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Introduction

The study of metal hydrides as hydrogen stor-
age media, started in 1970s, put a reasonable ques-
tion about the structural conditions for such unique
properties of these materials. 10 years of active
structural studies resulted in several empirical
rules, describing structures of R,T,XiH, (R— ac-
tive toward hydrogenation metal, T — other transi-
tion metal; X — p-element) metal hydrides, consid-
ered as insertion derivatives of intermetallics [1] —
(1) the size of interstice capable incorporating
hydrogen atoms should exceed 0.4 A; (2) inter-
stices formed by atoms of active toward hydro-
genation metals like RE, Zr, etc. are occupied the
most preferably. In a general case, interstices with
X atoms in surrounding are not filled at all. And
finally, (3) hydrogen atoms in the structure of
metal hydrides cannot be positioned closer than 2A
from each other («the rule of 2A»).

This review analyses results of our recent PND
studies of metal hydrides, which gave us more pro-
found understanding of these rules.

Results and discussion

1. D...D separation. The discovery of a group
of intermetallic hydrides, which structures are
characterised by unusually short D...D separations,
around 1.6A [2], hydrides of hexagonal RENiln
intermetallics of ZrNiAl type of structure (RE=La—
Nd), put some doubts on the correctness of the
“rule of 2A”. However the structure analysis of
this hydride had shown that these D atoms are
separated by a regular triangle of early RE atoms
with RE...RE distances closer not only than in
other known intermetallic hydrides in RE-Ni sys-
tem, but as well as than this distance in the parent
intermetallic compound. This allowed us to make
the assumption that it is this tightened triangle pro-
vides the conditions for occurrence of short D...D
distance due to screening of D-D interaction. Re-
cently this assumption was confirmed by quantum
chemistry calculations [3].

In this view the exclusion from the “rule of 2A”
in fact confirms the solidness of the rule. The
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length of H...H distances in structures of intermet-
allic hydrides as could be assumed is defined not
only by the van der Waals H-H interaction, but as
well contributed by a fragment of metallic matrix
separating them, which contribution is almost im-
perceptible in a general case.

2. Size of occupies interstices. The other princi-
ple of structural chemistry of metal hydrides re-
considered in our recent studies was the size of
occupied interstices. It had been clearly shown in
the studies of several Zr—Fe-based hydrides that
the in saturated hydrides with ordered hydrogen
sublattice the size of these interstices lay in rather
narrow range of values — 0.48-0.52 A [4.5],
whereas both smaller and larger interstices remain
empty. This observation can be interpreted from
the aspect of Zr...H bonding length and thus per-
haps — the energy of the bonding. Accounting this
we can assume that for other active hydride form-
ing metals the range of sizes of occupied interstices
could be different, e.g. for RE metals, which are
larger than Zr atoms. Two other factors influencing
the sizes of filled interstices are its occupancy and
some structural feature. For example, in the struc-
ture of ZrsAl;D, ¢ interstices of 0.41-0.46 A size
are occupied, which could be explained by the fact
that Zr...Zr distances in this structure are by 15%
shorter compared to the doubled radius of Zr atoms

[6].

3.Preferential occupation of interstice. The
thermal stability studies of a number of Zr—Fe-
based hydrides clearly confirmed that R...H bonds
are stronger than T...H ones. In all three studied
series of hydrides (Zr;FeD;;3¢67, ZrFeDig sy,
Zr¢FeAl,Dy 7 100) the heating in vacuum leads in
the first turn to the release of hydrogen from inter-
stices with Fe atoms in surrounding [4,7]. How-
ever, recent calculation of electronic structure of
LaNilInD 33 showed that in contrast to the expecta-
tion the strongest is D...Ni bonding [3], although
this fact can be attributed by the repulsion between
two closely positioned D atoms, which pushes
them closer toward Ni atoms.



