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1. Uvod

Stanoveni struktury molekul a jejich uspotadani
v krystalu  vetné¢ vazebnych interakci je klicem

k pochopeni fady chemickych a biologickych dé&ja, napt.
mechanismu piasobeni 1éCiv, vitamint, toxini a jinych
latek v organismu, ti¢inku katalyzatori v chemickych tech-
nologiich nebo biokatalyzatord (enzymut) v lidském téle,
nebo vlivu environmentalnich kontaminant na Zzivotni
prostiedi atd. Chemici pouZivaji dvé hlavni techniky pro
stanoveni struktury molekul a krystal: rentgenovou dif-
rakci (XRD) a nuklearni magnetickou rezonanci (NMR).
Ob¢ vychazi z krystalického vstupniho materialu, coz se
promita i do nézvii obori: RTG krystalografie’ a NMR
krystalografie’. Tyto metody jsou v uréitych situacich
komplementarni, i kdyz NMR spektroskopie v pevné fazi,
i pfes rychly aplikacni rozvoj, neni alternativou schopnou
konkurovat rutinnim RTG difrakénim technikam.
Vytesené struktury organickych a organometalickych
molekularnich krystalii jsou od roku 1965 ukladany do
nejvetsi krystalografické databaze CSD (The Cambridge
Structural Database)®, kterd k roku 2020 obsahovala vice
nez | milion experimentalné stanovenych struktur. Na-

368

prosta vétSina téchto struktur byla stanovena RTG difrakei
(>95 %) a zbytek technikami NMR, neutronové a elektrono-
vé difrakce”.

Klasickd RTG strukturni analyza (SCXRD, viz se-
znam zkratek) se provadi na monokrystalu zkoumané lat-
ky. Pro uspésny sbér dat staéi monochromatickym RTG
svazkem ozafit objem fadové 0,01 mm® monokrystalického
materidlu. Vypéstovat takovy monokrystal je dosaZitelné
asi u 90 % organickych a anorganickych sloucenin, a tak
za vice nez stoletou existenci se monokrystalova RTG
strukturni analyza vyvinula v precizni techniku s vyspélym
a automatizovanym sbérem dat a rychlymi algoritmy fese-
ni. Kompletni zméfeni a vyfeSeni struktury z monokrystalu
dnes trva fadové hodiny.

Zhruba 10 % latek vSak krystaluje velmi neochotné
nebo pouze jako mikrokrystalicky prasek (velikost zrna
fadoveé 0,01 mm a méng). Jedna se napt. o produkty pev-
nolatkovych chemickych reakci. Samostatnou disciplinou
je krystalizace proteintl, u kterych jsou dosazitelné mono-
krystaly o max. velikosti 10'~10 mm. Primérnim pro-
duktem fady primyslovych odvétvi (napf. farmaceutické-
ho primyslu) jsou ov§em mikrokrystalické prasky a zde je
nutné analyzovat pravé primarni material, protoze pfi jeho
prekrystalovani na monokrystal pro SCXRD hrozi vznik
jiné faze (napf. jiného polymorfu nebo solvatu).

Limitujici problém velikosti vstupniho monokrystalu
k méteni I1ze v RTG krystalografii fesit n€kolika zplsoby.
V poslednich 20 letech se rychle rozviji feSeni struktury
z polykrystalickych (praSkovych) materidld. Zde jsou
ovSem omezeni v niz§i presnosti dosazeného feSeni ve
srovnani s monokrystalem, nedosazitelna je absolutni
struktura, polohy atoml vodiku a kromé toho doba vypo-
¢tu potiebného pro vyfeSeni struktury exponencialné na-
rusta v zavislosti na mife vnitini flexibility molekuly
(pocet tzv. parametrt DOF — degrees of freedom). Jinym
vychodiskem je pouziti intenzivniho synchrotronového
zateni v RTG oblasti, kterym lze ziskat kvalitni difrak¢ni
data z mikrokrystali, hrani¢nich rozméra 5-10 pm (viz
proteiny nebo mikrokrystaly separované z prasku). Také
tato technika ma sva omezeni, protoze fada latek ozafeni
intenzivnim synchrotronovym svazkem nevydrzi. Kromé
toho synchrotron je vyjimecné zafizeni, které pro vétSinu
vyzkumnik® neni bézné dostupné. Zajimavymi vyvojovy-
mi trendy jsou zméfeni série rychlych difrakénich snimkt
(Serial Snapshot Crystallograhy) na synchrotronu® nebo
pomoci elektronové difrakce® a potom difrakce na pseudo-
monokrystalu slozeném z magneticky uspotddanych mi-
krokrystall (MOMA — Magnetically Oriented Microcrys-
tal Arrays)’.

Relativné aplikaéné novou metodou a dalsim hra¢em
na poli strukturni analyzy se postupné stava 3D elektrono-
va difrakce (3D ED), které postacuje nepatrné mnozstvi
vstupniho materidlu (nanokrystal). I kdyz fada problému
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s ni spojenych ¢eka na vyfeseni, ma velky potencial rozvo-
je. Urcité bude ¢im dal vice zajimavou pro chemiky a jeji
rozvoj v CR byl proto podpofen grantem GA CR EXPRO
»~Nanokrystalografie molekuldrnich krystala® (FeSitel
Dr.ret.nat. Luk4$ Palatinus z Fyzikalniho ustavu AV CR).
Projekt je Sestilety a jeho feSeni bylo zahdjeno v roce
2021. Klade si za cil vyvinout sadu nastroji, metod a pro-
grami s ambici ustanovit nové standardy v oboru elek-
tronové krystalografie molekularnich krystalti a proménit
tuto metodu v pln€ rozvinuty a obecné pfijimany nastroj
pro analyzu nano- a mikrokrystalickych molekuldrnich
materiald.

2. Difrakce

Z fyzikalniho hlediska je difrakce rozptyl sondujiciho
zafeni na rozptylujicich centrech (pfekazkach) a nasledna
interference rozptylenych paprskll. To znamena, Ze energie
rozptylend piekdzkou se §ifi pouze v urcitych smérech.
Pokud ma sondujici zéafeni vlnovou délku srovnatelnou
nebo mensi nez je vzdalenost mezi rozptylovymi centry
(napt. atomy v krystalové struktufe ozafované monochro-
matickym RTG zafenim laboratorni rentgenky Cu Ka: A =
154 pm), potom je vysledkem difrakéniho experimentu
ustaleny difrakéni obraz, ve kterém je zakdédovéna infor-
mace o trojrozmémém vnitfnim uspofddani atomul
v materialu.

