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1.1 Expectations of the combination of electron micopy and ay diffraction

1 Introduction

1.1 Expectation®f the combinationof electron microscopyand Xray diffraction

Compoundswhich structurally can only be pre-characterized e.g. with powder Xray diffraction,
remain unpublishedDue to theabsenceof a structure model, theympede scientifc considerations
and assessmentsvhich can befundamental for solving problems or further researckrequent
problemsthat prevent completestructure refinement are either heterogeneousproducts or too
small single crystal&ven structural featres in small domains that elude characterization due to the
relatively long coherence lengthof conventional X-rays with respect to crystallographic relevant
dimensions are among the challengefesearchers ofadid-state materials are seeking effective
solutions to obtain crystal structures from structurally diffietdtcharacterizesamples.Thus, new
approaches to enable unequivocal structural statements at stéditthe-art levels ofprecisionare
required

Present Xay diffractionfor structure determinationis a relatively fullydevelopedmethod at the
edge of physical limits given by the nature efa¥s™* The methods of electron microscopy are not
that fully developed, partially because of threore complex interaction of electms with matter
However,electron microscopy can fill gaps left open byaX structure determination. It isommon
for a combination of methods to deliver the scientific breakthroughhasbeen showrby providing
structure models by combined electronieroscopy and Xay powder difraction on oxides or
zeolites® Furthemore, different combinations ofmethods includingboth Xray diffraction and
electron microscopy will be presented in this thesis in order to olaairess tdhe structures ohew
(oxonitridosilicates (oxo)nitridophosphatesand tellurides Challenges with respect to structure
elucidation ofthe latter compoundsan be as versatile as their compositional variatiand have to
be solved during their characterization

This thesispresents solutiongor various problems of structure tkrmination on different solids
deliveredby no less versatile contributions of electron microscoffye main olgctives of this thesis
are the discovery and structural characterization of solids isesavhere individual methods for
structure determination are limitedThe objective of direct observationand the explanationof
structural features, like intergrown domainsor superstructures by imaging at atomic scalés
pursued. Because of combined checal and structural information on differentength scales

provided byelectron microscopya betterunderstandingof structure-property relations is expected.



1.2 Method diversity in transmission electron microscopy

1.2 Method diversity in transmission electron microscopy

The understanding of matter and its properties, irrespective of whether it is inorganic, organic or
biological, correlates with its macroscopic, microscopic or even atomic strudtane solidstate
science, bmogeneous sampleas well as crystatructure determinatiors are requirements to
understand and explain structure-property relations as the fst step towards the predictiorof
materials with applickon. As the structural diversity and complexity of modern materials
continuously expand, their strugtal elucidation can often require different methods or
combinations different methoddn ideal casesthis conceptual approach leads to the exploration of
new materialdoy their targeted synthesis.

Since Max Knoll and Ernst Ruska invented the transmigsectron microscoptin the 1930s, it was
possible to beat the resolution limih common light microscopg whichis approximatly half the
wavelength ofthe light used The wavelength of fast electrons much shorter than that of visible
light exemplarily shownadir an acceleration voltage of 1000 kke wavelengthof an electron is
<ecronF N1 ® N n Theinvenfiohdf the transmission electron microscope was/arded with the
Nobel Prize for Physics in 198Bue b its fast wideranging developments, electron microscopy in
general became a crucial tool for fundamental research dnoad range ofmaterials,not onlyhard
matter. As one of the ongoindevelopments crycelectron microscopy was also awardedth the
Nobel Prizen chenmistry in 2017° A modern transmission electron microscope (TEM) can combine
imaging methods, diffraction techniques and spectroscallyat possibly atomic resolution in just
one instrument(Fig.1).”®

Well established techniques likaright-field imaging (BF), high resolution transmission microscopy
(HRTEM), selected area electron diffraction (SABD)convergent beam electron diffraction (CBED)
as well as scanning transmission electron microscopy (STEM) with different detectorbe can
combined with energy dispersive-r&y spectroscopy (EDX) or electron energy loss spectroscopy
(EELSY™ Thissynergismof methodsmade it possible taliscoverstructure-property relations more
easily in metals, ceramicand more recently in biomolecules and semiconductér§he fast and
intensiveprogressionof TEMon the one handndicatesthe interest and the demandf®r TEM and
underlines on the second hanits effectivenes®f answering recent questionsf natural €ientists.
Modern methods like electron crystallograpy,electron tomography? electron holography’
direct atom countind® and electron microscopy under environmental condititi$are pushing into

the field of electron microscopy and become more commothie community of physicists, chemists
and biologists. Further improvements like energy filtéfs or sphericalaberration probe correctors
and image correctors respectively enhance the possible resolution limit in (S)TEM down to sub

Angstrom rang€®?® These advantages have to bensidered in regards tthe relatively largeeffort



1.3 TEM at atomic resolution

of operating aTEM andhe special sample requirements like vacuuamd electronbeam stability as

well as electron transparence.

The broad range of experimentabssibiliies in TEMleads to popular applications in soktite
chemistry. Major issues in matersadcience like structure determination, restructure elucidation

and chemical analysis both on length scales from A to mm can be discussed on the basis of data

obtained from electron microscopes.

illumination system + Cs corrector

convergent electron beam for STEM parallel electron beam for TEM

“scanning” v~

STEM-HAADF
L

Z-contrast imaging for
all scale strucutural /
chemical information

X-rays emitted from specimen:

chemical information,
quantification via intensity

ratios, mappings, line-scans incoherent
imaging
coherent
imaging
EELS
plamon
inelastically scattered . . . ' . -
electrons: R illumination cong / CCD detector electron diffraction, diffraction
\‘ ) ' contrast in back focal plane
chemical information, \~ .
valence, band gap, electron/ \~ : imaging, phase contrast in
phonon-structure, . image plane, all-scale
bonding situation detector spectrometer structural information

Figure 1:Selectednteractions of electrons with matter and theinethodicalapplicatiors for (scanning) TEM

microanalytic, which arerelevantfor this thesis.

1.3 TEMat atomic resolution

The main setup of a TEMonsists ofan illumination, an imagdormation and an imageecording
system, both in a sealed unit eelinder ultra-high vacuum(Fig.2 left). Moreover,the intermediate
lenses allowthe change between imaging and diffractiomode. In generglthe theoretical point
resolution @eo) is based on the Rayleigh critmmidne, [ 1 ®sinv with & as wavelength of
electrons,n the refractive index and as thehalf-opening angle ofhe objective Lens imperfections,

non-uniform magnetic fields and distortioneave a strong impact on the experimental point



1.3 TEM at atomic resolution

resolution @ea = d + d.). The resultingspherical ¢s= G" 3) and chromaticd. = G'kKE/R) aberrations
astigmatismor irregular magnificatin lower thepoint resolutionsignificantly(spherical aberration
coefficientG, chromatic aberration coefficien€. andthe energy spread of electron sour&d/R). A
conventional TEM operating witle.g.200 kV acceleration voltage yisld typical point resolutionin
imaging moden the range of 2.4 AUnder ideal conditions and with the additional usespherical
aberrationcorrection the valuesof d.y can be improved to 1.A? Since the interactions between
electron beams and crystalline matter are very complex, approximations are needgehptfy the
description oftheoretical considerationsHg.2 right). The phasebject approximation defines that
during passinghrough cystalline matter the plan& t SO NR Yy 6 I (@) ziFndgleGed Ry 0 A
to ultra thin crystals) is undulated representing the potential distribution of the crystal projection by
changed phase$a ex(Xy) = expfi’ N, xy)] with the electrostatic potental ~ xy), the number of
periodsN,andii KS A y (i S NI O)livarky intedeztibriidi the/efectron wave witmmodified
amplitudeinteracts differently with various atom3he weakphaseobject approximation is valid for
GSNE (KA YN, @NE< ) ahdican bedwuitten as\ (xy) = ' N, xy)]. The amplitude of the

S E A U Ay Faftérith® Sbjeative lens is proportional to the amplitude of the structure factoos

the atomsg KA £ S { K S, iddKifted [8-p & Fhkdoyw @ & A U Ko thedBhade)SFWith Fi

for each reflectionFK{I'B, j2ms % é(lyé*'EKE»1 Bl with the atomic scattering factof). The

propagating electron waves amnjoinedby the objective lengo form an imageonto the image
plane The Fourier transforn{FT)of the image plane is locateat the back focal planéwithout any
shift the wave function in the image planen(xy) is the same as the @xwave A (xy) after the
sample.Iln an ideal case and in focus the intensity distributioould beli(Xy) =A im(XYIA in* (Xy) = 1
thus, constantHowever,an image with phase contrast can be recordsddefocusing the objective
lens Amplitude contrast is a mixture of amplitude and phase changes based on difédrentption
and can be descrilieby lin(Xy) =A im(XY)iA im* (Xy) = expf2>(xy)] with > as absorption coefficienin
the image plane, all electron waves infiere with each other andare imaged orthe screen by the
intermediate and projection lense3herecordedintensityin a HRTEM image the square root of
thel Y LJ A i,.die $hage of the electron wave is loBlowever, he phase of the structure factor
is preservedin the imageand from its Fourietransformationit is possible to extract the phase
information of the structure factorsdirectly. To summarize it in easy wordr HRTEM imaging
transmitted and scattered electrons are used to create an interference ifffifgeHRTEMcan
support a challengingerystal structure detemination because featuresn subA rangeare imaged
directly*®® Local structural information obtainedrdm HRTEM micrographs taken &cherzer
defocusare close to theprojected potential of the atom# a thin crystalDoubly scattered electrons
(P do not contribute significantly to thentensity (imagd{hk)) of animage atScherzedefocussince

the cosineterm becomes nearly zero when the phase shiftu(hk)) of the objectivelensis close to

4



1.3 TEM at atomic resolution

+90°. The mathematical description ligagdhk) = D(hK)[2F(hK)sinu(hK) - F'(hk)cosu(hK)] with D(hk) as
the envelope function ofhe contrast transfer functionWhile in reality, the phase shifts due to the
objective las are not exactly = 90° over the whole resolution rangéhe objective lens applies
different influence on single and doykdcattered electronsThus,doubly scattered electrongamot

be separated perfectly. The contributions to the intensities in teeorded HRTEM image are
described by the envelope function tife contrast transfer function, which is included in the Fourier
transform of the HRTEM image.

It is obvioughat HRTEMachieves qualitative structural informatiorat atomic resolutione.g. lattice
imperfectionsor the atomic structure at grain boundaries in ZnO or stacking faults in graphene
layers®** An image coector improves the HRTEM data significarflyrther quantitative structural
information from HRTEM micrographs not taken &cherzerdefocus can only be interpreted

unambiguously with a defocus series matching corresponding simulafidhs.

electron source; LaB,, FEG A = h/(2meU)*
condensor lense system incident waveis |W (xy)| =1
constant Plxy) = 0°

condensor aperture

upper objective lense
specimen structure factor  ¢,(hk)

lower objective lense exit wave W_(xy) = exp[-ioN, p(xy)]
$..(hk) = & (hk)-Yimt
objective aperture

back focal plane ¢, (hk) = &.(hk)+X(hk)-Ysmt
SAED aperture /
image plane image wave W, (xy) = X, W, (hk)exp[-2mi(hx+ky)]

intermediate lense

projection lense

screen; CCD, CMOS image intensity  1.,(xy) = |W,.(xy)|*
image / diffraction pattern &..(xy) is lost

Figure 2: Simplified setup of a transmission electron microscope and corresponding terms and their relations
(inspired by a similar representation in r&B and 29). With h beingPlanck’s constantm and e the relativistic

mass and charge of one electrad,the  OOS t S NI ( A ik ydi2SING I CHISA 32 ) el€cRogtatia | y (i =
potential distribution,N, the number of passed periog&the & (i NHzO i dzNB xyf thePliageNshift-dyeRo v 6

objectivelens



1.3 TEM at atomic resolution

The understanding of the exit wave function and the development of image simulation software
using the multislice algorithm arene basisof state-of-the-art softwarefor HRTEM evaluatioif. The
multislice algorithm converts the interaction of the electron waves viite sample into following
interactions with each of the constructed thin slices. Hast FourierTransform (FFT) gréds im-
proves computing time useith the software (J)EM%3® SuchcalculatedHRTEMmagesand corres
pondingexperimental images areomparedto evaluate the match with potential structure models.
The power of HRTEM can be illustrated exempléyiyhe characterization of ordering phenomena

in silicates or chalcampides,exemplaily shown for a new pgmorph of luminescent SEELN,:EL*

or superstructures ifIn;;Qe (A = K, TI, Ni Q = Se, Te) and GaSn 1¢Sh 1oTe:.>** The latter
compound classes will be of interest later on in this thess.invesigations of reaistructure effects
different methods ofconventional transmission electron microscoi@TEM are essentiale.g.when

the influences of defect concentrations, detection of nanocrystalline precipitate, temperature
depending structural chareg or the characterization of metastabile phasesf inerest***® Further
current examples argallium telluridessilverrich AgSe or germanium antimony tellurid¢gSTJ**°
HRTEM illustratdifferently pronouncedracancyorderingaffectedby chemical variations GST(Fig

3a) as well as the avegge structure oNi;GeTeg matches corresponding simulatioRi¢ 3b)

a)

-
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’
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Figure 3a) HRTM images of germanium antimony tellurides, showing the influences of various Te content on
the characteristis of differently pronounced defect layersdapted fromRosenthakt. al*’ b) HRTEM defocus
series viewed long [100] zone arisNi;GeTg and simulationsof the average structure inserted\dapted from

Deiseroth etal.*®



1.3 TEM at atomic resolution

Another frequently used methodfor reaching atomic resolutiofis scanning transmission electron
microscopy (STEMXSuchimages obtained from STEM on modern microscopgsovide drect
interpretable Z-contrast. To achieve elemental contrast at shilsesolution field emission guns (FEG)
an additional G, corrector, and finally high-angle annular dark field (HAADF) detectars crucial*
Although the requirements for atomic resolved STEM to the microscope and the specimen (electron
beam stability, drift) are higher than IBTEM,STEM datads easier to interpretbecausedifferent
contrast is directly interpretableSTEMHAADF imaging is close to perfect incoherent imaging and
one is not confronted with the phase problethDuring STEM, an image is formed by scanning the
specimen and simuineously detecting the intensity of scattered electrons which is a function of the
scanned probe position (xy). The intensifgaprin Z-contrast images can be simply described as
lnanofXy) = | P(xy)| > O(xy), where the square root of the point spreadnttion P(xy) is convoluted

(5 ) with the object functiorOX(xy). The latter is proportional to the number of atoms in a column and
to their atomic weight Thus,the potential of the projected crystal structuie imaged” This offers
structural and chemical information #e same timeanddifferent contrast can be directly assigned

to different element columnsHg. 4). Thus, reabtructure effectscan be correlatedvith possible
structure models.Z-contrast and phase cdrast images were used texemplarily characterize
SrTiQ/LaAlQ interfacesor to directly observethe occupancy of interstitial sites in Ge crystafs.
Annular bright field images of YHilustrate both ¥ and H ions with different contrast’ In
monolayers even the elements B, C and N could be differentiated direcBycbgtrast STEM using a
cold fieldemission source operated at &¥ accelerating voltag&.Information at atomic resolution
about the cations in silicate minerals libethopyroxene augite and cronstedite were obtained by
C-corrected STEM imagirtg.