Until 1990s the most of studied structures of
hydrides did not contain p-elements. The widening
of the range of studied structures allowed detecting
several regularities concerning the insertion of H-
atoms into interstices with X atoms in surrounding.
In many of structures hydrogen atoms do avoid
entering such interstices, giving as a result rather
large X...H separations. However, the recent stud-
ies revealed several examples, where hydrogen
enters into such interstices. The difference between
structures with entering interstices with X atoms in
surrounding and avoiding them can be explained
assuming a hydrogen absorption potential of the
compound. If after filling of all R4, R5T, R,T, and
R3T, interstices this potential is not reached yet,
hydrogen starts filling interstices with X atoms in
surrounding. This can be clearly illustrated by two
Zr—Al-containing hydrides, namely Zr;Al;D,5 and
Zr;Al,D5 ;1 [8]. In the former case Zr, sites can po-
sition 3 at.D/f.u. (0.43 D/M), which is even higher
than the maximum capacity, whereas in the latter
one only 2 at.D/f.u. (0.4 D/M) can be positioned in
Zr4 interstices, although the higher Zr/Al ratio of
the second compound assumes higher absorption
capacity. To reach this hydrogenation limit hydro-
gen atoms enter into Zr;Al tetrahedral interstice.
Hydrogen atom in this interstice is shifted from the
centre of the interstice toward the Zr; face, thus
indicating the anti-bonding Al...D interaction [8].

4. Factors defining the structure of hydride. To
finalise this review, it should be stated that to con-
sider the structure of metal hydrides as hydrogen
insertion derivative of the structure of intermetallic
compounds is to some extent an oversimplified
approach. In fact it is defined by a complex inter-
play of three types of interatomic interactions —
metal-metal, hydrogen-hydrogen and metal-
hydrogen. The first being responsible for the gen-
erally observed preservation of the symmetry of
metallic matrix upon hydride formation, the second
being responsible for the so called order-disorder
transitions of metal hydrides, which can cause the
distortion of metallic matrix and the third usually
gives the rise in the unit cell volume upon hydro-
gen absorption. Here we should especially outline
the interaction between R and H atoms. First, it is
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this interaction that in some cases provides the de-
cay of metallic matrix due to formation of more
stable binary hydride (disproportionation). In the
cases of hydrogenation of CeNi; and HoNiSn [8],
despite of different volume effects of the reaction —
extremely high lattice expansion and contraction,
in both cases these transformations can be attrib-
uted to the dominated role of R...H interaction.
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HOBBIE ACIIEKTBI KPUCTAJIVIOXUMHUHN METAJIVIOTUAPUIOB:
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BBeaenne

HccrenoBanne METAIDIOTHAPUIOB B KadecTBE
HaKOIMUTEeNe BOIOpoaa, KOTopoe Hadainoch B 1970e
TO/Ibl, BBIABUHYJIO PE3OHHBIA BOIPOC O CTPYKTYp-
HOI 00YCIIOBIIEHHOCTH TaKUX YHHKAJIHHBIX CBOMCTB
3TUX MarepuayioB. 10 JEeT aKTUBHBIX CTPYKTYPHBIX
HCCTIEJOBAaHUIN TPUBEIH K HECKOJIBKUM SMIIMpHUYC-
CKUM TIpaBWJIaM, OIMCHIBAIOIIMM CTPYKTYPHI Me-
tamnoruapunos R, T, X Hy (R— aktuBHBIH K runpu-
poBanuio Metaml, T — Apyrue mepexonHble MeTal-
Jb1; X — p-3JEMEHT), KOTOpPBIE PacCMaTpUBAIOTCS
KaK TIPOU3BOAHEIC BHeApeHus Bomopoaa B UMC [1]
— (1) pa3mep MmycTOTHI, CIIOCOOHOM MOMECTHTH aTO-
MBI Bojopona mnpesbimaer 0.4 A; (2) nauGomee
MIPEIIOYTUTEIHHO 3aIl0JIHEHHE TYCTOT, 00pa3oBaH-
HBIX aTOMaMH aKTHBHBIX K THIPHUPOBAHHUIO MeETal-
7oB, Takux kak P3M, Zr, u ap. B obmem ciyuae,
ITyCTOTHI, B OTPaHKE KOTOPBIX MPHUCYTCTBYIOT aTo-
MBI X Ha 3amonHstoTcs BooOme. M makower, (3)
aTOMBI BOJIOPOJIa B CTPYKTypaxX METaJUIOTHIPHUIOB
HE MOTYT pacronarathesi 6imke, yem 2A apyr or
npyre («apasuno 2A»).