3. Elektronova difrakce

Vzhledem k vinovym vlastnostem elementarnich
castic (Louis de Broglie, 1924), vykazuji difrakéni jev
i svazky elektrontli a neutronti dopadajici na krystaly. Maji-
li elektrony energii 50-200 eV, nepronikaji do objemu
krystalu, ale zpétné se odrazeji od atomt na povrchu. Tyto
tzv. pomalé elektrony se vyuzivaji v metod¢ LEED (Low
Energy Electron Diffraction), ktera slouzi ke studiu po-
vrchu materiald, predev§im k identifikaci ptitomnych fazi.
Fazovou identifikaci umoznuje také RTG difrakéni pras-
kova analyza (PXRD), i kdyz ta potfebuje vétsi mnozstvi
vstupniho materidlu nez LEED. Pii vyrazné vysSich ener-
giich dopadajicich elektrontl, zhruba od prvnich desitek
keV, relativistické elektrony mohou prozafit tenkou vrstvu
zkoumané latky, napf. nanokrystal, difraktuji a poskytnou
analyzovatelna difrakéni data, tzn. intenzity a polohy dif-
rakei, z kterych Ize stanovit krystalovou strukturu.

Metoda elektronové difrakce pro strukturni aplikace
je znama relativné dlouho, viz prukopnické prace Vainsh-
teina® a potom Dorseta’. Zatim viak neni tak dokonale
propracovanou a automatizovanou technikou, jako soucas-
na SCXRD a neni bézné ptistupna Siroké chemické komu-
nité. V poslednich 15 letech vsak dochézi k jejimu prudké-
mu rozvoji navzdory tomu, Ze jev elektronové difrakce je
z hlediska analytického vyuziti principialné komplikova-
néj$i nez RTG difrakce. K §ir§Simu povédomi o 3D ED
mezi chemiky a biochemiky piispély prace Kolbové',
Hovmollera a Zou'!, Gonena'? a jejich spolupracovnikd,
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kteti ukazali, ze tato technika mize byt s uspéchem pouzi-
ta pro stanoveni struktury anorganickych a organickych
sloucenin, metalokomplexii i proteinovych struktur. Sou-
¢asny stav oboru 3D ED shrnuje bilancujici prace Gemmi-
ho a spol."”.

3.1. Uspotadani experimentu a sbér dat

Experiment 3D ED se provadi na transmisnim
(prozafovacim) elektronovém  mikroskopu (TEM).
V difrakénim médu mikroskopu se data sbiraji z jednoho
nanokrystalu litky (objem 1-107* um?®). Velikosti nano-
krystalu je uzplsobena i Sitka sondujiciho elektronového
paprsku, ktera se pohybuje od jednotek nm az k nékolika
pm. Oproti RTG monokrystalové analyze je potfebna veli-
kost krystald pro 3D ED o 2-3 fady mensi, coZ je z hledis-
ka pfipravy a dostupnosti vzorku velmi vyznamné.

Pii metod¢ stacionarniho elektronového paprsku je
datovy soubor v 3D ED sledem difrak¢nich obrazct zazna-
menavanych postupné v rGznych thlech naklonu TEM
goniometru, resp. vzorku. Pélové nastavce objektivu vsak
omezuji thly néklonu, takze jejich rozsah obvykle nepie-
kroc¢i 120° (+ 60°). Tento chybéjici klin v difrakénim pro-
storu ED vS8ak miZe byt vyplnén bud pomoci symetrie
krystalu, nebo sbérem dat z vice rizn¢ orientovanych krys-
talti. Problémem stacionarniho sbéru dat je, Ze nepokryva
oblasti reciprokého prostoru mezi jednotlivymi stacionar-
nimi obrazy.

Tento problém muze byt feSen sbérem dat v preces-
nim rezimu. V tomto rezimu elektronovy paprsek vykona-
va precesni pohyb s vrcholem kuzele na vzorku a s vrcho-
lovym uhlem obvykle 0,5-2°. Tento precesni pohyb zajis-
tuje sbér integrovanych difraktovanych intenzit (obr. 1).
Uvedend metoda se oznaCuje jako precesni elektronova
difrakéni tomografie (PEDT)", piip. 3D ED s precesi.
Dalsi moznosti, jak vyfesit problém mezer mezi stacionar-
nimi difrakénimi obrazci, je rotaéni elektronova difrakce
(RED)", kterd vyuziva jemnych krokdi naklonu paprsku
dosazenych pomoci vychylovacich civek TEM, nebo me-
toda kontinudlni rotace (oznaCovana také jako c-RED,
IEDT nebo MicroED), pii které dochézi k expozici detek-
toru béhem rotace krystalu okolo osy goniometru. Techni-
ky sbéru dat vED se oviem velmi rychle vyviji".
V zavislosti na metod¢ sbéru dat a citlivosti detektoru trva
zaznam dat z jednoho krystalu fadové desitky sekund az ca
20 minut. To je podstatn¢ kratsi doba nez je bézné
u SCXRD, byt i zde dochazi k vyvoji a zkracovani doby
experimentu. Vysledkem experimentu 3D ED (i SCXRD)
je soubor obsahujici obvykle nékolik tisic az nékolik desi-
tek tisic reflexi.