In nonideal casesspectroscopylike EDXline scans ormappings can help with the element
assignmentin combination with STEMIAADFcoordinates of (heavy) atontan be obtainedeDX is
based on fast electrons that excite core electrons of the atoms. Subsequently, electrons of upper
shells close this gagnd a specific amount of energyredeasd asx-rays which can be detecteds a
function of their energy Usudly, EDX delivers information about the chemical composition with
spatial resolution of a few nif while EELS has improved sphresolution down to an atomic scale

The principle of EELS is a magnetic prism spreading out the energy distributinaelagfically
scattered electrons detecting the local density of stateEL spectrometers attached underneath the
conventional detectors have an energy resolution of usually 1 eV and even 0.1 eV if a mono
chromator isused For instanceEELS combined with STHkhges,taken at certainenergy losses

provideselemental maps of BiSk MnO,.%®
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Figure 4: Experimental highesolution STENHAADF images: Ge[112] crystal with intensity profile for the
dumbbelk of Ge atoms resolvinthe peakto-peak distance of 82rp (a, colored). Complex MoVTeNbO catalyst
material with structure projections overlaid showirsifes in channelpartially occupiedwith Te atoms (b).

Pb, .Sk gFe0s crystal viewed along [100], element assignment based on different contrast intensittes an

crystal simulation (c)Adapted fromSawadeet. al>® Pyrzet. af® andMartinezet. al®

EELspectra can be divided into three different regions: Fitise zercloss peakwhoseintensity in
relation to the intensity of the whole spectrum gives the sample thickn®ssondthe analysis of

the low-loss regioncontainsinformation about thegeneral valence statelsy the onset of electron

loss as well as mechanical properties Iitastic, bulk and shear modulus that correlated with the
square of the plasmon energy. Thittle highloss region with its elemergpecific edges yiekdthe
chemical analysis as well as the oxidation state of certain elements judged from chemical shift and
from nearedge fine structure of the edgess fingerprintsEELS gives further structural information

of solidsbased onthe fine structure of the edge Structural analysis like the local environment or
coordination can be determinedith the help ofthe extended energy loss fine structuf&® The
significance of both analytic methods EDX and EELS depend on the quality of microscope
components and thesample thicknesswhich isthe thinner the better In ideal casesdetection ofa

few or even singleatoms is possibleRadiation damage in relation to signal intensity is a crucial
problem one has to deal with using scanning electron beams to probe ghgls. The relation
between accelerating voltage, beam damage, sample drift, signal intensity and illumination as well as

collecting time has to be considered in order to get best informationout of asample



1.4 Electron diffraction compared tery diffraction

1.4 Electron diffraction compared to Xay diffraction

The kinematical scattering theorig the theoretical background oK-ray structure determination
(XRD)whichis the most important method for crystatructure elucidationTherefore the majority

of known crystal structureare basedon Xray data. However, XRD can hardly be usedstructure
determinationif only nanocrystalline@r heterogeneous samplesre present Xrays have one major
disadvantage:Their interaction with matter is quite weak because they only interact with the
electrons of the atoma&nd thus X-rays detect the electron density distribution. In contrast, electrons
detect the electrostatic potential distributionwhich can be described as taree-dimensional
function with its maxima in the atoms nuclei. The beantldrged electros ina TEM interacts with
both the electrons andhe electric field of the nuclei, resulting in a very strong interaction with
matter. Thus, crystals investigated with electrons can be several orders of magnitudes smaller than
with X-rays. Few unit cells (about 20)can betheoretically enough for structural analysis with
TEM®>® Forexample,coherentnano-areaelectron diffraction was applied to 4 nm Au particles and
1 nmcarbonnanotubes?” Sngle crystalsand domains with a size down to 20 nwere investigated
with  SAEDor nandeamelectron diffraction in order to determine crystallographic relations

between intergrowndomains(Fig 5).%
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regions d and e, showing differentetrics and thus different structure model&dapted fromKikkawaet. al®®

Bottom: Ewaldconstructionfor Xrays (grey) and electrons (blu@)comparison

Due to the short wavelengths electrons,the Ewaldsphere has a large radius anthnyreflections

of the zereorder Laue zonare excitedin electron diffraction patterns taken along a zone axis



1.4 Electron diffraction compared tery diffraction

Because ofhe thin areas transmitted by electron$i KS NBX Ff SOGAZ K] SEKAKI LIS ®ORX

SAEDmore informationcan becollected in one single orientated diffraction pattern thama single

X-ray diffraction pattern using monochromatic-¥ays(Fig.5 bottom).

Since the kinemata approximationonly appliesto a maximum sample thickness af few nm
dynamic scatteringccurs with thicker sampleBecause ofmultiple scattering Renningekeffect) and
inelastic scattering electrons undergocomplicated imeractions with matter and thuselectron
diffraction data $ not as easy to interpretas Xray data®*’? The reflection intensitied(hkl) of
electrondiffraction depend mostly on thetructure factor for electrong{hkl) and can be described

by the following elations: lnemaidhkl) ~ |RhKI)| * and layramidhKl) ~ |FhkI)| .”* The phases are lost and

a crystal structure cannot be determined directly from the diffraction intensiti@he los of the

phase information in an electron diffraction experiments can be compensated by HRTEM, so that
crystal structures can be refinesith electron diffraction data (neglecting dynamic effeatsaching

an accuracy of 0.02 &sexemplarilyreported for Ti;Se."*"

Tominimizedynamicscattering one has to usather ultra thinareas for SAED or precession electron
diffraction (PED)The latterreduces dynamic diffraction effects as well as the influence of slight
misorientation of the sampleOnly a few reflections are excitesimultaneously and the reflections

are successivelyscannedby the offaxis beam Thus, the possibilityof multiple scattering is
reduced’®’” Recording a PED pattern invohssmnninglabove the sampleje-scanningunderreath

the sample)f the tilted and diffracted beamsespectively The final diffraction pattern is the sum of

a set ofcontinuouselectrondiffraction patterns Precessiorfrequencyand precession angle can be
varied in order to obtairbest resultsPED 8 i A GK € NHS LINBOSaarzy
reflections at high diffraction angles than SAED as well as reflections of the zeroth and first Laue
zone.Combined with the more kinematical nature of the reflectiorfsistcan be advantageousr
structure determination using electron diffraction daf&’® Beyond the qualitative analysis of
electron diffraction, electron crystallography or CTEM combined with other methods of structure
elucidationyield more quantitative structural analysis of electrdiffraction data exemplarilyshown

for modulated Sy Ta O, 6208
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1.5 Efficient crystallographic approach to the determination of new crystal structures

1.5 Efficient crystallographic approach tahe determination of new crystal

structures

During explorativesynthesis,singlephase samples are often missing afréquently only small
quantities ofthe product can be obtained, especiallising thehigh-pressuremultianvil technique®

It is also conceivable that heterostructured products with precipitates at a lesggle of onlya few

nm in a matrix with different composition can be obtained. In such cases, the structure
determination using conventionalbdy methods isisuallyimpossible. Here, the combination of TEM
and microdiffraction with synchrotron radiati6his an appropriate approachfor the structure
determination®*® Thus, crystallographic challenges on mi¢mnanoscale crystallites from inhomo
geneous samplesan beremeded with reasonable effortand with the high precision andccuracy
analogousto structure determination of macroscopic single crystals. Stmectdetermination by
means of powder diffractiomequires homogeneous samples and oftetoes not provide enough
datato determine complex struct@s Smallest sample quantities (a few mg) are sufficient for TEM
pre-characterization on powdeor grounded bik samples EDX is used texaminethe chemical
composition and SAED is used to determine the metrics and lattice param8tésequently the
lattice parameters can be compareuth databasesto checkif the investigated crystals are new
compounds.In favorable casesdditionalHRTEM and STENAADFRmMages recorden aberration
corrected TEM yield direct structure informatiofihe SingleParticle Diagnose Approathcan be
enhanced by electron microscopy With the latter, new phasesare easily identiled and
characterize. Due to modern Xay optics synchrotron beamsvith high intensity and brilliancean

be focusedHence,it was possible to develop a setup for the datalectionof the pre-characterized
microcrystals of the new phasdscated on the EM grids The collected datasets provide at least the
accuracy of common -My structure determinations on large single crystals using laboratory
difractometers® After structure solution and refinementvith the synchrotron data,HRTEM
simulationsor STEMHAADHRmMagescan confirm the obtained crystal structuregsdependently of
the correspondingXray data.Compared toX-ray singlecrystal structue determination,electron
crystallographys limited in data quality because of dynamic scattering effects, detection of different
crystal volumeduring tilting, beam damage or excitation errdn contrast to classical electron
crystallography’”’ however, modern electron diffraction tomography realizes diffractitata
acquisition of micreor nanarystals by tilting incrementally around an arbitrary axis automatically.
Within kinematical approximatias) the 3D electron data setan be analyzethostly similar to Xray
singlecrystaldata. To collect the correct reflection intensities between the tilting of the crystal in

large steps of 5°, different approaches of electron diffraction can improve data acquisition.

11
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Automated diffraction tomograph (ADTF*! usesthe precession technique andtepwise data

acquisition. i rotation electron diffraction (RE[3J*®the electron beam is tilted in very small steps (

0.05°) for each diffiction pattern. Furthermore,electron diffraction data can be detted
O2yGAydz2dzat & RdzZNAYy3 o6SI Y GAf §% Both méthodsiabyiNihe A 2 y 2 ¢
same quality of structure solution and refineméhand can be enhanced by combination with other

methodsof structure determination like powder-y diffraction.*”°
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2.1 Overview

2 New Oxonitridosilicate Sructures Determined by aCombination of Hectron

Microscopy andSynchrotron Xray Diffraction

2.1 Overview

Research on energgaving materials is one of the key issues of modern stdite chemistry. kgh
energysaving potential is requireth the field of luminescence, becausmrldwide nearly % of the
energy consumption igslue to lighting. Great advancelsave beenachieved by further developing
phosphors forstate-of-the-art LEDs in order teefficiently convert electrical power into light®
Recently, narrowband redemitting phosphors for warmwhite emissionof phosphorconverting
LEDsor green phosphors for backlighting in screens are of particular intéfeBterequisites for
applicable lunmescent materials arehemical and thermiastability, transparency, rigittameworks
to suppresselectronphonon coupling and for narrowband phosphorshigh symmetry of the
activatorion (mainly Eti or C&") coordinatio.. These properties are often realized in (axtjdo-
silicates They encompassa wide variety of structuregelated to the diversity of oxosilicate
tetrahedra structure$:*® The maximum degree of condensatiSn=centers of tetrahedra anions of
tetrahedra framework= n(Si) : n(Ox 0.5) representedy SiQ in 3D oxosiltate networks can be
exceeded with the introduction of M extend the structural diversity

Stable (oxo)nitridosilicates are predominantly synthesized at temperatures > 1000 °C. Using reactive
A0 NIAY3I YIGSHRIORE O & X § Reartir hydriliels, INdetdl Jlimides and metal
halogenidess a feasible routéo obtain new luminescent phasé!? The advantagef this synthesis
strategy isthe easy accessibility of new phasd@$iedisadvantagehowever, ighat the products are
often heterogeneous and frequently microcrystalline, and consist @éréety of elementsthat are
difficult to distinguish with Xay and electron methods é.g. N/O/F, Bal/La). In addition,
crystallographic phenomena like coherently intevgn domains or twinning can render common
structure determination challenging or make it even impossiGlemplementary, the combination of
TEM and Xay methods often provided the breakthrough to a final structure modetl to an
interpretation of correponding properties. Luminescent oxonitridosilicates are good examples for
such relationsThus, the existence of monoclinic stacking of B8 ELf* was elucidatecby TEM
The structuracomparisorwith the triclinic polymorph referred to the different@ordination of E&',
explain the shift between the tweorrespondingemissionwavelengthsof the two phases® In the
case of SnpsBaysSKO:N,, HRTEM images showed the sha@mhge ordering of cations proving
different structure typesn intergrown domairs compared to pure Bag&hN,. Corrugated metal atom

layersturned out to be relevant for the unexpected blue luminescenf Sk ,Ba 75SHON,: ELF 1
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2.1 Overview

Diffuse scattering in powder diffraction and SAED patterns gB85sStO:N, was explained by small
antiphase domains coupled with twin domains> The realstructure effects, which are very
pronounced in SISBLNEF and BaSON:EU*, can influence luminescence properties
significantly’®'’ For further breakthroughs in the fieldf luminescence, new compounds and their
exact structure analysigsing TEMare important in order to be able to derive anith ideal cases

predict, structure-property relations.
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2.2 LaBaSihOi:Cea ¢ A yellow phosphor with an unprecedented tetrahedra
network; structure investigated by combinationof electron microscopy and

synchrotron Xray diffraction
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Reprinted withpermission fromChemistry of MaterialsCopyright 2015 ASC Publications.
Abstract

Due to the relationship between structure and luminescence properties, detailed crystal structure
determination for microcrystalline phosphois necessary for a profound understanding of materials
properties. The yellow phosphor JBaSINGG,:CE* 0 s = 578 nm; fwhmD4700 cm') was
characterized by a combination of transmission electron microscopy (TEM) and synchrotron
microfocus diffractiona 2yt & | 33f2YSNriSa 2F ONeadlta gAGK |
obtained yet. LgBaSiN,O,:C€" was synthesized from LaA.a(NH)s, BaH, Si(NH) and CeFin a

radio frequency furnace. It crystallizes in space gréupr2; (no. 31) witha = 9.55®(8), b =
19.0778(16),c = 12.1134(9) A, and = 8. Its interrupted threalimensional tetrahedra network
containszehnerand dreier rings of vertexsharing SilNand SiNO, tetrahedra. The crystal structure

was confirmed by highesolution TEM and-Zontrag scanning TEM. The element distribution was

derived by bonédvalence sum calculations. The infrared spectrum proves the absenagHolbdhds.