OTOT 0030p aHAIM3UPYET PEe3yJIbTaThl HAIIUX
HEaBHUX HEUTpOHOrpauyecKux HcCIeJOBaHUM
METaJIOTHIPUIOB, KOTOPBIE MAat0T Oolee Tiay0okoe
MTOHUMaHHUE 3TUX MTPABHIL.

Pe3ysabTaThl u 00Cyx1eHHe

1. Paccmosinua D...D. OTKpbITHE TPYIIBl UH-
TEPMETAININYECKUX THAPUAOB, B CTPYKTYpe KOTO-
PBIX IPUCYTCTBYIOT HEOOBIYHO KOPOTKUE PaCCTOs-
mus D...D (oxomno 1.6A [2]), — rugpumos rekcaro-
HanbHBIX HHTepMeTamnaoB RENiln co cTpykTy-
poit tury ZrNiAl (RE=La—-Nd), BHecio ompene-
JIeHHblE COMHEHHSI B KOPPEKTHOCTh «mpaBuia 2A».
OpHako, aHamu3 CTPYKTYphl 3TOr0 THApPUAA MOKa-
3aJI, 9YTO 9TH aTOMBI D pa3zieneHsl TpeyroNbHUKOM
n3 atomoB RE, B xotopom paccrosiHus RE...RE
MEHBIIIE HE TOJBKO, YEM B JAPYTUX HU3BECTHBIX MH-
TepMETALTHIECKUX TuaApuaax cucreMsl RE-Ni, HO
M 4eM 3TO paccTOsSHHE B MCXOJHOM HHTEpMeTall-
JMYECKOM COEIMHEHUM. DTO MO3BOJMIIO CHENaTh
MPENNONOKEHNE, YTO O3TOT YIJIOTHEHHBIA Tpe-
YTOJBHHK CO3/A€T YCIOBHUSA ULl peau3aluu  Ko-
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POTKUX DPACCTOSHUN H3-3a IKpPaHUPOBAHUS B3aU-
mojercteusi D-D. HenaBHOo 3TO mpenmnosioxeHue
OBLJI0O TIOATBEPKACHO KBAHTOBO-XUMHUYECKUMU
pacueramu [3].

B cBA3M C 3TUM, UCKJIIOYEHHE U3 «IIpaBuna 2A»
Ha caMoOM JieJie TOATBEPKIAeT ero BepHOCTh. Mox-
HO TPEINOI0XKUTh, uTo pacctosinus H...H B cTpyk-
Typax HMHTEPMETANIMYECKUX TUAPUIOB OMNpEHers-
FOTCSl HE TOJIKO BaH-Jiep-BaanbCOBCKUM B3auMo-
nericteueM H-H, HO 1 OT paznenstoluero 3tv aro-
MbI (hparMeHTa METALTMYECKONW MAaTpPHUIbI, BKIIAJ
KOTOPBIX B OOIIIEM CITydae TIOUYTH HE3aMETeH.

2. Pasmepol 3auameix nycmom. Jlpyrum mpa-
BHJIOM, TE€PEOCMBICIICHHBIM B HAIlIUX HEJAaBHUX
pabotax, cran pa3 Mep 3aHATBIX IycToT. Mccnemo-
BaHUAX psla TUAPUIIOB HA OCHOBE cUcTeMbl Zr—Fe
YETKO IMOKAa3aJi0, YTO B HACHIMICHHBIX THAPUAAX C
YIOPSIOUYECHHON BOJAOPOJHON MOAPEIIETKON pas-
MEphl TaKUX IMYCTOT JIEKAT B JOCTATOYHO Y3KOM
unTepsane Bemuund — 0.48-0.52 A [4,5], Toraa kak
MEHBIIINE W OOJBIIUE MO Pa3Mepy MyCTOTH OCTa-
I0TCS HE3aHATHIMH. Takoe HaOIIOJCHHEe MOXHO
WHTEPIPETUPOBATh C TOYKH 3PECHUS JUIMHBI CBS3H
Zr...H, u, Takum 00pa3oM, BO3MOXKHO, — JHEpPTUeH
3TOM CBS3U. YUUTHIBAsi 3TO, Mbl MOXEM IPEIIo-
JIOKUTH, YTO JJISl IPYTHX aKTHBHBIX B THIPHI000-
pa30BaHMM METAJJIOB JMANa30H pa3MepoB 3arod-
HEHHBIX IYCTOT MOXET OBITh UHBIM, HAIPUMED IS
P3M, ubn aTomsl 60mbIIe aToMoB Zr. J[BymMs apy-
rumMu  (DakTOpaMHu, KOTOPBIC BIHUSIOT Ha pa3Mep
3alOJHEHHBIX IYCTOT, SIBISIOTCA CTENEHb HUX 3a-
MIOJTHEHNSI ¥ HEKOTOPBIE CTPYKTYPHBIE 0COOEHHO-
ctu. Hammpumep B crpykrype Zr,AlzD,g 3amonns-
10TCs MycTOTH! pazMepoM 0.41-0.46 A, uto mosxHO
OOBSICHHUTB TEM, YTO B 3TOHM CTPYKTYpE PacCTOSHHS
Zr...Zr Ha 15% xopoue, 4eM yABOSHHBIA paiiyc
aTtomoB Zr [6].