Nanokrystaly méfené ED jsou samoziejmé velmi
citlivé na jakoukoliv mechanickou nestabilitu TEM gonio-
metru, kterd muze vzorek snadno vychylit z ozafované
oblasti. Stabilita mechanického pohybu goniometru je
obvykle nedostatecna na to, aby tento pohyb bylo mozné
pouzit pro udrzovani krystalu v elektronovém svazku.
Mnohem jednodussi je posunovat svazkem tak, aby sledo-
val pohyb krystalu. To lze provést dvéma zpisoby. Prvni
moznosti je vzdy po nékolika stupnich otoCeni sejmout
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Obr. 1. Schématicka reprezentace sbéru dat metodou stacionarniho paprsku (a) a v precesnim reZimu (b). Modré tecky: uzly reci-
proké miiZe. OranZové oblasti: oblast reciprokého prostoru pokrytd jednim difrakénim obrazcem. Precesni pohyb na obrazku (b) je nazna-
Cen elipsami se Sipkami. Uhlové rozsahy oblasti pokrytych precesnim pohybem se mohou piekryvat. Barevna verze obrazku je dostupna

na webovych strankach ¢asopisu Chemické listy.

obraz krystalu a podle jeho posunuti posunout elektronovy
svazek. Druhou mozZnosti je nejprve zmapovat pohyb krys-
talu a potom pii samotném experimentu posunovat svaz-
kem podle této predem zjisténé trajektorie'®"”.

3.2. Vyhodnoceni dat

Protokoly v 3D ED zajistuji optimalni sbér integrova-
nych intenzit difrakci a jejich poloh. Existuje fada softwa-
rovych baliki pro redukci dat specialné vytvofenych pro
3D ED nebo upravenych ze software pro RTG difrakéni
data. Ve srovnani s RTG difrakci v8ak u 3D ED existuji
dva dulezité rozdily:

a) Polohy difrakei na detektoru jsou u 3D ED nepfesné:

Nepiesnost stanoveni poloh difrakci je zplisobena
pfitomnosti mnoha optickych prvki v elektronovém mi-
kroskopu mezi vzorkem a detektorem. To se promitne do
nepiesnosti stanoveni miizkovych parametrt. Tato nepies-
nost muze dosahnout az nékolika procent v uréeni délky
hrany elementarni bunky a az do jednoho stupné
v meziosnim uhlu. Pfesnost stanoveni mfizkovych parame-
trl je v soucasnosti u SCXRD az 20x lepsi. Prostor pro
feSeni tohoto problému existuje, i kdyz doposud navrzena
feseni jsou stale nedostateéna'™®".

b) Vicenasobny rozptyl elektronii ve zkoumaném materialu:

Na rozdil od rentgenovych fotond nesou elektrony
zaporny naboj, a proto je jejich interakce s atomy
v krystalu o n€kolik fadi silnéjsi. To mé za nésledek vice-
nasobny rozptyl elektronti v materidlu. Tato situace je ve
fyzice znama jako dynamicka difrakce. Oproti tomu pfi
difrakci RTG zéfeni k vicenadsobnému rozptylu téméf ne-
dochazi a tuto situaci popisuje jednodussi, tzv. kinematic-
ka teorie difrakce.

Intenzity a polohy difrakci v ED se dale zpracovavaji
postupy analogickymi SCXRD. Tim je minéno upfesnéni
miizkovych parametrti, vypocet a upfesnéni poloh atomu
a dalSich parametrii a vypocet map elektrostatického po-
tencialu. Pro upfesnéni struktur z 3D ED dat se pouzivaji
dva pfistupy. Bud’ je vicenasobny rozptyl ignorovan a pro
vypocet modelovych intenzit je pouzita kinematicka teorie
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difrakce. Toto je pouze hrubd aproximace, kterd vede
k snizené pfesnosti vysledkli a ke zvySenym hodnotdm
R-faktor (kritérium spravnosti stanoveni struktury, ¢im
jsou hodnoty R-faktord vyssi, tim je, statisticky, struktura
stanovena mén¢ spolehlivé). Alternativou je vypocet mo-
delovych intenzit za pouziti dynamické teorie difrakce.
Tento piistup se nazyva dynamické upiesnéni®’ a jeho
vyhody byly demonstrovany na feSeni struktur fady ruz-
nych materiala® 2!, Nicméné i dynamické upfesnéni ma
nedostatky, protoze ve své aktualni implementaci neuvazu-
je defekty a nedokonalosti krystalt. Ty hraji v ptipadé
dynamické difrakce vyznamnéjsi roli nez v kinematickém
pripadé.

3.3. Aplikace

Prvni aplika¢ni studie 3D ED byly provedeny se sta-
cionarnim paprskem na anorganickych materialech, které
jsou stabilni, napf. mineral Garoit”. Potom se aplikace
rozsitily i na dalsi typy sloucenin a v posledni dob¢ prede-
v§im na farmaceutické molekularni krystaly a biologické
struktury (proteiny). Molekularni krystaly a proteiny jsou
ovSem daleko mén¢ stabilni a pod stacionarnim paprskem
se snadno rozkladaji (tab. I). Hlavni vyhodou 3D ED je
nepatrny vstupni vzorek (velikosti o rozmérech 10-10?
nm) a potom ldkava moznost strukturni identifikace jed-
notlivych ¢astic (zrn) v kompaktnich matricich bez nutnos-
ti separace. To SCXRD umi jen obtizné. Rychlym tempem
se vED zdokonaluje méfici technika, rezimy méfeni
a algoritmy vyhodnoceni dat.

V materidlovém vyzkumu byly metodou 3D ED stu-
dovany napf. fazové piechody na trovni jednotlivych zrn
a precipitatii, viz struktura faze Eu,Si,O; v kiemenné ma-
trici®®. Zajimava je i strukturni studie elektrodového mate-
ridlu v Li-iontovych bateriich insitu pii nabijeni/
vybijeni®’. Slibné moznosti se ukazuji pfi strukturnim stu-
diu rtiznych epitaxnich vrstev, tenkych filma, intermediatd
ve fyzikalnich a chemickych procesech apod. Déle jsou zaji-
mavé strukturni studie metalokomplext, které jsou oznaco-
vany zkratkami MOF (metal-organic frameworks)™**
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Tabulka I

Typicka hrani¢ni davka elektronového svazku zptsobujici
ztratu krystalinity, vyjadfena jako ploSna hustota elemen-
tarniho naboje, o.. Jeji hodnoty pro rizné slouceniny byly
stanoveny na zaklad¢ zkuSenosti v laboratofi autora L.
Palatinuse a jsou pouze piiblizné

Ttida  Sloudeniny o. [e/A%]
1. zeolity >100

2. MOF (metal organic frameworks) 5-15

3. proteiny 1-10

4. molekularni krystaly s H-vazbami 0,5-10
5. molekularni krystaly s pfevazujicimi 0,01-0,5

van der Waalsovymi vazbami

a COF (covalent organic frameworks)™ a aperiodickych
materiald, napt. slitin CusSi (cit.*") a NigTis (cit.”). Velké
uspéchy slavi 3D ED pfi feseni struktur poréznich materia-
18, k nimz patfi predevsim zeolitova sita®*** a to vdetné
zachycenych  organickych  molekul — uvnitt  sit™
v katalytickych aplikacich a potom zeolitické materialy
pro sorpci CO,, napf. chabazit™.