2.2.1 Introduction

In 2014, the Nobel Prize in Physics was awarded to Akasaki, Amano, and Nagamaraidveintiors

of efficient blue lighemitting diodes which has enabled bright and enesgying white light

& 2 dzNIOThia €mphasizes the importance of lighitting diodes (LEDs) which are typically
combined with luminesa& materials to phosphor converted pdEDs that produce white light.
Owing to their excellent properties such as long lifetime, energy efficiency, small volume, and
environmental compatibility, they convince as light source now and in the fdtuRresently, most
white-light pcLEDs are produced by combining a blue primary (In,Ga)N LED chip withemeilibwwg
(Y,GAYAl,Ga)O,,:Ce* (YAG:C¥). This phosphor shows a broad yellow emission and excellent
chemical and therral stability. However, this combination yields only eaiite light®’ In order to

achieve warmwhite light for general lighting, a multiphosphor approach is necessary, which
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combines at least two phosphors, e.g. a brbadd greeryellow with an orangered emitting one®

As nitridoaluminates and nitridosilicates can be thermally and chemically inert due to their highly
condensed structures, they turned out to be excellent phosphors. Maggothey have partially
covalent bonds between the activator (dopant) and N, which leads teshifted photoluminescence
(nephelauxetic effect). Thus, #uoped nitridoaluminates and nitridosilicates such as
(Ba,SrSENg:EF* **2 or (Ca,Sr)SIAINEL* *¥1¢ are applied as red emitting component in commercially
available warrwhite pcLEDS Owing to the nephelauxetic effect, the luminescence of
nitridosilicates is shifted to warmer color temperatures. Thus-@eped nitridosilicates have great
potential for application in warrwhite pcLEDs based on a singleosphor approach (1pcEDs). A
outstanding example for this is (La,§8iN;1:C€".*® White 1pecLEDs using this phosphor emit in the
260053800 K color temperature range and show good thermal stability.

The continuous development of new soelthte lidhting technologies and devices and a growing
demand motivate the search for new nitridosilicate phosphors. However, structure elucidation of
such new phosphors often proved difficult and timensuming, and either large single crystals or
phasepure sampls were usually necessary. Commonly, a sipglticle-diagnosis approach is used,
which enables the determination of luminescence and crystal structures of rather small single
ONB &Gl f & 'Yxel, niaBy explorativeyntheses lead to inhomogeneous and microcrystalline
LINE RdzOGa @oAGK ONBAGLH arAl S o0S8St24 I ¥FS6 >Yo |/
conventional singlkerystal Xray diffraction is no longer possible. Here, we apply an approach that
combines trasmission electron microscopy (TEM) and synchrotron microfocus diffraction. This
YSGK2R |fft2¢4a F2N GKS FylfeéeaAra 27T bidNdherddreSa 6 A G F
provides the possibility of analyzing the same particle by TEM amag Hiffraction? In contrast to
structure determination by electron crystallography, e.g. with automated electron diffraction
tomography (ADT) or rotation electron diffraction (REDY, this mehod allows a much more
accurate determination of bond lengths, mixed occupancies and displacement parameters. Data
acquired with microfocused synchrotron radiation yielded the crystal structure of the novel yellow

phosphor LaBaSiN.O,:C€e" discussed inttis contribution.

2.2.2 Experimental

Synthesis

For the synthesis of EBaSiNgO»:Ce* (with 2 mol % Ce), 0.15 mmol (29.8 mg) of;l(8FgmaAldrich,
99.99%), 0.17 mmol (31 mg) of LagNFf 0.48 mmol (66.8 mg) of BaKMaterion, 99.7%), 0.55
mmol (32.2 mg) of Si(N&f)’ and 0.006 mmol (1.2 mg) of Geds dopant (Alfa Aesar, 99.99%) were

mixed in an agate mortar and filled into a tungsten crucible. These steps were performed under
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argon atmosphere in a glovebox (Unilab, MBraun, Garching;<O1 ppm; HO < 1 ppm).
Subsequently, the crucible was placed in a wateoled silica glass reactor of a radio frequency
furnace (type AXIO 10/450, maximal electrical output 10 kW, Hittinger Elekfrémeiburgf?
heated under Natmosphere to 1600 °C within 1 h, maintained at that temperature for 10 h, then
cooled to 900 °C in 44 h, and finally quenched to room temperature by switching off the furnace. The
reactionyielded an inhomogeneous sample with small aggregates of yellow crystals with a maximum
aAl S 27 Figurd SigwhichYshod yellow luminescence after excitation withie light.
Moreover the crystals have high air and water stability. Contact with air and water over several hours

does not lead to a decomposition of the crystals.
Electron microscopy

For scanning electron microscopy (SEM), a JSM 6500F instrument Wi#OR) Si/Li energy
dispersive Xay (EDX) detector (Oxford Instruments, model 7418) was used. EDX spectra were
collected with an accelerating voltage of 12 kV. In order to ensure electrical conductivity on the
sample surface, it was coated with carbonrbgans of an electron beam evaporator (BAEEC MED

020, Bal Tec AG).

For TEM investigations, the crushed polycrystalline aggregatesRd&iN.0,:Ce"* were dispersed in

absolute ethanol and drepast on copper finder grids coated with a holey carbon (h662, Plano

GmbH, Germany). The grids were fixed on doditiéholders. Selected area electron diffraction
(SAED), high resolution TEM (HRTEM), scanning TEM usingaadi@lannular darkield detector
(STEMHAADF), and EDX measurements were acquirec Titan 8B00 (FEI, USA) with a field
emission gun operated at 300 kV, equipped with a TEM TOPS 30 EDX spectrometer (EDAX, Germany).
Images were recorded using an UltraScan 1000 camera (Gatan, USA, resolution: 2k x 2Kk). Further
SAED and EDX measurensewere done on a Jeol 2010 (Jeol, Germany) with a thermal emitter
operated at 200 keV, equipped with an EDAX Apollo XLT EDX detector (EDAX Germany) and a
TemCam F216 camera (TVIPS, Germany, resolution: 2k x 2k). HRTEM and SAED data were evaluated
using the programs Digital Micrograph (including Fourier filtering of the HRTEM images) and
JEMSP EDX data were processed with ES Visiand EDAX TEAR.

Singlecrystal Xray diffraction

The Xray diffraction data of LBaSiNO,:Ce" were collected at beamline ID11 of the ESRF in
Grenoble (Ge(111) doubferystal monochromator, Frelon CCD detectbg A G K | ¢ @St Sy 3K
ndoopmn )d ¢KS o0SIY glFa F20dzAaSR (2 nodp >Y Ay K2
with a beryllium lens systetfAsingleONE & G £ £t Ay S (A L) 0O GlitebvamcerteYed i 1 dp

in the beam with the help of the fluorescence signal.
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Diffraction data were indexed with SMAR®Nd integrated with SAIN*f.Scaling and absorption
correction were @ne with SADABZ.In addition, a correction for the incomplete absorption in the
CCD phosphor was appli&tThe structure was solved by direct methods (SHELXS) and refined by full
matrix leastsquares methods (SHELXL).

Powder Xray diffraction

Powder diffraction data were collected with a STOE STADI P diffractometey (Mél RA I G A2y X <
0.70930 A, Ge(111) monochromator, MYTHEN 1K detector) in E®&dgerer geometry. Simulated
powder diffraction patterns were calculated using the WinXPOW program pati@yéhe basis of

the singlecrystal structure data. Rietveld refinement was performed by using T@RaG&mic’
Luminescence

The luminescence was analyzed with a luminescence microscope, consisting of a HORIBA Fluoromax4
spectrofluorimeter system attached to an Olympus BX51 microscope via fiber optics. Using an
excitation wavelendt of 440 nm with a spectral width of 10 nm, the emission spectra were
measured between 460 and 780 nm with 2 nm step size. This spectral range was also used for color

point calculations. Excitation spectra were measured between 385 and 520 nm with 2 pisizde
FTIR spectroscopy

The Fourier transform infrared spectrum (FTIR) spectrum 8d%iN,O,:C€" was recorded using a

KBr pellet with a Spectrum BX Il spectrometer (PerkinElmer, Waltham MA, USA).

2.2.3 Results and discussion

2.2.3.1Synthesis angthemical analysis

The synthesis is probably based on the decomposition of, B##tomposition at 675 °CJj,and its
reaction with Lafto Bak, which resublimates at the reactor wall of the radio frequency furnace.
Subsegently, the remaining Ba reacts with the dopant and the precursors Ly{ldrd Si(NH)to
LaBaSiNsO,:Ce". The incorporated O supposedly originates from contamination of commercially
acquired starting materials. LBaSiNgO,:Ce* forms smalll yellow crystals, whose size could not be

increased so far by variation of synthesis conditions.
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The sum formula obtained from singbeystal structure refinement and borgalence sum
calculations is corroborated by SHADX analyses as the aseirements result in an average
composition of Lgooa7Ba.asaSh.a2Ni2.0af 234011y (SUM formula normalized according to the La
content; four measurements on different crystals; unusually large errors are due to La/Ba line
overlap and the simultarmus presence of light and very heavy elements). Although Ce was not

detected by EDX, its presence is proven unequivocally by luminescence measurements

2.2.3.2Singlecrystal structure analysis

As only agglomerates with low scattering intensity of the taigs could be separated, their
characterization was not possible with conventional singlestal Xray diffraction. As no phasgure
sample could be obtained and the powder pattern suggested a novel compound with a very complex
structure, crystaktructure determination by means of powderry diffraction was also not feasible.

As the product shows interesting luminescence properties, it was investigated by a combination of
TEM and synchrotron microfocus diffraction. Therefore, the agglomerates wereecrustorder to
obtain small single crystals which were then dispersed on a TEM grid. An appropriate tip of a
crystallite of LgBaSiN,O,:C€e* was selected by means of EDX and S¢ifDre 1).

Fig 1:Brightfield image of the selected crystal (blue cijcénd investigated areas of the microcrystal; green:

for TEM, red: for microfocused synchrotron beam.

Indexing of the SAED patterns (Fig@)deads to orthorhombic metricwith so far unknown lattice
parameters § = 10.37p = 19.1,c= 12.21 A). Further electron diffraction patterns along [100], [010],
and [001] confirm the orthorhombic metrics of BaSIN,O, and the reflection conditiomOl: h +1 =

2n for a (01Q nglideplane is fulfilled
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Fig. 2:(a) SAED tilt series (maximum deviation between experimental and simulated tilt angles 1.5°) of the
LaBaSiN,O,:C€" microcrystal investigated by synchrotron radiation; experimental SAED pattern with some
highlighted 1/dvalues (top), simulated SAED patterns with selected reflections labeled with indices (bottom,
selected reflections labeled with indices, kinematicdémsities according to the final structure model), (b)
experimental SAED patterns along [010] and [001] obtained from thin regions of different crystallites of
LaBaSiN,O,:C€" (top) and corresponding, simulated SAED patterns (bottom, selected reflectieniabeled

with indices).

Consequently, the selected crystal was investigated by microfocused radiation. The crystal structure
was solved and refined in space groemr;. Inversion twinning had to be taken into account. The
crystallographic data are sumarized in Tablel, and the atomic parameters are given in the
Supporting Information(Tables S1, S%.Due to its insignificant contribution to the scattering
density, C& was neglected in the refinement of the crystal structure as well as for hafehce sum
calculations (BVST#bles S3, $4The distribution of La and Ba as well as of N and O is based on BVS

calculations and EDX measurements and is explained in detail in the chapter on BVS calculations

below.
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Tab. 1:.Crystallographic data of the singt@ystal structure determination of LRaSiN,O..

LaBaSiNsO, is characterized by a thregimensional network of vertesharing @ and G-type
SIN/SIN,O; tetrahedra in the ratio of¥/ Q% = 4/1 (Figure8a). This leads to a degree adndensation

¢

The absence of §H groups was confirmed by FTIR spectroscéjigu(e SB The SilNtetrahedra
form sechserings, which are condensed tehnerrings. Theseehnerrings are interconnected by
dreierrings, which are composed of twd\and one SibD, tetrahedra (Figuréa, 3c, 3d).****Thus,
Ff 0K2dAK yAGNAR2AaAtAOIGSa
interrupted threedimensional etwork with zehnerring channels along [100] fermed (Figure3b).