3. Ilpeonoumumenvroe 3anonHeHue nycmom.
HccnenoBanne  TepMOCTAaOMIBHOCTH — THAPHUIOB
pAna TUAPUZIOB Ha OCHOBE Zr—Fe ueTko moAaTBep-
quno, uto cBsa3u R...H cumabnee, yem T...H. Bo
BCEX TPEX HCCICOOBAHHBIX CEpPUAX THUAPHUIOB
(ZrsFeDi 367, ZrFeDigso, ZrgFeAlbDs7100) Ha-
rpeBaHUe B BOAOPOAE B MEPBYIO OYEPEAb MPHUBO-



JIUT K BBIIENIEHUIO BOJIOPOJIa U3 MYCTOT C aTOMaMu
Fe B orpanke [4,7]. OmgHako, HeZaBHMI pacyer
aneKkTpoHHOH cTpykTypbl LaNilnD, 33 mokasain, uro
BOMPEKU OXKUJAHUSAM, CWIbHEHIIEH sBiseTCA
cBs3b D...Ni [3], XOTs 3TOT akT MOKHO OTHECTHU
K OTTJIKHUBAHUIO MEXIY IBYMs OJIM3KO Pacrojio-
JKEHHBIMH aToMaMH D, KOTOpo€ MOATAJIKMBAET UX
ommke k atomaM Ni.

Jlo 1990x ro0B OOJBIIMHCTBO UCCICAOBAHHBIX
CTPYKTYp THUIAPHUAOB HE COACPKAIU P-3JIEMEHTHI.
Pacmmpenune aumanasoHa MCCi€AOBaHHBIX CTPYK-
TYp TO3BOJHIO OOHAPYKUTh HECKOJBKO 3aKOHO-
MEpHOCTEMH, Kacalolluxcs BHeApeHus atoMoB H B
ITyCTOTHI ¢ aToMamMu X B orpaHke. B OobmioM ko-
JIMYECTBE CTPYKTYP aTOMEI BOJOPOJa B JIEHCTBHU-
TENBHO W30CraloT BHEJPCHUS B TaKHE ITyCTOTHI,
YTO MPHUBOIUT K JTOCTATOYHO OOJBIINE PACCTOSHUS
X...H. Onnako, HeJaBHUE MCCIEI0BAHMUS BBIIBUIIN
HECKOJFKO TIPUMEPOB, B KOTOPBIX BOJOPO] BHE-
IpsieTcsl B TaKue MyCTOThl. PasHUIy MexXny CTpyK-
TypaMu C BHEJpeHueM aToMoB H B mycTOTHl ¢
atoMaMu X B OIPaHKE M TEMHU, B KOTOPHIX TaKue
ITyCTOTHI U30ErarTCs, MOKHO OOBSICHHTh Ha OCHO-
BE BOJIOPOJICOPOIIMIOHHOTO TMOTEHIHANIa COEIHE-
Hus. Ecnu mocne 3amoiHeHus BceX MyCTOT Ry,
R;T, R, T, u R;T, 3TOT moTeH1nan Bce eIe He I0C-
TUTHYT, BOJOPOJ HAUMHAET 3aIMOJIHATH IIYCTOTHI C
atromMamMu X B OrpaHKe. ITO SICHO HWIUTFOCTPHUPYET
Ha TIpUMepe ABYX THIPHUAOB Ha OCHOBE COCIUHE-
Huii Zr—Al, a umenHo ZryAlDyg u Zr;Al,Do [6].
B nepBoM ciydae mycToThl Zry MOTYT pa3MeCTUTh
3 ar.D/¢.e. (0.43 D/M), uto naxke OoJibllie, YeM
MaKCHUMaJbHasi €eMKOCTh IO BOJOPOAY, TOTJa Kak
BO BTOPOM COEIMHEHHUH TaKHE MyCTOTHl MOTYT pa3-
mectuth Jumb 2 ar.D/d.e. (0.4 D/M), xots
Oombliee cooTHolIeHHe Zr/Al B 3TOM cOoeIMHEHUN
MIPeIoiaraeT BBICHIYIO COPOIIMOHHYIO €MKOCTb.
Jns mocTtkeHus 3TOro mpejena TUApPUAOBaHUs
aTOMBI BOJIOPOJIa BHEIPSIOTCA B TETPadAPUUCCKUC
myctoThl Zr;Al. B 31X mycToTax aToMbl BOJIopoJia
COBUHYTHl M3 LIEHTPAa B CTOPOHY IpaHu Zri;, 4YTO
CBUJICTEILCTBYET O AHTHU-CBSI3BIBAIONIEM B3aUMO-
nericteuu Al...D [6].