Mnoho materialu ke studiu 3D ED predklad4a minera-
logie. Jedna se o strukturni studium mikroskopickych fazi
vznikajicich na fazovych rozhranich nebo metamorfova-
nych fazi ze skladek apod., kdy jsou k dispozici pouze
submikronové vzorky (<1 um), Casto navic ve slozitych

£ el
-e
>,

i

v

Referat

matricich. To se tyka i fazi nachazejicich se v meteoritech
a horninach vytvofenych za extrémnich podminek
a v neposledni fadé i archeologickych artefakti. Prikladem
uspé€sné vyfeSenych mineralogickych struktur jsou vlédknité
silikity: jiz zminény aroit” a denisovit’® (primér vliken
200-500 nm), fada mineralt uranu®’ >’ a jiné mineraly**™*.

Aplikace 3D ED pro urceni struktury proteint je spe-
cificka oblast, podobné jako v RTG krystalografii, ktera se
déli na tzv. malou a velkou (proteinovou nebo makromole-
kularni) krystalografii. U makromolekularni krystalografie
se jedna predevsim o specifickou krystalizaci vzorkl
ajejich uchovavani (vitrifikace, zamraZeni). Ze zacatku
byla vétSina struktur proteinii stanovenych 3D ED pouze
reprodukci jiz znamych struktur stanovenych RTG difrak-
ci. V poslednich letech se zacinaji objevovat 3D ED prace
analyzujici dosud nefedené struktury, napt.***°. Pi stano-
veni struktury proteint se fazovy problém (experimentalni
nedostupnost fazi difrakci nutnych pro vypocet map elek-
tronové hustoty) fe§i metodou ,molecular replace-
ment*“ (molekularni nahrazeni nebo 1épe molekularni po-
dobnost). Sbér dat pro 3D ED se u proteinti provadi techni-
kou s kontinudalni rotaci.

3.3.1. Struktury molekularnich krystalii

Aplika¢ni podstatou zmiflovaného grantu EXPRO
(viz kap. 1) je stanoveni struktury molekularnich krystald,
a proto je jim zde vénovana samostatna podkapitola. Am-
bici je metodu 3D ED a jeji moznosti dostat vice do pozor-
nosti chemik a zvlasté farmaceutickych chemiki, napt. na

Obr. 2. Krystalova struktura kokrystalu sofosbuvir — L-prolin, vyFeSena metodou 3D ED s precesi, véetné urceni absolutni struk-
tury; barevna verze obrazku je dostupna na webovych strankach ¢asopisu Chemickeé listy
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strukturnim studiu cyklickych peptidi, kalixarentl, fluoro-
vanych derivati a potom na molekularnich krystalech ve
farmaceutickych aplikacich.

Soucasny farmaceuticky vyzkum S$iroce vyuzivd me-
todu SCXRD pro strukturni studie molekuldrnich krystalt
(substanci, necistot, intermediatd apod.). Problémem vsak
je, ze nékteré latky  krystaluji ~ Spatné, tzn.
v submikroskopickych  krystalech nevhodného tvaru
(vlakna, listecky, krystaly typu kniha apod.) nebo v nedo-
konalych krystalech vznikajicich napf. na fazovych rozhra-
nich. Permanentnim problémem farmaceutického primys-
lu je také polymorfismus substanci a jejich neocekavané
polymorfni ptechody’. Diileité je proto provést strukturni
studie polymorfnich pfechodl jiz v nuklea¢nim stadiu
apotom v komplexnich matricich, napf. v tablet¢ nebo
tobolce. V posledni dobé jsou predmétem vyzkumu ve
farmacii kokrystaly. Hranice mezi kategoriemi farmaceu-
ticky kokrystal vs. farmaceuticka st je difuzni a mtiZze byt
i pfedmétem soudniho sporu. Uznavanym kritériem pro
jednoznacné zafazeni substance do spravné kategorie je
stanoveni polohy protonu (vodiku) mezi donorem
a akceptorem. Je znamé, Ze se stanovenim polohy protonu
ma nékdy SCXRD problémy. Pro farmacii je klicova zna-
lost absolutni struktury a z ni vyplyvajici chiralni Cistota
substanci, kterou si Z&dny farmaceuticky vyrobce dnes
nedovoli ignorovat. Metoda SCXRD je schopna stanovit
absolutni strukturu spolehlivéji, kdyz struktura obsahuje
tézky atom.

Ve vSech téchto farmaceutickych aplikacich se
s uspéchem muize uplatnit i 3D ED. Dokonce v porovnani
s SCXRD umi metoda 3D ED, v kombinaci s dynamickym
upiesnénim, snaze a spolehlivéji stanovit absolutni struktu-
ru, i kdyZ ji tvoii pouze lehké atomy®’. Dal§imi ukézkami
farmaceutickych aplikaci 3D ED jsou stanoveni struktury
aktivni substance piimo v 1ékové formé — tvrdé tobolce
ptipravku Grippostad® (cit.*®) a strukturni studium rych-
Iych polymorfnich transformaci glycinu®. Ptiklady vyie-
Senych farmaceutickych struktur v Laboratofi elektronové
krystalografie Fyzikalniho ustavu AV CR jsou paraceta-
mol, polymorf II (cit.?") a kokrystal sofosbuvir — L-prolin
(obr. 2)*.