An interrupted tetrahedra framework based on a degree of condensation smaller than 0.5 was also
observedfor M;SiN;s (M = La, Ce, P1).The unique topology of the netwotk®® of LaBaSiNsO,,

keeping the Zoordinated nodes forming thalreier rings, is represented by the point symbol

formula

LaBaSiNgO,

crystal system
space group

lattice parameters / A

cell volume / B

formula units per unit cell
density / g-cn¥®

i/ mme

T/K

radiation / A

F(000)

‘ range/ °

independent reflections
refined parameters

twin ratio

goodness of fit

Rl (all data / forP >H "F9)
WR2 (all data / forP >H "FY)

n ’maxz nih (e_AC3)

orthorhombic
Pmr2; (no. 31)
a=9.5505(8),
b=19.0778(16),
c=12.1134(9)
2207.1(3)

8

5.132

2.045

298(2)
synchrotron =0.3351)
3008

1.4 XL2.9
5514 [R,= 0.0518]
296

0.51(8)/ 0.49
1.036

0.0357 /0.0343
0.0859 /0.0848
1.841,¢1.777

{3.6%.7{3}{6)-

n(Si)n(N,0) = 0.45. In the network, there are singly bridgiffyadtboms and terminal & atoms.
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The SiN [1.670(1031.773(8) A] and 8D [1.647(1491.709(14) A] distances are in good agreement
with comparable compounds, such asSNs [1.653(9};1.786(5) AY and PsSi0,.[1.51%1.712 AY°

as well as with the sum of the ionic ratlii.

Fig. 3:(a) Structure of LsBaSiNyO, in projection along [100] with SEIN,O, tetrahedra (turquoise), N atoms
(blue), O atoms (red), and La/Ba atoms (yellow), unit cell outlined in black; (b) topological representation of
LaBaSjNyO,, zehnerrings are represented by blue andreier rings by red lines. Each connecting line
represerts a S{N¢Si bond; (c,d) detailed representation p&€hnerrings (blue), which are condensed with

sechse(d: green) andireier(red) rings.

The crystal structure contains 12 crystallographically independent hatg sites. Boneralence
sum calculationgsee below and’ables S3, $4uggest that all positions are mixed occupied with La

and Ba. The sites La3/Ba3, La5/Ba5, and La9/Ba9 were described with split positobnsofgaining
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La and Ba) with site occupation factors of 0.755(17): 0.244(17), 0.213(17): 0.286(17), and 0.039(2):
0.460(2), respectively. In order to maintain a charge neutral formula, the site occupation factors
were fixed to ratios of 0.750:0.250, 020.285, and 0.040:0.460, respectively (see chapteBUS
calculationsbelow). Lal/Badla4/Ba4, La5B/Ba5B, La7/Ba7, Lal0/Bal0, and Lall/Ballfaice 8
coordinated by Rf and G¢. The sites La8/Ba8 and La9A/Ba9A afel® coordinated by . For the

sites LabA/Ba5A, La6/Ba6, La9B/Ba9B, and Lal2/Bal2 a coordination with nine anions is observed,
whereas La6/Ba6, La9B/Ba9B, and Lal2/Bal2 are exclusively surroundédamg NaSA/Ba5A is
surrounded by R and G°. All cations coordination spheres correspond to nonregular polyhedra
(Figure4). The bond lengths of La/Bi [2.419(1293.22(2) A] ad La/B&O [2.40(2)2.908(19) A]
correspond to those in other lanthanum and barium compounds as well as to the sum of the ionic
radii>*>* A Rietveld refinement based on powderray diffraction data Kigure SPshows that the
sample is composed of 93% ;:BaSINGOG, and 7% La@is. In addition, there are a few weak
reflections which cannot be ascribed to any known compmbufhe refinement also confirms the

structure determined by singlerystal structure analysis.
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Fig. 4:Coordination spheres of the heaayom sites in LiBaSiNyO..
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2.2.3.3Bondvalence sum calculations

Due to the very similar scattering factors of lalda, it is impossible to distinguish these atoms by
Xray diffraction. The same is true concerning the differentiation between N and O. Moreover,
charge neutrality could be maintained by arbitrary exchange of LaO and BaN units. Thus, BVS
calculations wee performed to determine the cation site occupanci@$he calculations were based

on the fact that terminal anion positions would preferentially be occupied by O rather than by N
0t | dzf A y SvwhéreadlalrbtiSalighitom sites were assumed to be occupied by N. The validity

of this assumption is corroborated by EDX measurements, which leads to a comparable ratio of N
and O. On the basis of this assumption, the BVS of the cations were deter(iiablgé S3, 34
Thereby, the BVS of each heavy atom site was determined for La as well as for Ba. Optimizing the
weighted average BVS for each site so that it correspdadhe site valencéyielded to the relative
occupation of the heavatom sites. This calculation led to a sum formula with 0.14 negative excess
charges. These were evenly distributed over all heavy atoms sites byiagljine site occupancies in

order to achieve a neutral formula. The negligible deviation between the refined and fixed site
occupation factors as well as between the oxidation states and the BVS of the heavy atom sites that
was achieved by this strateggrfirms that the structure model is consisteritgble S} Additionally,

the La/Ba ratio is also corroborated by EDX measurements.

2.2.3.4Electron microscopy

Simulatiors of HRTEM images along [001] based on the structure modetBa%,O, obtained by

Xray structure refinement are consistent with the experimental images (Figure

Af=-70 nm

Fg.5:C2dzNASNJ FAf GSNBR I w¢9a AYIISa f2y3a onnmé sAGK RA-
the size of one unit cell (multislice methddG = 0.6 nm, spread of focus = 3.6 nm, beam semiconvergence =
25 mrad, layer thickned3 25 nm).
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This is supported by STENAADF images along [001]. Real structure effects were also observed, e.g.
an antiphase boundary alorif)10dspecified by an antiphase vectpr= 1/4b (Figure6). Due to the

large difference of the atomic numbers inBaSiN,O,, only the heavy atoms La and Ba are visible in
STEMHAADF images.

Fig. 6: STEMHAADF images along [001] at different magnifications with structure projections (unit cell

contents) of LeBaSiNyO,, antiphase boundary highlighted with green lines and domain positions visualized by
red and blue lined
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2.2.3.5Luminescence

Luminescence measurements were performed on isolated aggregatesBA%b,0,:CE" (2 mol %

C€*, nomnal composition). All particles show comparable yellow emission under irradiation with

blue light. Exemplary emission and excitation spectra are depicted in Figlnecitéion at 440 nm

yields an emission spectrum with the characteristic broadband emission of tt@f Hidnsition of

C€". The emission band peaks at 578 nm with a fwhmDd67.4 nm P4700 cm') and CIE

6/ 2YYAaaA2y LYGSNYFdA2ylFES RS 086Qar@f + A.488B. I8 O2f 2
excitation spectrum shows a broad band with maximum intensity at approximatelg4385nm,

thus the material can be excited very well by blue light agiating from a (Ga,Iny-LED.

Intensity / a.u.

1 v I i I N | i I i I ' I i I N
400 450 500 550 600 650 700 750 800
Wavelength / nm

Fig. 7:Excitation (blue) and emission (red) spectra 0fBaBiNgO,:Ce” in comparison to the emission of a

YAG:C¥ sample (gray)

Emissions comparable to BaSiN,O,:C€" are also observed by other industrially applied LED
phosphor materials such as (LagS@N::C€" 6 = 57%581 nm; fwhm D3800 cm)'®
CaAISINCE" 6 & = 580 nm; fwhmD3900 cmb),>” and YAG:C&0 « = 55570 nm; fwhmD3700
cm™).*® These compounds as well asBaSjN,O,:Ce* show a relatively broad emission with double
band shape as the #4fground state configuration of Geyields two levels separated by
approximately 2000 cf*%) Compared to the emission of YAGOFigure7s om< 550 nm; fwhm
D2994 cnt, x = 0.432 and/ = 0.549) LéBaSiNyO,:C€* shows a reeshifted and a markedly broader
emission, so that a broader color range can be covered. Both aspects lead to a warmer color
temperature under excitation with blue light. The warmer color temperature is also proven by the
CIE diagram (FiguB). The color coordinates of $8aSiN,0,:C€" and YAG:Céare positioned in the
yellow spectral range. The combination with a 450 nm InGaN LED yields whitEDpcwhereabe
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combination with LgBaSiNO,:C€" leads to a crossing of the blackbody curve at a warmer
correlated color temperature{4000 K) than that with YAG:¥¢D10000 K). The broad emission
spectrum of LgBaSiNsO,:Ceé" most likely originates from the supewpition of light emitted from
multiple chemically different site¥. Moreover the asymmetric coordination of the sites might
increase the width of the emission, as asymmetric dopant site environment leads to stronger
strudural relaxation around the activator in its excited state and consequently to a broad, red
shifted emissiorf® Since L#BaSiNs0,:Ceé" shows a large number of different substitutable sites,
which are additionally asymmetrically coordinated (Figdireits host lattice is especially suitable for

broad bandemission

0.9

520

0.8

0.7

0.6

5001
0.5

La,BaSi,N,0,

580

0.4

700

03 04 05 06 07 08
X

Fig. 8:CIE 1931 chromaticity diagram showing the color coordinates #alSiNsO,:Ce* and the YAG:Cé

sample

2.2.4 Conclusion

The lanthanum barium nitridosilicate 4BaSiNyO,:C€" could be obtained from reactive starting
materials. It exhibits a new type of interrupted tetrahedra network and shows intense yellow
emission under irradiation of blue light. Compared to YA&;Eee emission yields a warmer color
temperature. This symiesis approach might offer an intriguing way to new lanthanum
nitridosilicates, which might have potential as phosphors feL. gOs.

By combination of TEM and synchrotron microfocus diffraction, it was possible to analyze the small
crystals of L#BaSiNyO,:C€", which occur as aggregates of crystals with a maximum size of only a few
>Y® [/ 2YLI NBR ¢A0GK 2 & 8Shdocysali &nalyRia liker RDNJ and AREBDIERhis

approach allows for a precise structure refinement, which e.g. clearly reveals spiiiope and
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renders data suitable for BVS calculations. Consequently, this method is a powerful tool for the
analysis of single particles of new promising phosphors, even with complicated structures not
accessible by powder-tay diffraction or conventionasinglecrystal measurements. With a detailed
knowledge of their structures, it might be possible to draw conclusions about the relation between
structures and properties which is necessary for a systematic tuning of the luminescence properties.
Moreover, the information on the crystal structures could probably accelerate the development of
syntheses to phaspure samples. Both aspects could help to push forward the research of phosphor

materials for LEDs
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2.2.6 Supporting Information
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Fig.S1:Characteristic section of the Rietveld profile fit for a sample eB&&N,O.: observed (black line) and

calculated (red line) powder diffraction pattern as well as position of Bragg reflections (blagBRSiNyO.
(93%), blue: Laghis(7%)) and differece profile (green line).
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Fig.S2:IR spectrum of the sample whose powder pattern is shown in Figure S1.
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Table S3: Atomic coordinates, site occupancies and isotropic (for O/N) or equivalent isotropic atomic

displacement parameters (for Si/La/Ba) ofRaSiNO, (in Az) with standard deviations in parentheses.

atom X y z Uiso/ Ueg s.o.f.
Lal 4b 0.22420(8) 0.03047(4) 0.92256(6) 0.00950(16) 0.9144
Bal 4b 0.22420(8) 0.03047(4) 0.92256(6) 0.00950(16) 0.0856
La2 4b 0.22608(7) 0.28788(3) 0.59655(6) 0.00728(15) 0.9544
Ba2 4b 0.22608(7) 0.28788(3) 0.59655(6) 0.00728(15) 0.0456
La3A 4b 0.2717(2) 0.21079(9) 0.09552(13) 0.0113(3) 0.5433
Ba3A 4b 0.2717(2) 0.21079(9) 0.09552(13) 0.0113(3) 0.2067
La3B 4b 0.2725(8) 0.2223(4) 0.0692(5) 0.0113(3) 0.1936
Ba3B 4b 0.2725(8) 0.2223(4) 0.0692(5) 0.0113(3) 0.0564
La4 4b 0.27890(8) 0.48297(4) 0.48236(6) 0.00865(16) 0.9044
Ba4 4b 0.27890(8) 0.48297(4) 0.48236(6) 0.00865(16) 0.0956
La5A 2a 0 0.0542(6) 0.2231(14) 0.0071(10) 0.3459
Ba5A 2a 0 0.0542(6) 0.2231(14) 0.0071(10) 0.0841
La5B 2a 0 0.0402(4) 0.2316(10) 0.0071(10) 0.4585
Ba5B 2a 0 0.0402(4) 0.2316(10) 0.0071(10) 0.1115
La6 2a 0 0.09669(6) 0.63200(9) 0.0115(2) 0.2344
Ba6 2a 0 0.09669(6) 0.63200(9) 0.0115(2) 0.7656
La7 2a 0 0.27154(5) 0.30800(8) 0.0092(2) 0.8344
Ba7 2a 0 0.27154(5) 0.30800(8) 0.0092(2) 0.1656
La8 2a 0 0.34883(5) 0.88810(12) 0.0175(3) 0.4544
Ba8 2a 0 0.34883(5) 0.88810(12) 0.0175(3) 0.5456
La9A 2a 0 0.6070(7) 0.7095(16) 0.0141(3) 0.0403
Ba9A 2a 0 0.6070(7) 0.7095(16) 0.0141(3) 0.0396
La9B 2a 0 0.61423(6) 0.65333(12) 0.0141(3) 0.1788
Ba9B 2a 0 0.61423(6) 0.65333(12) 0.0141(3) 0.7412
Lal0 2a 0 0.77904(5) 0.28360(8) 0.0097(2) 0.8244
Bal0 2a 0 0.77904(5) 0.28360(8) 0.0097(2) 0.1756
Lall 2a 0 0.51509(5) 0.26193(8) 0.00816(19) 0.9344
Ball 2a 0 0.51509(5) 0.26193(8) 0.00816(19) 0.0656
Lal2 2a 0 0.85597(5) 0.91257(8) 0.00748(19) 0.6744
Bal2 2a 0 0.85597(5) 0.91257(8) 0.00748(19) 0.3256
Sil 4b 0.1636(3) 0.20837(14) 0.8093(2) 0.0050(5) 1