4. ©axmopwi, onpedensowue CMpyKmypy euo-
puoa. B 3aBepmienne o030pa, ClemayeT yKas3aTh,
YTO IPENCTABIECHUE CTPYKTYPhl MHTEPMETAILIAYE-
CKHUX THUIPUIIOB KaK MPOU3BOJHON BHEAPEHUS BO-
mopoaa oT cTpyktypel MMC smBiseTcss dpesmep-
HbIM ynpoiieHueM. Ha camom gene oHa omnpeze-
JSIETCS. B3aMMOCBSI3bI0 TPEX TUIIOB MEXATOMHBIX
B3aMMOJCHUCTBUI MeTalUI-MeTallJl, BOAOPOJ-
BOZOPOA W MeTa-Bojmopon. M3-3a mepBoro u3
HUX TPH THAPUI000pa30BaHUK B OOILEM Cllydyae
COXpaHSETCS CHMMETpPUSI METAJUIMYeCKOW MaTpH-
b, BTOPOH MIPHUBOAMT K TaK HA3bIBAEMBIM IMEPEXO0-
JaM «TOPSIOK-0e3MOPSIIOK» B METaUIOTHIPHIAX,
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KOTOpbIE MOTYT BBI3BaThb HCKAKCHHE MeETaJlId4e-
CKOIl MaTpHIbl, @ TPETUH OOBIYHO JAET yBeIHYe-
HUE 00beMa SIMEMEHTAPHOM SUEHKHU MPH MOTJIoLIe-
HUM Bozmopona. TyT cienyeT ocOOEHHO OTMETUThH
B3auMojieiicteue Mexay aromamu R u H. Bo-
MIEPBBIX, UMEHHO 3TO B3aWMOJIEHCTBHE B HEKOTO-
PBIX CIIydasix IPUBOIUT K paclaay MeTaJUIMYeCKOil
MaTpHIsl W3-3a 00pazoBaHus Ooyiee CTaOHIHLHOTO
OuHapHOTO TUApPUAA (IUCHPONOPIMOHUPOBAHIUE).
B cnyugae runpupoBanus CeNi; u HoNiSn [8], He
CMOTpS Ha paszHble 00beMHBIE 3 (EKTH Mmporecca
— Ype3BBIYAITHO OOJIBIIOE pacIIMpPeHHEe PEUIeTKH U
ee ckaTHe — B O0OMX Cly4asx 3TH NpeBpalleHHs
MOKHO OTHECTH Ha CUYET JOMUHHUPYIOLIEH pOJH
B3anmoaencTeuii R.. . H.
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