4. Zavér

V dohledné dobé 3D ED uréit€ nenahradi rutinni
a Siroce pouzivanou RTG difrakci. Ovsem tam, kde se
dostava metoda SCXRD do problémi (velikost monokrys-
talu, jeho existence v komplexni matrici), ma metoda 3D
ED bezpochyby velky potencial rozvoje. K vyhodé 3D ED
patii fakt, ze silnd Coulombova interakce mezi dopadajici-
mi elektrony a hmotou krystalu umoziuje dobry pomér
signalu k Sumu i u velmi tenkych vzorkl a tim snadngjsi
identifikaci lehkych atomu, jako je lithium a vodik, ve
srovnani s RTG difrakei. Absolutni strukturu umi 3D ED
stanovit spolehlivéji.

Na druhé¢ strané vSak soucasnd 3D ED trpi slabinami.
Reseni nékterych z nich je tématem zmifiovaného grantu
GA EXPRO:
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potieba dalsiho vyvoje metod sbéru presnych a upl-
nych dat,

nedostatecna presnost v urceni miizkovych parametra,
rozliSeni mezi atomy s podobnou rozptylovou silou je
obtizné (napf. Si a Al),

pfesnost stanoveni délek a hlli chemickych vazeb
neni dostatecna, a tak nelze rozlisit napt. jednoduchou
vazbu C—O od dvojné C=0,

stanoveni absolutni struktury je zatim spolehlivé pou-
ze pro enantioCisté slouceniny,

analyzovat efekty polarity chemické vazby apod. po-
moci 3D ED dat je teoreticky mozné, ale prakticky
dosud neprozkoumané a neovétené.

Kromé toho nelze pominout fakt, ze soucasné experi-
mentalni zafizeni pro 3D ED je primarné postaveno jako
TEM mikroskop a méfeni elektronové difrakce je pouze
jeden z jeho rezimid. Ve vyvoji jsou ovsem pfistroje speci-
alizované pro sbér 3D ED dat a jejich automatické zpraco-
véani, coz metodu elektronové difrakce ucini dostupnéjsi
Siroké obci chemikt a krystalografi.

Seznam zkratek

ADT automated diffraction tomography

COF covalent organic frameworks

DOF degrees of freedom

3DED three-dimensional electron diffraction

MicroED  Microcrystal electron diffraction

MOF metal organic frameworks

NMR nuclear magnetic resonance

PXRD powder X-ray diffraction

PEDT precession-assisted electron diffraction
tomography

RED rotation electron diffraction

SCXRD single crystal X-ray diffraction

XRD X-ray diffraction

Tato prdce byla podporena GA CR, projektem exce-
lence v zdkladnim vyzkumu EXPRO 21-05926X.
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L. Palatinus® and B. Kratochvil® (“ Department of

Structure Analysis, Institute of Physics of the Czech Acad-
emy of Sciences, ” Department of Solid State Chemistry,
University of Chemistry and Technology Prague): Elec-
tron Diffraction — New Tool for Crystal Structure Solu-
tions

X-ray single crystal diffraction analysis is currently

the most used method for determining the structure of
substances. In the last 15 years, however, 3D electron dif-
fraction has developed rapidly as a competitive method of
structural analysis. Compared to X-ray single crystal anal-
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ysis, the input crystal size for 3D electron diffraction is 2—
3 orders of magnitude smaller, and structural analysis can
also be performed in a complex matrix. In addition, data
collection takes from seconds to minutes for 3D electron
diffraction, compared to hours for X-ray diffraction. Alt-
hough 3D electron diffraction is not yet a precise and rou-
tine technique, it has great application potential for chem-
ists. The goal of this review is to provide a brief insight of
the principles of 3D electron diffraction, experimental
design, data collection and structural evaluation. Emphasis
is placed on illustrating structural applications in the fields
of inorganic, organic, metalloorganic compounds, metals
and alloys, aperiodic crystals, zeolite sieves, minerals,
proteins and pharmaceutical substances.
English translation available in the on-line version.
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1. Introduction

The determination of the structure of molecules and
their arrangement in a crystal, including binding interac-
tions, is key to understanding many chemical and biologi-
cal processes, e.g. the mechanism of action of drugs, vita-
mins, toxins and other substances in the body, the effect of
catalysts in chemical technology or biocatalysts (enzymes)
in the human body, or the effect of environmental contam-
inants on the environment, etc. Chemists use two main
techniques to determine the structure of molecules and
crystals: X-ray diffraction (XRD) and nuclear magnetic
resonance (NMR). Both are based on crystalline starting
material, which is reflected in the names of the fields:
X-ray crystallography' and NMR crystallography”®. These
methods are complementary in certain situations, although
solid-state NMR spectroscopy, despite rapid application
development, is not an alternative capable of competing
with routine X-ray diffraction techniques.

Since 1965, the solved structures of organic and or-
ganometallic molecular crystals have been deposited in the
largest crystallographic database CSD (The Cambridge
Structural Database)’, which in 2020 contained more than
1 million experimentally determined structures. The vast

majority of these structures have been determined by
X-ray diffraction (>95%) and the remainder by NMR,
neutron and electron diffraction techniques®.

Classical X-ray structural analysis (SCXRD, see list
of abbreviations) is performed on a single crystal of the
substance under investigation. For successful data collec-
tion, it is sufficient to irradiate a volume of the order of
0.01 mm”® of the single-crystal material with a monochro-
matic X-ray beam. Growing such a single crystal is
achievable for about 90% of organic and inorganic com-
pounds, and thus over more than a century of existence,
single crystal X-ray structural analysis has evolved into
a precise technique with advanced and automated data
acquisition and fast solution algorithms. Today, it takes
hours to completely measure and solve a single crystal
structure.

However, about 10% of the substances crystallize
very reluctantly or only as microcrystalline powder (grain
size on the order of 0.01 mm or less). These are e.g. prod-
ucts of solid-state chemical reactions. A separate discipline
is the crystallisation of proteins, for which single crystals
with a maximum size of 10™ to 10~ mm are achievable.
However, the primary product of many industries (e.g.
pharmaceutical industry) are microcrystalline powders and
here it is the primary material that needs to be analyzed,
because when it is recrystallized into a single crystal for
SCXRD, there is a risk of formation of another phase (e.g.
another polymorph or solvate).

