://doi.ill.fr/10.5291/ILL-DATA.5-23-769. Any other 

information should be requested to the corresponding authors.
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