Si2 4b 0.1757(3) 0.38100(15) 0.1514(2) 0.0051(5) 1

Si3 4b 0.1769(3) 0.64476(14) 0.3985(3) 0.0053(5) 1

Si4 4b 0.1808(3) 0.14229(14) 0.4051(3) 0.0053(5) 1

Si5 4b 0.3227(3) 0.09717(15) 0.6405(3) 0.0050(5) 1

Si6 4b 0.3359(3) 0.29008(15) 0.3446(3) 0.0058(5) 1

Si7 4b 0.3368(3) 0.53404(14) 0.2322(3) 0.0047(5) 1

Si8 4b 0.3377(3) 0.05057(15) 0.2084(2) 0.0054(5) 1

Si9 2a 0 0.1457(2) 0.0003(4) 0.0073(8) 1

Si10 2a 0 0.4030(2) 0.5446(3) 0.0049(8) 1

Sill 2a 0 0.6385(2) 0.0144(3) 0.0056(8) 1

Si12 2a 0 0.8995(2) 0.5091(4) 0.0088(8) 1

N1 4b 0.1479(11) 0.1594(5) 0.9263(8) 0.0099(18) 1

N2 4b 0.2275(10) 0.5678(5) 0.3317(8) 0.0080(17) 1

N3 4b 0.2315(14) 0.3581(7) 0.0208(12) 0.025(3) 1

N4 4b 0.2360(10) 0.3120(5) 0.2323(9) 0.0092(18) 1

N5 4b 0.2401(12) 0.7167(5) 0.3283(10) 0.013(2) 1

N6 4b 0.2425(14) 0.1089(7) 0.2843(11) 0.023(2) 1

N7 4b 0.2472(11) 0.2257(5) 0.4161(9) 0.0106(18) 1

N8 4b 0.2491(11) 0.4614(5) 0.1836(9) 0.012(2) 1

N9 4b 0.2552(11) 0.0912(5) 0.5071(8) 0.0093(18) 1

N10 4b 0.2583(11) 0.1707(5) 0.7051(9) 0.0098(18) 1

N11 4b 0.2646(11) 0.0242(5) 0.7107(9) 0.0110(19) 1

N12 4b 0.3496(11) 0.3583(5) 0.4388(8) 0.0094(18) 1

N13 4b 0.3520(10) 0.0843(5) 0.0779(8) 0.0100(18) 1

N14 4b 0.3537(10) 0.5900(5) 0.1222(8) 0.0088(17) 1

N15 2a 0 0.1423(7) 0.4073(13) 0.013(3) 1

N16 2a 0 0.2321(7) 0.7564(12) 0.013(3) 1

N17 2a 0 0.3861(7) 0.1695(13) 0.014(3) 1

N18 2a 0 0.4830(6) 0.7935(11) 0.007(2) 1

N19 2a 0 0.6470(8) 0.4111(15) 0.020(3) 1

N20 2a 0 0.7388(6) 0.7994(11) 0.006(2) 1

N21 2a 0 0.8956(7) 0.1313(13) 0.014(3) 1

N22 2a 0 0.9648(7) 0.7753(13) 0.013(3) 1

o1 2a 0 0.0582(6) 0.0247(10) 0.012(2) 1

02 2a 0 0.1899(7) 0.1230(11) 0.021(3) 1

03 2a 0 0.3211(6) 0.4971(10) 0.011(2) 1

04 2a 0 0.4607(7) 0.4436(12) 0.019(3) 1

05 2a 0 0.5571(6) 0.0686(10) 0.011(2) 1

06 2a 0 0.6995(6) 0.1159(10) 0.015(2) 1

o7 2a 0 0.8132(7) 0.4828(12) 0.019(3) 1

08 2a 0 0.9477(8) 0.3948(13) 0.027(3) 1
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TableS4:Anisotropic displacement parametend,( in &) (for SilLa/Ba) of ,BaSiNO,.

atom Uy Uy, Uss Uz Uiz U,

Lal  0.0085(4) 0.0110(3)  0.0089(3)  -0.0012(3)  -0.0003(3)  0.0007(2)
Bal  0.0085(4) 0.0110(3)  0.0089(3)  -0.0012(3)  -0.0003(3)  0.0007(2)
La2  0.0081(3) 0.0089(3)  0.0049(3)  0.0015(2)  0.0010(3)  0.0014(2)
Ba2  0.0081(3) 0.0089(3)  0.0049(3)  0.0015(2)  0.0010(3)  0.0014(2)
La3A 0.0110(4) 0.0119(8)  0.0110(9)  -0.0043(5) -0.0013(7)  0.0023(5)
Ba3A 0.0110(4) 0.0119(8)  0.0110(9)  -0.0043(5)  -0.0013(7)  0.0023(5)
La3B  0.0110(4) 0.0119(8)  0.0110(9)  -0.0043(5)  -0.0013(7)  0.0023(5)
Ba3B 0.0110(4) 0.0119(8)  0.0110(9)  -0.0043(5) -0.0013(7)  0.0023(5)
Lad  0.0089(3) 0.0099(3)  0.0072(3)  0.0033(2)  0.0002(3)  0.0005(2)
Ba4  0.0089(3) 0.0099(3)  0.0072(3)  0.0033(2)  0.0002(3)  0.0005(2)
LaSA  0.0041(5) 0.011(3) 0  0.0068(18) -0.001(2) O
BaSA 0.0041(5) 0.011(3)0  0.0068(18) -0.001(2) O
La5B  0.0041(5) 0.011(3)0  0.0068(18) -0.001(2) O
BaSB  0.0041(5) 0.011(3)0  0.0068(18) -0.001(2) O
La6  0.0071(5) 0.0163(5)  0.0110(4)  0.0022(4) 0
Ba6  0.0071(5) 0.0163(5)  0.0110(4)  0.0022(4) 0
La7  0.0047(5) 0.0133(4)  0.0095(4)  0.0048(4) O
Ba7  0.0047(5) 0.0133(4)  0.0095(4)  0.0048(4) O
La8  0.0064(5) 0.0105(4)  0.0356(7)  -0.0039(4) O
Ba8  0.0064(5) 0.0105(4)  0.0356(7)  -0.0039(4) 0
La9A 0.0066(6) 0.0130(5)  0.0226(7)  -0.0018(5) O
Ba9A 0.0066(6) 0.0130(5)  0.0226(7)  -0.0018(5) O
La9B  0.0066(6) 0.0130(5)  0.0226(7)  -0.0018(5) O
Ba9B 0.0066(6) 0.0130(5)  0.0226(7)  -0.0018(5) O
Lal0 0.0039(5) 0.0160(4)  0.0091(4)  0.0001(3) O
Bal0 0.0039(5) 0.0160(4)  0.0091(4)  0.0001(3) O
Lall 0.0049(4) 0.0131(4)  0.0065(4)  0.0024(3) O
Ball 0.0049(4) 0.0131(4)  0.0065(4)  0.0024(3) O
Lal2 0.0050(5) 0.0098(4)  0.0076(4)  -0.0018(3) O
Bal2 0.0050(5) 0.0098(4)  0.0076(4)  -0.0018(3) O
Sil  0.0037(14)  0.0070(12) 0.0043(12) 0.0000(10) -0.0004(11) -0.0009(9)
Si2  0.0028(14)  0.0088(12) 0.0038(13) 0.0007(9)  -0.0004(10) -0.0001(10)
Si3  0.0043(14)  0.0073(12) 0.0042(13) -0.0004(9) -0.0007(11) 0.0009(10)
Si4  0.0039(14)  0.0065(11) 0.0056(13) -0.0003(9)  -0.0001(11) 0.0004(10)
Si5  0.0033(13)  0.0073(11) 0.0042(12) 0.0009(10) 0.0011(11) -0.0006(9)
Si6  0.0047(14)  0.0080(12) 0.0046(12) 0.0008(9)  -0.0007(11) -0.0010(10)
Si7  0.0045(14)  0.0049(11) 0.0048(12) 0.0014(9)  0.0006(11) -0.0001(9)
Si8  0.0056(15)  0.0069(12) 0.0037(12) -0.0003(9) 0.0002(10) -0.0001(10)

[eNeNeooleNooleNooloNololo oo NoNo il Ne)

Si9  0.006(2) 0.0115(18) 0.0047(18) 0.0014(14) 0 0
Si10  0.002(2) 0.0092(18) 0.0033(17) -0.0009(14) O 0.
Sill  0.005(2) 0.0068(17) 0.0048(18) -0.0010(14) O 0
Si12  0.005(2) 0.017(2) 0.0044(18) -0.0017(15) O 0
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HOH [ i . | £Ayellowpghosphor Witihsan unprecedented tetrahedra network; structure investigated
by combination of @ctron microscopy and synchrotrosrag diffraction

TableS5:Bondvalence sums for the anioand Si in LiBaSiNgO..

atom BVS oxidation atom BVS  oxidation atom BVS oxidation
state state state
Sil 4.05 4 N3 2.79 3 N17 2.85 3
Si2 4.02 4 N4 2.99 3 N18 2.52 3
Si3 4.03 4 NS 2.96 3 N19 2.62 3
Si4 4.07 4 N6 2.68 3 N20 2.62 3
Si5 4.02 4 N7 3.05 3 N21 2.72 3
Si6 3.93 4 N8 2.94 3 N22 2.56 3
Si7 3.95 4 N9 3.05 3 01 1.87 2
Si8 3.95 4 N10 3.05 3 02 1.46 2
Si9 3.80 4 N11 2.86 3 (OK] 2.10 2
Si10 4.03 4 N12 2.98 3 04 1.94 2
Sil1 3.78 4 N13 3.19 3 05 2.24 2
Si12 4.08 4 N14 3.27 3 06 1.84 2
N1 3.00 3 N15 2.72 3 o7 1.75 2
N2 3.18 3 N16 271 3 08 1.57 2
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HOH [ i . | £Ayellowpghosphor Witihsan unprecedented tetrahedra network; structure investigated
by combination of electron microscopy and synchrotreayXdiffraction

TableS6:Bondvalence sums for the heaagom sites in LiBaSiNgO..

atom BVS oxidation state  s.o.f. weighted average weighted average
BVS oxidation state
bl a0 2 o0 29 201
p2 41 2 005 2% 295
S o3 204 216
S o6 0O 069
pad a2 2 010 29 290
mA 404 2 oos 120 121
asB 406 > 011 LS9 1.60
SV o7 23 223
b 423 2 017 28 263
m8 305 2 o 246 245
saon 316 > oos 02 020
pon 23 2 o7a 202 202
B0 415 2 o 2% 282
pa1 457 > ooy 29 2.93
R L 0zs 268 267
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2.3 Highly Symmetric AB Framework Related to Tridymite in the Disordered
Nitridosilicate La $1s j [SifME](Os H)s (x =0.849

Lukas Neudert, Dajana Durach, Felix Fahrnbauer, Gavin B. M. Vaughan, Wolfgang Schnick and Oliver

Oeckler

Inorg. Chem2017, 56, 13070.

Reprinted withpermission fromnorganic ChemistryCopyright 2017 ASC Publications.
Abstract

L&psShacrx SbeN72] (OrexFi)14 With X = 0.489 was obtained as a microcrystalline product by metathesis at
1500 °C in a radifrequency furnace starting from Si(NHLa(NH);, SrH, Lak, and Cek The
structure of the new nitridosilicate oxide fluoride was determined by combirtigsmission
electron microscopy (TEM) and singlgstal Xray diffraction using a microfocused synchrotron
beam. The structure model with pronounced disordessfmmg Z= 1,a = 16.2065(3)¢ = 9.4165(1)

A, R(obs) = 0.0436] was confirmed by electroiffraction and aberratiorcorrected Z-contrast
scanning TEM. The highly symmetric; ABmework, which was theoretically predicted but not yet
realized, consists of adide vertexsharing Silltetrahedra that form channels along [001] filled with
La, SrQ, and F atoms. The connectivity pattern is related to that of tridymisyXspectroscopy and
bondvalencesum calculations were further taken into account for assignment of the N, O, and F

atoms.

