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AnHotamusi: [loHMMaHWe SHEPreTUYECKMX XapaKTePUCTHK Ha TpaHWIE MeTall-
OpPraHMYECKOE BEIIECTBO MMeEET OOJbIIoe 3HAUYCHUE ISl pa3paboTKU TEXHUKU U TEXHOJOTHUI
B PA3IMYHBIX OTPACISAX TPOMBIIUICHHOTO IPOU3BOJCTBA. B 23TOl cBsizu HabmomaeTcs
0OJIBIION MHTEpPEC K H3YYEHHIO IPOILIECCOB, MPOTEKAIOIIMX Ha JaHHOW TpaHHIle pas3zena.
Oco00 CTOUT BBIACTUTH OYpPHBIM pPOCT pabOT MO HCCICAOBAHUIO CBOWCTB METaJlI-
OpPraHMYECKUX KapKacHBIX CTPYKTYp, YTO CBSI3aHO C BO3MOXHOCTBIO CHHTE3UPOBATH JAHHbBIE
CTPYKTYPBI C HEOOXOAMMBIMU CBOWCTBAaMU, OJ1aro/iapsi BAPbUPOBAHUIO JJIMHBI OPTaHHYECKON
MOJIEKYJIbl, COEUHSIONIEH aTOMbI METAJJIOB MJIM UX OKCUJIOB, a TAaKXKe MOJ00PY IE€MEHTHOTO
coctaBa. B manHoii paboTe mosyueHbl 3HaYeHUS MeX(pa3HOW SHEPruy Ha TpaHUIAX TpaHen
KpUCTAJIJIa QJIIOMMHHMS C OPTaHUYECKUMHU KHUJAKOCTAMHU B paMKaX 3JIEKTPOHHO-
CTATHCTUYECKOTO METOJa C YYeTOM TOJSIpHU3AINH METAJUIMYECKUX HWOHOB U  MOJICKYT
OPraHNUYEeCKON KUJIKOCTH, a TAK)KE JUCIIEPCUOHHOIO B3aUMOJEHCTBUS sueek Burnepa-3eiitua
Ha TMOBepXHOCTH pazaena. [lomydeHa 3aBUCHMOCTh Mek(pa3HON HSHEPrUU MU TIOMPABOK K
MexX(pa3HON DSHEPrUM OT AMAICKTPUUECKONH MPOHUIIAEMOCTH KHUJAKOCTH W OpPUEHTAIUU
METANIMYECKOTO KpUCTa/Ia. YCTaHOBJICHO, 4YTO JUCTIICPCHOHHAS TOMpPaBKa BHOCUT
MOJIO’KUTENBbHBIN BKJIaJ, a MOJISPU3AIMOHHAS — CHUKAET MeX(a3HyI0 SHEPTHIO.
Kniouegvie cnosa: medwcgpasnas suepeus, NONAPUAYUOHHAS NONPABKA, OUCNEPCUOHHAS
NONpasKa, 31eKMpOHHO-CIAMUCIUYECKUL Memoo, HeNnoNapHaAs OpPeaHUu4ecKds HCUOKOCMb,
AMIOMUHULL.