The limiting problem of the size of the input single
crystal to be measured can be addressed in X-ray crystal-
lography in several ways. In the last 20 years, the solution
of the structure from polycrystalline (powder) materials
has been developing rapidly. Here, however, there are
limitations in the lower accuracy of the achieved solution
compared to the single crystal, the absolute structure and
the positions of the hydrogen atoms are unattainable and,
in addition, the computation time required to solve the
structure increases exponentially with the degree of inter-
nal flexibility of the molecule (the number of so-called
DOF parameters — degrees of freedom). Another approach
is the use of intense synchrotron radiation in the X-ray
region, which can be used to obtain high quality diffrac-
tion data from microcrystals with boundary dimensions of
5-10 um (e.g. proteins or microcrystals separated from
powder). This technique also has its limitations, as many
substances cannot withstand irradiation with an intense
synchrotron beam. In addition, the synchrotron is an ex-
ceptional facility that is not readily available to most re-
searchers. Interesting developments are the measurement
using the technique of Serial Snapshot Crystallography on
a synchrotron® or by electron diffraction® and then diffrac-
tion on a pseudosingle crystal composed of Magnetically
Oriented Microcrystal Arrays (MOMA)'.
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Technique named 3D electron diffraction (3D ED) is
gradually becoming a relatively new application method
and another player in the field of structural analysis, for
which a small amount of input material (nanocrystal) is
sufficient. Although a number of problems associated with
it are still to be solved, it has great potential for develop-
ment. It will certainly become more and more interesting
for chemists and its development in the Czech Republic
was therefore supported by the Czech Science Foundation,
EXPRO project: "Nanocrystallography of molecular crys-
tals" (researcher Dr.ret.nat. Luka$ Palatinus from the
Academy of Sciences of the Czech Republic). It is a six-
year project and its solution started in 2021. It aims to
develop a set of tools, methods and programs with the
ambition to set new standards in the field of electron crys-
tallography of molecular crystals and to turn this method
into a fully developed and generally accepted tool for the
analysis of nano- and microcrystalline molecular materials.

2. Diffraction

In physical terms, diffraction is the scattering of prob-
ing radiation at scattering centers (obstacles) and the sub-
sequent interference of the scattered beams. This means
that energy scattered by an obstacle only propagates in
certain directions. If the probing radiation has a wave-
length comparable to or less than the distance between the
scattering centres (e.g. atoms in a crystal structure irradiat-
ed by monochromatic X-rays from a laboratory X-ray tube
Cu Ka: A = 154 pm), then the diffraction experiment re-
sults in a diffraction pattern in which information about the
three-dimensional internal arrangement of the atoms in the
material is encoded.

3. Electron diffraction

Because of the wave properties of elementary parti-
cles (Louis de Broglie, 1924), electron and neutron beams
incident on crystals also exhibit diffraction. If the electrons
have an energy of 50-200 eV, they do not penetrate the
volume of the crystal but are reflected back from the atoms
on the surface. These so-called slow electrons are used in
the LEED (Low Energy Electron Diffraction) method to
study the surface of materials, especially to identify the
phases present. Phase identification is also possible by
powder X-ray diffraction (PXRD) analysis, although this
requires a larger amount of input material than LEED. At
significantly higher incident electron energies, roughly
from the first tens of keV onwards, relativistic electrons
can illuminate a thin layer of the substance under investi-
gation, e.g. a nanocrystal, diffract and provide analysable
diffraction data, i.e. diffraction intensities and their posi-
tions, from which the crystal structure can be determined.

The electron diffraction method for structural applica-
tions has been known for a relatively long time, see the
pioneering work of Vainshtein® and then Dorset’. Howev-
er, it is not yet as sophisticated and automated technique as
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the current SCXRD and is not routinely available to the
general chemical community. In the last 15 years, howev-
er, it has been developing rapidly despite the fact that the
electron diffraction phenomenon is fundamentally more
complicated than X-ray diffraction in terms of analytical
use. The work of Kolb'®, Hovméller and Zou'', Gonen'?
and co-workers has contributed to a wider awareness of
3D ED among chemists and biochemists, showing that the
technique can be successfully used to determine the struc-
ture of inorganic and organic compounds, metallocomplex-
es and protein structures. The current state of the art of 3D
ED is summarised in the review by Gemmi et al'.

3.1. Experimental setup and data collection

The 3D ED experiment is performed on a transmis-
sion electron microscope (TEM). In the diffraction mode
of the microscope, data are collected from a nanocrystal of
a substance (volume 1-10* pm®). The size of the nano-
crystal is matched to the width of the probing electron
beam, which ranges from units of nm to a few pm. Com-
pared to X-ray single crystal analysis, the required crystal
size for 3D ED is 2-3 orders of magnitude smaller, which
is very significant in terms of sample preparation and
availability.

In the stationary electron beam method, the 3D ED
data set is a sequence of diffraction patterns recorded se-
quentially at different tilt angles of the TEM goniometer or
sample. However, the pole attachments of the objective
lens limit the tilt angles so that their range does not usually
exceed 120° (= 60°). However, this missing wedge in the
ED diffraction space can be filled either by crystal sym-
metry or by collecting data from multiple crystals with
different orientations. The problem with stationary data
acquisition is that it does not cover the regions of recipro-
cal space between the stationary images.

This problem can be solved by collecting data in pre-
cession mode. In this mode, the electron beam performs
a precession motion with a cone peak on the sample and
a peak angle of typically 0.5-2°. This precession motion
ensures the collection of integrated diffracted intensities
(Fig. 1). This method is referred to as precession electron
diffraction tomography (PEDT)™ or 3D ED with preces-
sion. Another option to solve the problem of gaps between
stationary diffraction patterns is rotational electron diffrac-
tion (RED)", which uses fine beam tilt steps achieved by
deflection coils in the TEM, or the continuous rotation
method (also referred to as c-RED, IEDT or MicroED),
which involves exposure of the detector while the crystal
rotates around the goniometer axis. However, data acquisi-
tion techniques in ED are rapidly evolving'®. Depending
on the data acquisition method and the sensitivity of the
detector, it takes on the order of tens of seconds to approx.
20 minutes to record data from a nanocrystal. This is con-
siderably shorter than is common in SCXRD, although
experiment times are evolving and shortening here as well.
The result of a 3D ED (and SCXRD) experiment is a file
containing typically several thousand to tens of thousands
of reflections.
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Fig. 1. Schematic representation of data acquisition by stationary beam method (a) and in precession mode (b). Blue dots: points of
the reciprocal lattice. Orange areas: the region of reciprocal space covered by a single diffraction pattern. The precession motion in figure
(b) is indicated by ellipses with arrows. The angular ranges of the regions covered by the precession motion may overlap.