2.3.1 Introduction

Starting from the great variety of osilicates found in nature, research on (oxo)nitridosilicates at the
end of the last century was motivated by extending the fundamental knowledge of structural
chemistry and possible applicatiofiariation of the atomic ratio N:O permits, principle, greater
structural variety than that for conventional metal oxosilicates. Using the elements Si, N, and O for
the building of 3D structures, a nearly infinite number of unique frameworks is theoretically possible.
Even with the constraint of foning only AB networks, i.e., such as with the number of O and N
atoms being twice that of Si atoms or other tetrahedral centers, an enormous structural diversity has
been predicted, although only a very small fraction of theoretically possible struchassbeen
realized experimentall§® Because most ABframeworks correspond to 3D networks of linked
polyhedra with a 1:2 ratio of polyhedra centers and bridging atoms, the crystal chemistry of

(nitrido)silicates is predestined to feature such structur&Q as a prominent representative
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crystallizes in many structure types as a function of the temperature or pressure. Among these, the
tridymite structure typ& shows hexagonal channels. Related aluminosilicate networks such as that of
megakalsilite (KAISj)® as well as isostructural compounds exhibit channels filled with different

metal ions®*® Such frameworks can be characterized by formal decomposition into laysech$er

rings, which may differ with respect to the orientation of the tetrahedra tirese layers.
(Oxo)nitridosilicates often favor quite unique framework structures. Several of these exhibit
promising properties like zeolitike behavior (e.g., porosity, ion exchange, or absorption) and

second harmonic generation or may serve as hatices for EG" and C&" dopants in luminescence
materials'**® Charge neutrality can be achieved by varying the atom types in the framework, e.g.,

O/N or Al/Si, or by varying the cations and anions in the structural cavities (e.g., Sr/La ori¥F).

enables many options of improving the propertfés® Typical (oxo)nitridoslicates form rigid, highly
O2yRSYyaSR UGSGNI KSRNI f ySig2N] &SHachbickh 0F xR SrAINS St y2RF
symmetry; this leads to high physical and chemical resest'**

The synthesis of heterogeneous samples with a number of uncharacterized new compounds
represents the starting point for th8ingleParticleDiagnosis Approaci This strategy is suitable for

the discovery of new compounds, especially ilfmptex systems such as the abewentioned
materials with intriguing properties. The precise elucidation of the crystal structures of the different
phases is often the crucial step toward targeted synthesis and further property tuning of the
corresponding pre compounds. (Oxo)nitridosilicates have frequently been synthesized by high
temperature metathesis, which has the drawback that a high variety of elements are usually present
in the starting materials as well as in the products. In the case of, e.g/FNfBa/la, it is difficult to
exactly assign atom types byrdy diffraction. This impedes targeted attempts to obtain certain
compositions, and multiphase products are frequently obtained. Subsequent structural
characterization of such inhomogeneous awften microcrystalline oxonitridosilicates is demanding

or even impossible using conventionakay methods. It has been shown that in such cases the
combination of transmission electron microscopy (TEM) and synchrotron microfocus diffraction can
deliveraccurate structure datd?° For exampleZ-contrast scanning TEM (STEM) and seleates
electron diffraction (SAED) have enabled structure determination of zdilienetworks®*®?
Furthermore, complex crystallographic phenomena like diffuse sdagerthe presence of
intergrown domains, or pseudomerohedral twinning were observed for highly efficient luminescent
(oxo)nitridosilicates and analyzed using a combination of TEM aag iXethods*>*

Here we report on a highly symmetrical crystal stire derived from microfocus synchrotron and
TEM data of the microcrystalline nitridosilicate oxide fluorides$@ucsx[SkeN72](OCicxF)14, Which was
obtained as part of a multiphase product. This approach may open an efficient pathway to

compounds withpotentially intriguing properties
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2.3.2 Results and Discussion

2.3.2.1Synthesis and sample characterization

LapsShacrx SkeN72l (OrexFi)14 Was synthesized by higlemperature metathesis starting from reactive N

rich materials Si(Nkjand La(Nk); combined with Lafand an excess of StHDecomposition of the
hydrides and subsequent formation of Si&hd H are the driving forces of this reaction type.
Colorless needlshaped L@Sh7SksN72](O1cxF)14 Crystals with maximum lengths of a fewiarons
(Figurel, right) were obtained as agglomerates in a multiphase sanitpi(el, left) and are stable

to air and moisture. With respect to the La content, ca. dtdm % C& doping was applied, yet no
luminescence was observed. The incorporated O may originate from commercially acquired starting

materials. Further details of the synthesis are given inERperimental Section

o

Figure 1.Representative crystals of 48647 SkeN72](OicxFi)14: (left) SEM image with agglomerates highlighted

by white arrows and (right) TEM brigfield image showing an individual needlelike crystal

TEM and scanning electron microscopy (SEM) EDX analysegSufil#SksN72] (OicxF)14 Show no
elements other than Sr, La, Ce, Si, N, O, and F. With the exception of O, whose amount appears too
high because of the typical surface oxidation in nitridéee average EDX results for
Lavo2SkeSkoNsaeCisefae) (Normalized for optimal comparability; for details, s€able S are in
accordancewith values calculated from the sum formula S0 56SksN7207.1d%.84 (@S Obtained by
structure refinement based on synchrotronrdy data) within experimental error. The Ce content

was not quantified, but traces of Ce were detected in the EDX spéeigare S The very small
needleshaped crystals in an inhomogeneous sample preclude more precise chemical analysis. As
expected from the synthesisonditions, the IR spectrum exhibits no valence modes between 2600
and 3250 ciflz AYRAOI GAy3 GKS | 0aS¥igue SR e [rdsdoe of ieR b b |
element combinations La/Sr and N/O/F combined with vacancies on the cation sites may lead to solid
solutions without compromising the charge neutrality. Taking into account the vacancies on the Sr
sites, the crystal structure determination (seelbw) yields the sum formula b&nacrx[SksN72](Ouc

«F)14 Wherexwas refined as 0.489 but may, in principle, vary between 0 and 1.
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Thus, the compound witk = 0.489, i.e., LaSnos58SkeN7207.16M6.84 Can be interpreted as one possible

variant. Assuming mixed and/or vacancgntaining Sr and La sites would suggest the formula
LabayShacd SkeN72 (OrowreynaFzsya)ia With X7 +yk mn X mM® CdzZNG KSNJ RSaINBSa 2
from variations of the N/O/F ratio. Several TEM investigations ofiynaystals suggest different

N/O/F and La/Sr ratios; however, these were not investigated in detail. Hypothetical chemical
variations without changing the framework and the metrics could inspire further substitution
experiments. Powder Xray diffraction PXRD) reveals the presence of the title compound and
probably one major side phas&i§ure SB The side phase is an unknown lanthamgstmontium
oxontridosilicate (TEM 5 - T [ F Y{ NXY{AYbYh F wmMnYyYHcYnoYmmMU0O gK?2

This corresponds to the more isometric crystalEigurel.

2.3.2.2 Structure determination

Because the maximal volume of the Sta[SkeN/2(OiF)ua Y SSRE S& A& 2¥ah® | 6 2 dzi
structure solution with PXRD was impeded by side phases, data were collected using a microfocused
synchrotron beam. The crystal structure was solved and refined in space Bégupmc (Tablel),

yielding an ABframework with channels filled with F and O. Because of the lack of scattering
contrast between La and Ce, the latter was neglddtethe refinement. Parts of the crystallographic

data are shown imables S2 and SBurther details on the structure analysis can be obtained from

the Fachinformationszentrum Karlsruhe, Eggenstatopoldshafen, Germany (fax +4247-808

666; email crysdata@fizkarlsruhe.dé upon quoting the depository number CSD 432688

The structure refinement, espeadly with respect to the cation distribution, is characterized by the

fact that the ratio of charge and electron count, i.e., scattering power, is the same Yof3(54 =
0.0556) and $f (2/36 = 0.0556). Taking possible cation vacancies into account, the refinement thus
directly yields the total charge on the respective positions but gives no information on the atomic
ratio La/Sr. As an initial step, the total scattering density on edcthe six cation positions was
determined assuming either La, Sr, or mixed occupancy; as expected, the results did not differ
significantly. The scattering density on positions Lal, La2, and La3 corresponds to full occupancy of
La. Taking into account tlehemical composition as determined by EDX, the remaining positions are
likely to be occupied exclusively by Sr. Following this assumption, positions Sr4 and Sr5 turned out to
be fully occupied, whereas the refined occupancy of the split position Sr6 6814 he resulting
atomic ratio La:Sr of 2.26 is quite close to the value 2.27 determined by EDX. Complementary bond
valencesum (BVS) calculations approximately match this cation assignriiabte( S4*° Because
La4ShosdSkeN72]Or.16F6.84 1S transparent, charge neutrality was assured by constraints. In accordance
with chemical analysis (see the section on the synthesis and sample characterizatitmm),stvows
significantly more N than O; the N atoms were assigned to the bridging atoms in the framework,
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covering the majority of the required negative charge. The assignment of the anions was further
0FaSR 2y tl dzZ Ay3aQa NXzt Saidosiligae ofiiesfludrideR‘Fa e (2 2
remaining two independent anion sites in the channels, full occupancy was found. Matching the

OKI NBS ySdziNk tAlGezT I FAESR YAESR 200dzLd yOe sA0K
cannot be accurately distjuished by ay diffraction. The final structure model yields meaningful
interatomic distances and displacement parameters, and the assignments of all atoms are

approximately consistent with BVS calculatiohakile S%

Table 2 Crystallographic Data andr&y Structure Determination of bibha.7x[SksN72l(O1cxF)14 With X = 0.489.

Formula L@4Sh0.565keN7207 1655 84
Molar weight (in g/mol) 6525.69

Space group P6s/ mmc(no. 194)

Lattice parameters (in A) a=16.2065(3)c=9.4165(1)
Cell volume (in A 2141.90(8)

Formula unit per unit cell 1

X-ray density (ing-cnf®) 5.059

F(000) 2897.0

Absorption coefficient (in mrft") 4.361

Resolution g, (in A) 0.75

Wavelength (in A) 0.41300 (synchrotron, ID11, ESF
Total no. of reflections / independent reflections 19029 / 1034

Rnt/ R 0.0439/0.0151

Refined parameters / restraints 871/0

R/ WR; (all data) 0.0443/0.1293

R/WR (P>2 (P) 0.0436 /0.1287

Goodness of fit 1.663

N max! N min (in e/ A3 +4.74 /c1.68

Because the structure determination was not straightforward, TEM was performed in order to rule
out the occurrence of a superstructure or twinning and to confirm the final structure model. The
SAED tilt series confirms the hexagonal metrics with 16.24A andc = 9.44 A and no detectable
superstructure reflections. In accordance with Laue classnéh, the SAED pattern along zone axis
[110] showsmm2 symmetry, and the reflection intensities approximately match those of the

corresponding kinematical simulahs (sedrigure2).
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Figure 2.SAED tilt series of a representative crystallite witperimental patterns (top) and tilt angles (blue) as
well as simulated patterns (bottom) and tilt angles (red) based on the refined structure model frayndsta.

Selected reflections are labeled with indices.

STEM using a higingle annular dark fielHAADF) detector yielded the projected heaatgm
positions along the [100] and [101] zone axEg(re3 and enlarged and unfiltered iRigure S}
confirming the cation positions of the structure model. An additional weak diffuse saaiteri
intensity was observed in various SAED patteFigute Shalong different zone axes. Because of the
similar ionic radii of both aand St*, it seems likely that these diffuse intensities are associated

with cation disorder
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Figure 3Fouriefiltered Z-contrast STENHAADF images along the [100] (top) and [101] (bottom) zone axes of
L& 4Shac7{ SkeN72l(O1cxR)14. The unit cell is highlighted red with a colored overlay of heavy atoms

2.3.2.3 Structure description

L&b4Sh a7 SkeN72] (O1cxFi)14 €Xhibits a highly condensed SiNS G NI K SRNI T NBiW(R)s 2 NJ
= 0.5 Figure4). All SiN tetrahedra are cornesharing G-type ones so that the framework itself
corresponds to an ABype. The crystal structure can be simplified t@gf8ksN72] %14 With M = La, Sr,

I YR FYR - T h | y-8§pe@a&neork méré dearli. This/framewdtkShas!been
experimentally realized for the first time. It matches type 194 3 39idgufe SP of the over 2
million theoretical unique frameworks deposited in the hypothetical zeolite databaSke
framework can be derived from the tijthite structure.The connectivity pattern is comparable;
however, the tetrahedra within each layer perpendicular to [001] are differently orierfgaife S7
various orientations of tetrahedra, pointing up or down). Another related pattern is known from the
mineral megakalsilitd®> According to the nomenclature introduced by Liebau, the framework of the
title compound consists ofiererand sechserings Figure5a,b; light blue, green, and reffy* The
viererrings are oriented along all 10) face diagonals, and tlsechserings form channels parallel to
[001], filled with Sr, La, O, and F. Similar to nitrides crystallizing in the&&4Bucture type?® the

framework of LaSha7[SksN72l(OrwcxF)14 Can act as a starting point for further experiments realizing
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a solidsolution series based on different substitutions. Finding a rigid and stable network is therefore

fundamental for the targeted design of new materidls.

¢ La

COIF

Figure 4 Crystal structure DL&4Sh 4.7 SksN72l(O1cxF)14 @long [100] (left) and [001] (right). SiMtrahedra are

in green, La in yellow, Sr in pink, and O/F in cyan

a)

|||). Iv) ' V).

Figure 5.(a) Network topology of Lag5n 47 SkeN72l(OCicxF)14. Each line represents acSgSi bond. (bPifferent

types of tiles with incorporated cations highlighted in green, blue, light blue, and red. (c) Whole tiling viewed

along [001] represented by (d) different polyhedra in green, blue, light blue, and red.
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The SiSi connection pattern yielded the nebrk topology and the relatedhatural tiling with the

point symbol (4.8),.6° (Figure5a).*"** The SiSi network consists of three vertices; Sil with point
symbol 6 and Si2 and Si3, both with point symbol®®6 ¢ KS (A f S & @cally btOr§ singO2 y & A &
(built up from S{Si adjacencies), which are characterizedable2 and Figurebc,d, representing the
cavities in the structure. The tiles include rings of a distorted boat configuration (tile 1), a regular boat
configuration (tile 1), and a chair confornat (tiles 1itV). Although tiles KV look similar, they

differ in their orientation as well as in their centroids and volume. The cations La2, La3, and Sr4 form
triangles at the level ot/,c and ¥ ,c within tiles IV Figure5b). Without reducing the symmetry,
mixing the occupancy of the cations forming the triangles is theoretipalégible. The split positions

of Sr6 is oriented parallel to [001] at heights'/Qaand 000, respectively. The mixed occupied anion
sites O9/F9 are arranged circularly at a level/g around tile 1V, whereas O8/F8 is within tile IV
linearly coordinatedby Sr. Because 48047 SkeN72)(O1cxF)14 Crystallizes in space groufbs/ mmg,

the highest possible hexagonal symmetry is present in both the crystal structure and its natural tiling.

This is also true for tridymite.