1. BBenenue

B macrosimiee Bpemsi Habmtomaercs OypHBIM POCT pabOT MOCBSMIEHHBIX
UCCIICIOBAHUIO  CTPOEHHUS, CBOMCTB UM METOJlaM TIOJIydeHUs MeTasul-
OpraHUYECKUX KapKaCHBIX CTPYKTYp. JlaHHBIE CTPYKTYphl COCTOAT M3 aTOMOB
pPa3IMYHBIX METAUIOB WJIM MX OKCHUJOB COEJUHEHHbIC OPraHUYeCKUMU
MoOJIEKyJaMu (JUTaHJaMU) B CaMble Pa3sHOOOpa3HbIE MOPUCTHIC CTPYKTYPHI.
Bapbupyst 5J€MEHTHBIM COCTaB Kak METAJJIOB, TaK U JIMTAHJOB MOXKHO
CO3/laBaTh META/UI-OPTaHUYECKUE KapKacHbIE CTPYKTYphl € TpeOyeMbIMU
cBoiictBamu [1, 2]. Mertaui-opraHuuecKkue€ CTPYKTYpbl HMMEIOT IIUPOKUM
JMana3oH MPUMEHEHUS: U1 XpaHeHus Bojiopoja [3]; mpu BeICOKO3PHEKTUBHOM
IPOTUBOONYXOJIEBOM  JieueHun [4]; Uit pa3pabOTKU  ONTHUYECKUX |
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JIOMUHECLIEHTHBIX, (DOTOAKTHUBHBIX, MAarHUTHBIX MaTepuayioB [5-7]; mnpu
MPOU3BOACTBE AKKyMYyJsATOpOB [8, 9]; @i co3maHusi MarepuanoB IS
HEUTpAIM3AIMU U MOTJIOMIEHUS] TOKCUYHBIX ra30B [10]; mist axpecHoil JoCTaBKH
JeKapCcTBEHHBIX npenapatos [11-14]; nns paznenenus u ounctku rasos [15, 16].
[TopucTeie MeTAI-OpraHUYECKUE KapKacHbIE CTPYKTYPBI UCIIOJIB3YIOTCA U JJIS
MOJIyYEHHS] HAHOYACTHL] OKCHIOB METAJUIOB, KBAHTOBBIX TOUYEK U COCIUHECHUI B
KOTOPBIX UCIIOJB3YIOTCS KBAHTOBBIC CBOMCTBA BKJIIOUCHHBIX (ha3 [17-20].
CylluecTBEHHbI ~ HMHTEpPEC  MPEACTABIAIOT  METaUI-OPraHUYECKUE
CTPYKTYpbl Ha OCHOBe aimoMuHus [4, 21]. TperbuM 1o pacnpoCTpaHEHHOCTH
AJIEMEHTOM B 3€MHOW KOpE€ M CaMbIM pPaCHpPOCTPAHEHHBIM CpPEOU METAJUIOB
SIBJISIETCS AJIIOMUHUM, KOTOPBIA HAaXOAUT IIMPOKOE MPUMEHEHUE B Pa3TUUYHBIX
ANEKTPOXUMHUYECKUX DHEPreTUUecKux cucremax. Ero oObeMHass €MKOCTh B
YeThIpe pa3a BbIIIE, YeM y JuTus. brarogaps TakuMm MpeMMylIecTBamM Kak
HU3Kasi CTOMMOCTh, O€30MaCHOCTh M AKOJOTUYHOCTh, AIFIOMUHHUI U €ro CIUIABBI
HIUPOKO MCIOJIB3YIOTCS B KOMIIO3UTaX U HAHOCTPYKTYPUPOBAHHBIX MaTepHaiax
npu CO3/TaHUS BBICOKOA(D(PEKTUBHBIX AIEKTPOIOB TUTSt CUCTEM
JJEKTPOXUMUYECKOT0  HakOoIUleHWss  sHeprum  [22].  Ilepesapspokaemble
aKKyMYJISITOPBl Ha OCHOBE aJIIOMHUHUS OTJIMYAIOTCS HU3KOM CTOMMOCTHIO,
HU3KOM BOCIUIAMEHSEMOCTBIO M BBICOKOW €MKOCTBIO, IIOATOMY BHEIPEHHE
Oarapeil Ha OCHOBE AJIIOMUHUSI MOXKET MPUBECTH K CYIIECTBEHHOMY IIPOrpeccy B
TEXHOJIOTUM HAKOIUICHWS JHepruw [23]. AMIOMUHHH 00JaJgacT TaKUMH
XapaKTepHBIMU CBOMCTBAMHM KaK BBICOKOE COOTHOUIEHHWE MPOYHOCTH K BECY,
XOpoIasi KOPPO3HUOHHASI CTOMKOCTh M BO3MOXKHOCTh BTOPUYHON NEPEpadOTKH,
3TO JENal0T €ro HuJealbHbIM KaHAUJATOM IS 3aMEHbl 0o0Jiee TSKEIbIX
MaTepUaJioB B aBTOMOOWJIECTPOCHWH, YTO  OTBEYAaeT  TPeOOBaHUIM
aBTOMOOMJIBHOM TTPOMBIIIJICHHOCTH MO CHUXKEHMIO Beca [24]. B manHoit padote
CTaBWJIACh IIEJb OIEHUTHh Mex(dasHyro sHeprutro (MD) rpaHeld KpUCTaLIOB
QTIOMUHUS Ha TPAHUILIE C HEMOJISIPHBIMU OPTaHUYECKUMU JKUIKOCTSIMU B paMKax
3JIEKTPOHHO-CTAaTUCTUYECKON Teopun MO metannos [25-31].