Nanocrystals measured by ED are of course very sen-
sitive to any mechanical instability of the TEM goniome-
ter, which can easily move the sample out of the irradiated
area. The stability of the mechanical motion of the goni-
ometer is usually insufficient to use this motion to keep the
crystal in the electron beam. It is much easier to move the
beam to follow the movement of the crystal. This can be
done in two ways. The first way is to always take an image
of the crystal after a few degrees of rotation and move the
electron beam according to its displacement. The second
option is to first map the motion of the crystal and then
move the beam according to this pre-determined trajectory
during the actual experiment '®'7.

3.2. Data evaluation

The protocols in 3D ED ensure optimal collection of
integrated diffraction intensities and their positions. There
are a number of data reduction software packages specifi-
cally designed for 3D ED or adapted from software for X-
ray diffraction data. However, there are two important
differences in 3D ED compared to X-ray diffraction:

i) The diffraction positions on the detector are inaccu-
rate for 3D ED:

The inaccuracy of the diffraction positions is due to
the presence of many optical elements in the electron mi-
croscope between the sample and the detector. This trans-
lates into inaccuracy in the determination of the lattice
parameters. This inaccuracy can reach up to several per-
cent in the determination of the elementary cell edge
length and up to one degree in the interaxial angle. The
accuracy of the determination of lattice parameters is cur-
rently up to 20 times better with SCXRD. There is room
for solving this problem, although the so far proposed so-
lutions are still insufficient'™".

ii) Multiple electron scattering in the material under
investigation:

Unlike X-ray photons, electrons carry a negative
charge and therefore their interaction with atoms in the
crystal is several orders of magnitude stronger. This results

in multiple scattering of electrons in the material. This
situation is known in physics as dynamic diffraction. In
contrast, in X-ray diffraction, multiple scattering almost
does not occur and such case the simpler, so-called kine-
matic theory of diffraction applies.

The intensities and positions of the diffractions in ED
are further processed by procedures analogous to SCXRD.
This means refinement of lattice parameters, calculation
and refinement of atomic positions and other parameters,
and calculation of electrostatic potential maps. Two ap-
proaches are used to refine structures from 3D ED data.
Either multiple scattering is ignored and kinematic diffrac-
tion theory is used to calculate the model intensities. This
is only a rough approximation, which leads to reduced
accuracy of the results and increased values of R-factors
(a criterion for the correctness of structure determination;
the higher the R-factor values, the less reliable the refined
structure model). An alternative is to calcucate the model
intensities using dynamic diffraction theory. This approach
is called dynamical refinement® and its advantages have
been demonstrated on the solution of structures of a varie-
ty of materials* **. However, even dynamic refinement
has shortcomings, because in its current implementation it
does not consider defects and imperfections in crystals.
These play a more significant role in the dynamical dif-
fraction case than in the kinematic case.

3.3. Applications

The first application studies of 3D ED were carried
out with a stationary beam on inorganic materials that are
stable, e.g. the mineral charotite™. Afterwards, applica-
tions were extended to other types of compounds and more
recently to pharmaceutical molecular crystals and biologi-
cal structures (proteins). However, molecular crystals and
proteins are much less stable and easily decompose under
a stationary beam (Table I). The main advantage of 3D ED
is the tiny input sample (sizes of 10~10* nm) and then the
attractive possibility of structural identification of individ-
ual particles (grains) in compact matrices without the need
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Table I

Typical limiting electron beam dose causing loss of crys-
tallinity, expressed as area elemental charge density, c.. Its
values for various compounds have been determined on the
basis of experience in the laboratory of the author L. Palat-
inus and are just indicative

Class  Compounds o. [ e/A?]
1. zeolites >100

2. MOFs (metal organic frameworks) 5-15

3. proteins 1-10

4. molecular crystals with H-bonds 0,5-10

5. molecular crystals with predominant 0,01-0,5

van der Waals bonds

for their separation. This is difficult to do with SCXRD.
Measurement techniques, measurement modes, and data
evaluation algorithms are improving rapidly in ED.

In materials research, appications involve e.g. phase
transitions at the level of individual grains and precipitates,
see the structure of the Eu,Si,O; phase in a quartz ma-
trix?®. The structural study of electrode material in Li-ion
batteries in-situ during charging/discharging is also inter-
esting?’. Promising possibilities are shown in the structural
study of various epitaxial layers, thin films, intermediates
in physical and chemical processes, etc. Furthermore,
structural studies of metal-organic frameworks (MOFs)**?

Review

and covalent organic frameworks (COFs)*® and aperiodic
materials such as Cu;Si alloys31 and NigTis (ref.23) are of
interest. 3D ED has been very successful in addressing the
structures of porous materials, which include primarily
zeolite sieves’*? including trapped organic molecules™ in
catalytic applications and then zeolitic materials for CO,
sorption, e.g. chabazite®.

Mineralogy presents a lot of material for the study by
3D ED. The applications in mineralogy involve the study
of microscopic phases formed at phase interfaces or meta-
morphosed phases from dumps etc., where only submicron
samples (<1 pum) are available, frequently embedded in
complex matrices. This also applies to phases found in
meteorites and rocks formed under extreme conditions,
and not least to archaeological artefacts. Examples of suc-
cessfully solved mineralogical structures are fibrous sili-
cates: the mentioned charoite” and denisovite™ (fibre di-
ameter 200-500 nm), a number of uranium minerals®’ >
and other phases**™*.

The application of 3D ED for protein structure deter-
mination is a specific field, similar to X-ray crystallog-
raphy, which is divided into small and large (protein or
macromolecular) crystallography. In macromolecular crys-
tallography, it is mainly concerned with the specific crys-
tallization of samples and their preservation (vitrification,
freezing). In the beginning, most of the protein structures
determined by 3D ED were only reproductions of already
known structures determined by X-ray diffraction. In re-
cent years, 3D ED work analyzing previously unresolved

Fig. 2. Crystal structure of the sofosbuvir — L-proline cocrystal solved by 3D ED with precession, including the determination of

the absolute structure
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structures started to appear, e.g.44—4(’. In protein structure
determination, the phase problem (experimental unavaila-
bility of diffraction phases necessary for the calculation of
electron density maps) is solved by the molecular replace-
ment method. Data acquisition for 3D ED is performed for
proteins using a continuous rotation technique.