Table 2. Characterization oDifferent Tiles in LaSh 4.7 SkeN72l(O1cxF14-

tile (color code) face centroid volume incorporated
symbol in A cations (occupancy)
| (green) [4%.6°] (0.833,0.167,0.250 245.243 Lal(1) La2 (1) La3 (1) Sr4
Il (yellow) [69] (0.887, 0.443, 0.750 25.404 -
1l (blue) [6] (0.333,0.667,0.750) 93.505 Sr5 (1)
IV (red) [6] (0.000, 0.000, 0.750 85.285 Sr6 (0.146)

V (light blue)  [6] (0.333, 0.667, 0.250 86.788  Sr5 (1)

As is typical for SrBa, and LAcontaining (oxo)nitridosilicates, theations show high coordination
numbers Eigure6, Laf®, La®, La®, Sr4”, Sr3'° and Sré"). The N bond lengths (se€able S1p
range between 1.670(6) and 1.742(6) A and correspond to typical values in (oxo)nitridosificates
he same applies for the tH [2.496(642.758(1) A] and §N [2.737(3)3.050(2) A] bond lengths
(Table Sk corresponding to other lanthanum or efrtium nitridosilicates like LaBls, LaSiN;;, and
LaSiN4O; or SrYbSN;, SrSiNyo, and SrSipF>® The SiNcSi bond angles in bha 7] SieN72l(OrxFd1a
with x = 0.489 also match typical valu&$?
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Figure 6.Coordination spheres dia (yellow) and Sr (magenta) sites iRs8R47SkeN72](O1cxFd14, With N in
blue and mixed O/F sites in cyan (ellipsoids with 90% probability). Because N5 is part of, ttedr&ildra
containing the split positions N6A/B, N5 has prolate displacerparameters within the coordination sphere

of Lal and St4

2.3.3 Conclusion

Challenges occurring during the phase characterization of nitridosilicates obtained from high
temperature metathesis were overcome by the combination of TEM and songital diffaction

using a microfocused synchrotron beam. The latter is well suited to provide accuratedéta for

the structure determination of single crystals with small scattering volume. Concerning its structural
classification and tiling, the structure detemation of LasSkac7SksN72l(OicxFd1a With x = 0.489
revealed a predicted ABramework topology that is experimentally observed for the first time. It is
related but not isostructural to that of tridymite. Electron diffraction adgontrast STEM images
confirmed the structure model. The approach applied here enables an efficient pathway to the

discovery of new compounds with promising structural features.
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The highly symmetric structure of 448h 47 SkeN72)(O1cxFi)14 ShOws channis filled with La, Sr, O, and

F atoms, and because of the cavities, it might be suitable for ion exchang@of IS£* with other
cations like N§ C&", or lanthanides, especially £uin combination with a changed O:F ratio. The
recently described io exchange in metal halide melts can be one possible strategy for realizing this
issue, while retaining the framewafR Further substitution experiments (e.g., with Si/Al) open
structural and chemical variations, and the latter can have a positive infutrcthe discovery of
prospective solid solutions. Thus, new SIiAION host lattices for activator ions with regard to
luminescent materials can be obtained. Therefore, the presence of F is beneficial because of an
enhanced tuning ability’ In combination \ith different metal cations, it may be an appropriate

approach to stimulate luminescence of the title compound or a corresponding SiAION

2.3.4 Experimental Section

Synthesis of Labe,Sk{SkeN72]Oo.67580.645x

Si(NH) (53.4 mg, 0.919 mmol, synthesized according to Witffe®rH (64.1 mg, 0.7 mmol), LaF

(30.5 mg, 0.156 mmol), and GéFn ®cp Y3I T ndpcc > Y 2@0.2mG BFB2MMORSR G 2
synthesized according to Jacof$Yhe mixture was ground and filled a tungsten crucible, which

was placed in a radifrequency furnace (Typ AXIO 10/450, Huttinger Elektronik, Freiburg,
Germany)’ Inert gas conditions prevented the presence of &nd moisture. The following
temperature program was used: heating to 15@ i~ 1 h, dwelling for 10 h, cooling to 900 °C in 2

days, and finally quenching to room temperature by switching off the furnace. The reaction yielded

an inhomogeneous aiand moisturestable product. Small amounts of the title compound were also

obtainedin other reactions without CeFwhich proves that Ce is not necessary to stabilize it

Singlecrystal Xray diffraction

SingleONE &Gl a4 6SNB &ASLINIGSR dzyRSNJ I tA3KG YAONRAO
micromount, MiTeGen, Ithaca).-rdy diffraction data were obtained at the ID11 beamline (ESRF
Grenoble) at a wavelength of 0.41300 A (Si(111) deabystal monochromator) using a Frelon2k

CCD detecto?® Indexing, integration and scaling as well as sempirical absorption correction

were cone with Crysali§’ Structuresolution andrefinement were done with SHEIX

Electron microscopy

SEM was done with a Zeiss LEO 1530 microscope (Zeiss, Jena, Germany) and a JEOL JSM 6500F
microscope (JEOL, Freising, Germany), both equipped with an etispgysive Xay (EDX) INCA
system (model 7418, Oxford Instruments, Oxford, U.K.) and with a Dualbeam Helios Nanolab G3UC
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(FEI, USA, Hillsboro, OR) with a figdission gun (operating at 20 kV) and avax80 SDD EDX
detector (Oxford Instruments). The prochuwas fixed on a conductive adhesive film coated with C

For TEM, small amounts of the product were ground in absolute ethanol andcdsipon Cu grids

with a holey C film (S165, Plano GmbH, Wetzlar, Germany). The TEM experiments were performed
on a Ttan Themis 6800 (FEI, USA) operated at a 300 kV acceleration voltage and equipped with an
X-FEG monochromator,s€orrector, and windowless fotguadrant SupeiX EDX detector (acquisi

tion time 45 s). The TEM images were recorded using a 4K x 4K Ceta €ivhera (FEI, USA). The

following software was used for data evaluation: Digital Micrograph and ProcessDiffraction7

¢ N.
I' noc

(geometric calculations for SAED), JEMS (SAED simulations), and ES Vision (evaluation of EDX

spectra)’*"

FTIR spectroscopy

FTIR spectra were recorded on a PerkinElmer Spectrunsfi@étrometer usindKBr pellets
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2.3.5 Supporting Information

Table S1. EDX analyses of four

different microcrystals (three measurements points each) of

La4Sh47{ SkeN72](O14F)14, Variance in parentheses

K1 K2 K3 K4 @
N(K) 49(2) 38(2) 43.5(9) 46(1) 44(5)
OK) 11(3) 16(1) 10.9(6) 12(2) 12(2)
F(K) 6.7(3) 572 6.0%2) 6.1(1) 6(1)
Si(K) 18(2) 20.2(2) 20.1(4) 18.1(6) 19(1)
Sr(L) 4.6(2) 6.8(1) 6.03) 5.8(7) 6(1)
La(l) 11.2(4) 13.7(3) 13.5(7) 12.0(5) 13(1)
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N 0 La FCe

La Ce
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Sr Sr Si
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0 E

Figure S2Representative EDX spectrum 0f4S8 474 SkeN72](O1xF)14 doped with Ce. The presence of elements

including Ce is observed
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Figure S. Experimental PXRD pattern of a typical reaction product (black) compared to one calculated from

the singlecrystal data of LaSnh,7{SkeN72](O1xF)14 (red). Misfits concerning reflection intensities may come

from preferred gientation, which was not taken into account. Further unexplained reflections originate from

an unknown phase
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Table 2. Atom coordinates, isotropic displacement parameters (Zi)ncﬁ\ LasSh47,{ SkeN72](O1xF)14 (X = 0.489)

with estimated standardleviations in parentheses

Wyckoff
atom site X y z Ueq s.o.f
Lal 12i 0.32734(3) O 0 0.0258(3) 1
La2 6h 0.90248(3)  0.80496(6) Ya 0.0252(3) 1
La3 6h 0.76114(3) 0.52229(7) Y 0.0313(3) 1
Sr4 6h 0.44259(4) 0.88519(8) Ya 0.0205(3) 1
Sr5 4f o) W 0.03377(18)  0.0227(3) 1
Sr6 de 0 0 0.0339(10) 0.029(4) 0.146(6)
Si1 12k 0.55493(8) 0.10987(15)  0.0737(2) 0.0178(5) 1
Si2 12k 0.10638(8) 0.21277(15) 0.0858(2) 0.0159(5) 1
Si3 12k 0.22639(8) 0.45278(16) 0.0864(2) 0.0167(4) 1
N1 12k 0.1666(2)  0.3331(4) 0.0726(8) 0.0210(14) 1
N2 6h 0.0806(3) 0.1613(7) Ya 0.0186(17) 1
N3 12i 0.1733(4) O 0 0.0164(13) 1
N4 24 0.4956(4) 0.1638(4) 0.0054(5) 0.0207(12) 1
N5 69 Y 0 0 0.048(4) 1
N6A 6h 0.5685(5) 0.1369(10) Ya 0.009(2) 0.75(3)
N6B 6h 0.5482(16) 0.096(3) Ya 0.009(2) 0.25(3)
N7A 6h 0.2553(4)  0.5106(8) Y, 0.011(2) 0.76(2)
N7B 6h 0.2301(14)  0.460(3) Y 0.011(2) 0.24(2)
08/F8 2d o W Ya 0.053(5) 0.5114/0.4885
09/F9 12 0.3319(4)  0.0636(5) Y, 0.0322(13)  0.5114/0.4885
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Table 8. Anisotropic displacemerparameters (in @ of LasSha7,{SkeN72J(OrxF)14 (X = 0.489Wwith standard

deviation in parentheses

Atom Uns Uz Uss Uz Uiz Uz
Lal 0.0184(3) 0.0192(3) 0.0400(4) 0.0064(2) 0.00321(10) 0.00962(17)
La2 0.0239(3) 0.0357(5) 0.0201(4) O 0 0.0178(2)
La3 0.0320(4) 0.0487(6) 0.0186(4) O 0 0.0243(3)
Sr4 0.0205(4) 0.0292(5) 0.0147(5) O 0 0.0146(3)
Sr5 0.0154(4) 0.0154(4) 0.0373(7) O 0 0.0077(2)
Sr6 0.018(3) 0.018(3) 0.050(9) 0 0 0.0089(15)
Sil 0.0169(8) 0.0180(10) 0.0188(10) 0.0009(7) 0.0005(4) 0.0090(5)
Si2 0.0151(7) 0.0167(9) 0.0165(11) -0.0010(7) -0.0005(4) 0.0084(5)
Si3 0.0164(7) 0.0168(10) 0.0171(10) 0.0001(7) 0.0000(4) 0.0084(5)
N1 0.020(2) 0.017(3) 0.025(3) 0.003(2) 0.0016(11) 0.0086(16)
N2 0.019(3) 0.016(4) 0.020(4) 0 0 0.008(2)
N3 0.017(2) 0.014(3) 0.018(3) 0.006(2) 0.0029(11) 0.0068(16)
N4 0.019(3) 0.020(3) 0.027(3) 0.0026(18) 0.0025(17) 0.012(2)
N5 0.022(4) 0.022(6) 0.100(11) -0.024(7) -0.012(3) 0.011(3)
0O8/F8  0.046(7) 0.046(7) 0.067(13) O 0 0.023(4)
0O9/F9  0.027(3) 0.037(3) 0.029(3) 0 0 0.013(3)
Table &. Bondvalence sums for LgShi47dSkeN72](OrxF)14-
Lal La2 Sr4 Sr5 Sr6 Sil Si2 Si3
BVS 256 2.70 1.58 1.84 1.52 4.22 421 4.25
occ. 1 1 1 1 0.145 1 1 1
N1 N2 N4 N5 NG6A/N6B N7A/N7B O8/F8 0O9/F9
BVS 2.81 3.13 3.06 3.02 2.78/2.78 2.68/3.57 1.30/0.99 1.39/1.11
occ. 1 1 1 1 0.75/0.24 0.74/0.26 0.51/0.49 0.51/0.49

The bondvalence sums (BVS) forker 47, SkeN72J(O14F)14 confirm the element assignment based

on the Xray data. The BVS of the cations site3 are significantly > 2 in contrast to the BVS of the

sites 46, which are < 2, confirming the assignment of La and Sr, respectively. The deviations of the

BVS to the widation numbers are < 8% for most atoms forming the #@nework. Due to the short

SiEN7B distance of 1.555 A (affected by disorder) the BVS of N7B seems too large. The mixed

occupancy of O and F on the anion sites between the tetrahedral network ngathbeBVS between

1land?2
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with corresponding Fourier transforms (right) o£4Sx47,J SksN72](O1xF)14. Unit cell highlighted in red, coled
overlay of L& (yellow) and S¥ (pink) ions
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Figure S. SAED pattern of Lébn, 7 SkeN72](O1xF)14 Showing weak diffuse intensities along [100] (red arrows)

observed along zone axis [010] (left) and [011] (right)

Figure &. Calculatedcrystal structure of Sidn the theoreticalprospective unique networkype 194 3 3914,

listed in the hypothetical zeolite database

a) ; é i i . b) ; i é i

Figure 3. Orientation of the tetrahedra in Lg5n47{SkeN72](O1xF)14 (@) and tridymite (b) viewed along [001].