2. OcHOBHBIE (POPMYJIbI M Pe3YJIbTAThI BLIYMCICHUI

N3 pemenns ypaBHenus Tomaca-Oepmu (TD) ans BHYTpeHHEH
BHEIIHEH o0nacTel MeTaula HaxoIATCAd XOJ DSJIEKTPOHHOM IJIOTHOCTH
NOTEeHIMAIa BOJW3M TPaHUIIBl pasfiela MeTaI-OpraHudecKas KHUIKOCTh
Y4ETOM MAKPOCKOIMYECKON AUAIEKTPUYECKON MNPOHUIAEMOCTU KUJIKOCTHU
MD omnpenensieTcss OTHOCUTEIBLHO THOOCOBON MOBEPXHOCTH pas3fieia ¢ y4eToM
MOJSPU3ALUOHHOM,  JUCIEPCUOHHOM,  OCUWUIALMOHHOW  MOMPABOK WU
TEMIEPATyPHOTO BKJIaAa 1Mo Gopmyre:

Lo (RKL) = £52) (hkT )+ £33 (hkT)+ f1, (hKd) + £5, (BkD) + fos (RKD) + AfL, (BKD) . (1)

3neck ans BHyTpennero f\")(hkl) u Bmemmero f\%(hkl) Bxmamos B MD

2]

= o0 = s

UCIO0JIb30BaIM (POpMYJIbI OJydYeHHbIE B [26, 30].
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[Monsipusanmonnas monpaska f7,(kkl) x MD ompezensercs Kak cymma
BKJIAJIOB BHYTPEHHETO — CBA3AHHOTO C MOJSPHU3AIUENH METAIMYECKHX HOHOB

nepexomHoro ciost f2 (hkl) ¥ BHENIHETO — CBS3aHHOTO C TOJIApU3AIMEH
opranuueckoi xuakoctu £ (hkl) [27, 28]
oo (kt) = f.51 (Wt + 1,13 (hkd ) ()
—2(n+l) —2(n+l)
) ()= @VEn” (1= 20, )’ [ _V+xf(€)] ( _r+ap(e)+s(nk)
FP)(hkl) 7 I - +]1 > n(nkt), (3)

2 2 -
fa()f;)(hkl)=—2VF 4 (0,98){1+r+xr(g)J S .
37 sbA bis N,

< 1+M(ﬁjz (1+”+x—f(€)jwu ﬁﬂn(hkl).