3.3.1. Molecular crystal structures

The application basis of the mentioned EXPRO pro-

ject (see Chapter 1) is the determination of the structure of
molecular crystals and therefore a separate subsection is
devoted to them here. The ambition is to bring the 3D ED
method and its possibilities more to the attention of chem-
ists and especially pharmaceutical chemists, e.g. on struc-
tural studies of cyclic peptides, calixarenes, fluorinated
derivatives and then on molecular crystals in pharmaceuti-
cal applications.
Current pharmaceutical research is widely using the
SCXRD method for structural studies of molecular crystals
(substances, impurities, intermediates, etc.). However, the
problem is that some substances crystallize poorly, i.e. in
submicroscopic crystals of inappropriate shape (filaments,
leaflets, book-like crystals, etc.) or in imperfect crystals
formed e.g. at phase interfaces. Polymorphism of sub-
stances and their unexpected polymorphic transitions is
also a permanent problem in the pharmaceutical industry'.
It is therefore important to perform structural studies of
polymorphic transitions already at the nucleation stage of
crystallization proces and then in complex matrices, e.g. in
atablet or capsule. Recently, cocrystals have been the
subject of research in pharmaceutics. The boundary be-
tween the categories of pharmaceutical cocrystal vs. phar-
maceutical salt is diffuse and can be the subject of litiga-
tion. A recognised criterion for clearly classifying a sub-
stance into the correct category is the determination of the
position of the proton (hydrogen) between the donor and
acceptor. It is known that SCXRD sometimes has prob-
lems with determining the accurate position of the proton.
Knowledge of the absolute structure and the resulting chi-
ral purity of substances is crucial for pharmaceuticals,
which no pharmaceutical manufacturer today can afford to
ignore. The SCXRD method is able to determine the abso-
lute structure more reliably when the structure contains
a heavy atom.

In all these pharmaceutical applications, 3D ED can
be successfully applied. Even compared to SCXRD, 3D
ED, in combination with dynamic refinement, can more
easily and reliably determine the absolute structure even
when it consists of only light atoms*’. Other examples of
pharmaceutical applications of 3D ED are the determina-
tion of the structure of the active substance directly in the
dosage form — the hard capsule of Grippostad® (ref.**) and
the structural study of rapid polymorphic transformations
of glycine®. Examples of solved pharmaceutical structures
in the Laboratory of Electron Crystallography of the Insti-
tute of Physics of the Czech Academy of Sciences are e.g.
paracetamol, polymorph II (ref.?") and cocrystal sofosbuvir
— L-proline (Fig. 2)*.
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4. Conclusion

3D ED will certainly not replace routine and widely
used X-ray diffraction in the foreseeable future. However,
where the SCXRD method runs into problems (single
crystal size, its existence in a complex matrix), the 3D ED
method undoubtedly has great potential for development.
One of the advantages of 3D ED is that the strong Cou-
lomb interaction between the incident electrons and the
crystal mass allows a good signal-to-noise ratio even for
very thin samples, making it easier to identify light atoms
such as lithium and hydrogen compared to X-ray diffrac-
tion. The absolute structure can be determined more relia-
bly by 3D ED.

On the other hand, the current 3D ED suffers from
weaknesses. Addressing some of these is the subject of the
EXPRO project mentioned above:

—  The need for further development of methods to col-
lect accurate and complete data,

— the lack of accuracy in the determination of lattice
parameters,

— differentiation between atoms with similar scattering
strength is difficult (e.g. Si and Al),

— the accuracy of the determination of the lengths and
angles of chemical bonds is not sufficient, so that it is
not possible to distinguish e.g. a single C—O bond
from a C=0 double bond,

— the determination of the absolute structure is so far
only reliable for enantiopure compounds,

— analysing chemical bond polarity effects etc. using 3D
ED data is theoretically possible, but practically unex-
plored and untested.

In addition, one cannot ignore the fact that the current
experimental setup for 3D ED is primarily built as a TEM
microscope and electron diffraction measurement is only
one of its modes. However, dedicated instruments for col-
lecting 3D ED data and processing them automatically are
under development, which will make the electron diffrac-
tion method more accessible to a wide community of
chemists and crystallographers.

List of abbreviations

ADT automated diffraction tomography
COFs covalent organic frameworks

DOF degrees of freedom

3DED three-dimensional electron diffraction

MicroED  Microcrystal electron diffraction

MOFs metal organic frameworks

NMR nuclear magnetic resonance

PXRD powder X-ray diffraction

PEDT precession-assisted electron diffraction
tomography

RED rotational electron diffraction

SCXRD single crystal X-ray diffraction

XRD X-ray diffraction

This work was supported by the Czech Science Foun-
dation, project number 21-05926X.
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Abstract

X-ray single crystal diffraction analysis is currently
the most used method for determining the structure of
substances. In the last 15 years, however, 3D electron dif-
fraction has developed rapidly as a competitive method of
structural analysis. Compared to X-ray single crystal analy-
sis, the input crystal size for 3D electron diffraction is 23
orders of magnitude smaller, and structural analysis can
also be performed in a complex matrix. In addition, data
collection takes from seconds to minutes for 3D electron
diffraction, compared to hours for X-ray diffraction. Alt-
hough 3D electron diffraction is not yet a precise and rou-
tine technique, it has great application potential for chem-
ists. The goal of this review is to provide a brief insight of
the principles of 3D electron diffraction, experimental
design, data collection and structural evaluation. Emphasis
is placed on illustrating structural applications in the fields
of inorganic, organic, metalloorganic compounds, metals
and alloys, aperiodic crystals, zeolite sieves, minerals,
proteins and pharmaceutical substances. The development
of the structural methodology of 3D electron diffraction in
the Czech Republic was supported by a EXPRO grant of
the Czech Science Foundation.
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