Tetrahedra pointing down represented in green and pointing up represented in red. Unit cells are outlined in

black
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Every individual simmembered ring consist of each three-opentated (Figure S11: red) and down
orientated (Figure S11: green) tetrahedra. Their arrangement genesselserrings with either
alternating up and down orientation of the tetrahedra, or opair plus one lone tetrahedron point in

the same direction within each ring

Table S. Bond lengths irLgSh47{SksN72](O1xF)14 (X = 0.489)with standard deviations in parenthesebhe
unrealistically short SiBI7B distance (1.5445(68) observedat the anion split position N7A/B is associated
with disorder, which can be compared to the situationsJAISiING NaSjN; or SiN,.2°

bond length (in A) bond length (in A)
LaEN3 2.496(6) Sr5N4 2.785(8)
LatN4 2.692(5) SI5N7A 2.991(9)
LatN5 2.7982(6) Sr508/F8 2.6721(17)
LatO9/F9 2.556(3) Sr6N3 2.827(7)
La2N2 2.534(3) SitN4 1.716(5)
La2N3 2.7582(10) SiENS 1.691(2)
La209/F9 2.538(6) SiEN6A 1.703(4)
La3N4 2.687(5) SizN6B 1.670 (6)
La3N6A 2.706(8) Si2N1 1.694(6)
La308/F8 2.6520(10) Si2N2 1.707 (5)
La309/F9 2.634(6) Si2N3 1.7121(15)
Sr4N4 2.867(5) Si3N1 1.685(7)
Sr4N5 2.8528(6) Si3N4 1.720(5)
Sr4N6B 2.96(5) Si3N7A 1.742 (6)
Sr4N7A 2.736(3) Si3N7B 1.545(6)
Sr4N7B 2.986(18)
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3.1 Overview

3 Complex crystal structures of (oxo)nitridophosphates elucidated by

transmission electron microscopy

3.1 0verview

Phosphorus oxide nitridgPON is isalectronic to silica (SiQ) and because of this analogy,
oxontridophosphates are closely related to silicatésie tothreefold coordinated nitrogen atoms
the variableatomic ratio N:O and thepossibility offorming tetrahedra networks with a degree of
condensationd ‘labger 0.5,a structural diversityat leastas great as fooxosilicatess expectedfor
oxonitridophosphates™ Moreover, further variability can be achieved sybstitution of G by NH.
However, relatively fewoxo)nitridophosphatesand their crystal structures have been reported
Nevertheles, research on(oxo)nitridophosphates is a growing field of interest becaukey are
discussed as innovative materials and for some (oxo)nitridophosphates prorpisipgrties have
beenalready observedh analogy toloxohitridesilicates. For instanceithl respect to energy saving,
recently discovered (oxo)nitridophosphateshave beentested as phosphors for LED lightittg.
Interesting luminescence properties were observed Ef*-doped MP,N, (M = Ca, Sr, Band
BaSsP;N;,.° The nitridophosphate B&N,,Br:EJ" has a zeolitdike structure andwith its white
luminescenceit is discusseds single emittephosphot’ Based on tetrahedra networks with large
cavities, further features of (oxo)nitridophosphates are-@sxcthange or iortonductivity. PN, and
LigPsNis as well as thin layers dfbgdPQ73Ng14 are discussed as-ldn conductors andfuture
applications as solid electrolytes d@rsaginable®*?

For the synthesis of (oxo)nitridophosphatespredominantly extreme higipressure and high
temperature conditions are applied, which are achieved withitianvil pressor in a diamoneanvil
cell. The decomposition of azidehe reaction of nitridesor metathesis are promisingutes. Using
these synthetic approachesnly small amounts omicrocrystallineproducts with occasionalbad
crystallinity are obtained.Mineralizers like NKCI or LiO can facilitates the formation and
crystallization of meta{oxo)nitridophosphates? In addition to the structural and functionahalogy
between (oxo)nitridophosphatesand oxonitridosilicates, a methodical analofpr approaches for
their structure determinationrseemssensble. Thus TEM asa particularly sensitive methads ideal
to contribute significantly to the structure determinatioRor example, ADT was used to determine
the crystal structure ofanocrystallineSrRNsO and BaP,N;;0:Br:.***> TEM, espeeily electron
diffraction, was an importanttool for the structural elucidation of the first two zeolHype
oxonitridophosphates (NP@amework type, for nitridophosphate one: b 2.+ P120,N24y]Cl and
NP TFframework type: BaPssOs:NssxChx With X = 4.54)1617
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3.1 Overvier

The combination of Xay diffraction and TEMenables the elucidation of complex

oxonitridophosphate structures, exemplarily shown for the orbttosphate C&#2QN, which isan

incommensuréely modulated modification of thé-K,SQ type.*®

The structural diversity ofoxo)nitridophosphates and the wide range of potential properties not

only allows unusual insights into the basic relations between structures and properties, but can also

pave the way twardsapplications:’
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3.2 CaMgP®IiNs € A Quinary Oxonitridophosphate with an Unpredented
Tetrahedra Network Struture type

Alexey Marchuk, Lukas Neudert, Oliver Oeckler and Wolfgang Schnick

Eur. J. Inorg. Cher2014, 3427
Reprinted withpermission fromEuropean Journal of Inorganic Chemis@gpyright 2014 Wiley Onligbrary

Abstract

CaMgPsOsN;o has been synthesized starting from stoichiometric amounts of §a(MgN,, P5Ns,

and PON in a higpressure/hightemperature reaction at 8 GPa and 1100 °C. Adding small amounts
of NH,CI to the starting mixture afforded single crystals of Ca@@:N,o, which form transparent,
colorless truncated octahedra. The crystal structure [space giduacd(no. 142)a=12.494(1)¢c =
23.797(2) AZ= 16] was solved and refined by singhgstal Xray diffraction analysis and confirmed

by electron diffractionand transmission electron microscopy, including HRTEM image simulations.
Rietveld refinement proved the phase purity of the product. FTIR analysis confirmed the abgence N
H groups in the structure. Bond valence and lattice energy calculations (MAPLEg oile
compound are discussed. The crystal structure consists of polyhedral building units constructed from

vertex-sharing P(O,N}etrahedra with condensedreierand sechserings.

3.2.1 Introduction

Silicates form one of the most abundant, variedgdamportant classes of minerals, with more than
mann NBLINBaSyidliAdSad az2NB (KIy dFherwid@rangeioK S S| NJ
applications in the ceramics and glass industries as well as their great potential as functional
materials in catalysis, microelectronics, and optical fibers make silicates nearly indispensable for
everyday lifé*® Their important role as luminesnematerials for phospheconverted lightemitting

diodes (peLEDs) also emphasizes the significance of silicates in future techndlogies.

Accordingly, the great structural variety and associated properties make structures that are
analogous to silicates an attractive research target. Because PON is isoelectronic witth&iO
silicateanalogous compound class of oxonitridophosphatesekpected to exhibit a structural
diversity similar to that of silicates. The formal partial substitution of O by N in a tetrahedral network
implies significant new structural possibilities. N in oxonitridophosphates may occut &8 N°, or

even N atoms connecting up to four neighboring tetrahedral cent€fsCompared with

oxonitridophosphates, the structural variety of silicates is limited to termifarGingly bridging ©
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atoms. An excellent example of the additional structural possibilities arisimg fine substitution of

O by N in a network structure analogous to silicates is the nitridic clathgdlg€NmH)(NH), which has
been discussed as a possible -gamage material® This clathrate network structure had been
predicted for silicates but has been obsged only in this nitride compound so far. However,
compared with oxosilicates or nitridophosphates, only a few oxonitridophosphates have been
synthesized so far. This is due to fundamental difficulties concerning their synthesis and the often
poor crystalinity of the reaction products. Thus, the structure determination of these compounds
requires a combination of different analytical methods such asyXdiffraction, soliestate NMR
spectroscopy, or electron microscopy. Nevertheless, several importantseptatives of the class of
oxonitridophosphates have already been described. In addition to the layer compoutRi©Ms

(M" = Sr, Ba}!° M)M,"P;0sN (M = Na; M = Mg, Mn, Fe, Cd},M5M"P;0sN (M = Na, K; M= Al, Ga,

In, Ti, V, Cr, Mn, F&),CsM,'P;O;;N (M" = Mg, Fe, Cd},and SrENsO"* the compounds iz

sl P12Oy N2 1% (X = Cl, BYy and BagPs60s:xNsscxChax *° €xhibit uncommon frameworks and represent
the first nitridic zeolitelike network types NPO and NPT, respectively. This suggests that the
structural chemistry of oxonitridophosphates has immense potential.

In this contribution, we report on the synthes@nd structural elucidation of the novel quinary
oxonitridophosphate CaM&:OsN;; with an unprecedented tetrahedral network structure

constructed from vertessharing P(O,N}etrahedra

3.2.2 Results and Discussion
3.2.2.1Synthesis

Almost all known oxonitdophoshates have been synthesized by conventional stéite reactions.”

In contrast, the synthesis of CabRgOsNio requires hidp-pressure conditions. So far, only two
oxonitridophosphates, namely ##0:N; (M" = Sr, Ba), have been synthesized under such-high
pressure condition$°

CaMgP:;0;N;, was obtained by using a Walkimpe multianvil assembff at 8 GPa and 1100 °C
starting from stoichiometric amounts of Cajh MgN,, BNs, and PON [Eqg. (1)]. A high péartial
pressure, which is available by in situ thermolysis of G{Norevents BNs from dissociation into
elements at reaction temperatures above 1000 '®Qjnder ambient pressure, ;Rs already
dissociates into elements at temperatures above 850 °C. By adding catalytic amountgCotdNtHe
mixture of starting materials, colorless crystals in the form of morphologically-degtloped
truncated octdedra were obtained and isolated (see FiglyeThus, the addition of N8I as a
mineralizer helps to overcome the main problem of the poor cryigttibn of oxonitridophosphates

mentioned above.

63


http://onlinelibrary.wiley.com/doi/10.1002/ejic.201402302/full#bib7
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201402302/full#bib8
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201402302/full#bib9
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201402302/full#bib10
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201402302/full#bib11
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201402302/full#bib12
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201402302/full#bib13
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201402302/full#bib14
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201402302/full#bib15
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201402302/full#bib16
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201402302/full#bib17
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201402302/full#bib9
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201402302/full#bib10
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201402302/full#bib18
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201402302/full#bib19
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201402302/full#fig1

od/ | atIvibs & Quinary Oxonitridogdsphate with an Unprecedented Tetrahedra Network Structure type

As discussed previously, HCI, formed as an intermediate, presumably enables reversible bond
cleavage and rormation, and thus facilitates the growth of single crystilBetailed information

on the synthesis of CaMBO:Nyis given in the Exp. Sect

3Cﬁ(N)2+2M@N2+9PON+3:EN5 rb 0PN BN

Figure 1.SEM images afrystals of CaMgPsOsNo.

3.2.2.2 Structure determination

he crystal structure of CaMigOsN o was solved and refined from the singleystal Xray diffraction

data in the tetragonal space groug/acd For crystal structure refinement the values of tlattice
parameters obtained from the Rietveld refinement were used. It was possible to refine significant
site occupancies for the mixed O/N positions. All atoms were refined anisotropically. The
crystallographic data of CaM@OsN;o are summarized in th&xp. Sect. and the atomic parameters
are given irrablel.

Because some displacement parameters and interatomic distances appeared unusual (sée below
TEM investigations were performed to verify the structure derived from thayXdiffraction data.

The reflection positions and intensities of the SAED (selected area electron diffraction) patterns
(Figure2) of different crystallites of CaMBOsN;o matched the calculated ones, which proves the
tetragonal metrics, the foufold axis (Figur@, a), and the reflection conditions ¢k +1 = 2n) of the
body-centered Bravais lattice. Systematic absences due to glide planesd) are evident in the

corresponding zonaxis patterns (Figurg, acd).
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Table 1.Atomic coordinates, isotropic displacement parameters, and occupation of crystallographic positions

of CaMgP:OsN;o.?

Atom X Y z Ued A° Occupancy
Cal 8a 1/2 1/4 1/8 0.0086(3) 1.0

Ca2 8 1 3/4 3/8 0.0590(9) 1.0

Mgl 32g 0.34412(11) 0.06404(12) 0.04286(7) 0.0128(3) 1.0

PL 32y 0.60101(8) 0.02018(8) 0.08042(5) 0.0052(2) 1.0

P2 32y 0.74435(8) 0.19018(8) 0.08350(4) 0.0053(2) 1.0

P3 325 0.58898(7) 0.18157(8) -0.00049(5) 0.0053(2) 1.0

NI 329 0.6603(3) 0.2566(3) 0.04283(19) 0.0070(7) 1.0

N2/02 329 0.7981(3) 0.2733(2) 0.12829(16) 0.0072(8) 0.86(3)/0.14(3)
N3 32g 0.6724(3) 0.1035(3) 0.11819(15) 0.0069(7) 1.0

N4 329 05260(3) 0.0931(3) 0.03859(18) 0.0061(7) 1.0

N5/05 329 0.8376(3) 0.1259(3) 0.04907(15) 0.0106(9) 0.76(4)/0.24(4)
N6/O6 16d 1/2 1/4 0.0330(2) 0.0103(13) 0.76(7)/0.24(7)
07 329 0.6717(2) -0.0534(2) 0.04400(14) 0.0106(6) 1.0

[a] Standard deviations are given in parentheses.

[001]
Figure 2 Experimental (top) SAED patterns with corresponding simulations (bottom, based on thecsystgé

[100]

[101]

[110]

Xray diffraction data) for CaMgP:OsNy, obtained from different crystallites; exemplary reflections in the

selected zero plains are labeled with indices.
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Significant features in the HRTEM image simulations match well the experimental data 8figude

thus corroborate the structure model of CabRgOsNio. In a structure projection along [713] the Ca
atom positions appear as rows that strongly influence the imageraentThis is strongly affected by

the Ca2 site (oblate displacement ellipsoid, see below). There are no indications of superstructures
and there is no characteristic mismatch. Significant contrast changes (in simulations and
experiments) occur when the ftecus values are altered by more than around 3 nm or when the
thickness changes by more than around 5 nm, but also when the Ca atom positions are shifted by

more than around 0.05 A

Figure 3a) Projected potential andda) HRTEM images of CalgD:N; along the <713> zone axis with image
simulations (accelerating voltage: 300 k&Y= 0.6 mm, spread of focus: 3.6 nm, beam semiconvergence: 17

mrad, layer thickness two unit cells). Insets: defocus valuesi®)c)¢43, and dx;28 nm

The Rietveldefinement of the powder Xay data confirmed the presence of a singlease product
corresponding to the crystal structure of Calfg:Ny, as determined from the singlerystal data

(see Figurd); traces of cubic boron nitride{cb = ¢ 20 O2NNBalLlR2yR (2 NB&AR
nitride capsule. Detailed information on the crystallographic data of the Rietveld refinement of

CaMgPsOsNo can be faind in Tables S1 and S2 in the Supporting Information.
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