1526° 2" s bAs d(£+2)

(4)

3nece x(0,&) — 6e3pa3MepHbIi MOTEHIMAT Ha (U3UYECKON MOBEPXHOCTH
pasmena, x.(¢) — KoopawmHaTta THOOCOBOW TMOBEPXHOCTH paszjiena, n(g) W b

napaMeTphl 0e3pa3MepHOro MOTEHIIAAJIA (SIBISIFOTCS byHKIHSIMU
TUDJICKTPUYECKOW TMPOHUIIAEMOCTH € OPTaHUYECKOW IKHIKOCTH), « —
MOJIIPU3YEMOCTh MeTajuia, V, — noreHnuan depmu, s —mapameTp MPUBOIASIIIHIA

ypaBHeHne Td k Oe3pasmepHOMYy BHUIY, A — BapHUAIlMOHHBIN Tapamerp,
MUHUMU3UPYIOIIUNA TTOBEPXHOCTHYIO DHEPrUI0 MeTalljla MpH ydyere OOMEHHOM
NOMpPaBKU, r — PaJAUYC METAJUIMYECKOr0 HWOHAa, R — paauyc cdepsl
paBHOBEJIMKOW  siueiiku  Burnepa-3eitua, oJ(hkl) —  MEXKIUIOCKOCTHOE
paccrosgHue, n(hkl) — KOHIEHTpalMs 4YacTHI Ha TIpaHd METAJNIMYECKOI'o
kpuctamia, S*=fN"(4/D)?, f — MHOXHTENb  3aBHCAIIMI  OT
KOOPJMHAIMOHHOTO YHCJIAa METAJUIMYECKOTO KpUCTaia, 4 U D — aTOMHBINA BEC
U IUJIOTHOCTH MeTaia, N, — wuucio ABoraapo, U — YUYUTBHIBAET
ANEKTPOCTPUKIMOHHBIN 3PdEeKT, 4 U d — MOJsSIpHass Macca M IUIOTHOCTb

OpraHUYECKOM KUIKOCTH.

[TorpaBka Ha AUCNIEPCUOHHOE B3aUMOJACHCTBHE sueeK Burnepa-3entia k
M3 rpaHM METAINIMYECKOr0 KpHUCTaUla Ha TPaHULE C HENOJSIPHOU
OpraHUYEeCKOM KUJIKOCThIO HaxoauM B Buje [28, 31]:

¢ (hkl)=12,115 f(Nij2/3 7/2(174_(% jz (l_k_i (8)}1(/1/«1), (5)
R

rae y=m'/m, m* u m — >ppexTUBHA Macca JNEKTPOHA U Macca CBOOOIHOIO
3JIEKTPOHA COOTBETCTBEHHO, z — YHCJIO CBOOOTHBIX SJIEKTPOHOB HA aTOM.

[TompaBka k MD Ha OCHWUILIIHMIO DSJIEKTPOHHONH IUIOTHOCTH B
HEepUOIUYECKOM I0JIe KpUCTaJula Ha TMOBEPXHOCTU paszzena (a3 moiyyeHa B
BUJIC
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foe (hkl) = 35,6(

z

5/4 2/3 D 1/6
NJ f(gj n(hil).

(6)

ITo dopmynam (1) — (6) nmpoBeaeHbl BeUKCICHUST MO, momnpaBok k MO
rpaneit (100), (110) u (111) kpuctaiia aIFOMAHKS Ha TPAHUIIE ¢ HEMOJISIPHBIMU
OPTaHUYECKUMHU JKHJIKOCTSIMHU — IIEHTAHOM, T'€KCAHOM, TE€NTaHOM, OKTaHOM,
JeKaHOM, HOHAHOM, /—, M—, O—KCHJIOJIOM, OCH30JI0M, TOJTyoJIoM (cM. puc. 1-4).

Ha

PUCYHKax TMpejcTaBiIeHa

3aBUCUMOCTb OT HHSHGKTqueCKOﬁ

NPOHUIIAEMOCTH JKHUJIKOCTH TOJISIPU3AaLIMOHHOW mompaBku (cMm. puc. 1, 2),
JUCIIEPCUOHHOM MOMpaBku (cM. puc. 3) 1 MD ¢ yueToM nomnpaBok (cm. puc. 4).

[Tonsipu3zallnOHHBIN BKIIA, M]I)K/M2

- - .

4 g ™" °
([ ]

-61 o. ) : o
8- K
-10+ s -]
-12 * -2
-14 1

1:8 1:9 2:0 2:1 2:2 2:3 2:4 2:5 &
Puc. 1. 3aBucumocTts BHyTpeHHEro — 1 m
BHEIIHETO — 2 BKJIAJI0B B MOJISPU3ALMOHHYIO
HOIIPABKY oT JTUBIIEKTPUYECKON
IMPOHUI[AEMOCTH OPraHUYECKOH JKUKOCTH.
1®, (hkD), m]Tx/M?

120+
110- 4. Al-THK
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Puc. 3. JlucmepcuoHHas mompaBka K

Mex(da3HOl sHeprun rpaHedl adlOMHHHUS Ha
IPaHULE C HEMOJSPHBIMU OpPraHUYECKUMU
KHUJIKOCTSIMH.

T8, (hkl), T/

4 o e @ o

61 % . .

-8 1 ., n .A ]
'10 7 A ..f A A A
-12 Aa

A
-14 4 A
-16 1
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Puc. 2. 3aBucuMocCTh NOJSAPU3ALMOHHON

NOMpPaBKU K MeX(pa3HOW SHEpruu rpaHei
AIIOMUHUS oT JUDIIEKTPUIECKON
IIPOHUIIAEMOCTH OPTaHUYECKON KUIKOCTH.

S 12 (hKD), M/ M2

1020 + A aa,
1000 4 &
980 -
960 -
9404 M onm -
920 - - n
900 - Al -THK
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1 ® -rpanb (110)
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Puc.4. 3aBucumocTp Mex(a3zHOW IHEPruu
rpaHell aMIOMHHHUS OT JMAJICKTPUYECKOU
MIPOHHUIIAEMOCTH OPTaHMYECKON KHUKOCTH.

N3 puc. 1 BUIHO, YTO BKJIAJ CBSA3AHHBIN C MOJSPU3ALUEN IOBEPXHOCTHBIX
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MOHOB METaJlJla OTPULATEIbHBIA W JIMHEWHO YMEHBILIAETCS IO BEJIUYUHE C
YBEIMYECHUEM JIUAJIEKTPUUECKON MPOHUIAEMOCTH KUJIKOCcTU. CkaukooOpa3zHoe
W3MEHEHHE BKJIAJla CBSI3AHHOTO C MOJSPU3ALMEN OPraHMYECKON KUIKOCTH HA
rpaHulle paszena oOyCIOBIEHO XapaKTepOM U3MEHEHHsSI OTHOLIEHHUS MOJISIPHON
MaccChl K IJIOTHOCTH ISl Pa3HbIX OpPraHMYECKHUX >kujkocred B dopmyie (4). B
1EJIOM TMOJsIpU3alMOHHAas monpaBka (cM. puc. 2) kK MD oTpunartenbHa U ciiabo
U3MEHSAETCS B 3aBUCHMOCTH OT JIUDJIEKTPUYECKON MPOHUUAEMOCTHU JKHUJIKOCTH.
HaunOonbiiee 3HaueHue no BennunHe umeer rpadb (111) a HauMeHblliee rpaHb
(110).

[TonmpaBka Ha AUCIEPCHOHHOE B3aUMOIECUCTBUE BHOCHUT IMOJIOKUTEIbHBIN
BKIaa B MO M C yBEeIMYEHHEM AUAIEKTPUYECKOW INPOHULIAEMOCTH JIMHEMHO
cHmkaercst (cMm. puc. 3). IlomyyeHHble pe3ynbTaThl MOKa3bIBAIOT, 4yTo MO
rpaHel KpUCTAJUIA ATIOMUHHUS CYHIECTBEHHO 3aBUCAT OT OPUEHTALIMU IPaHEU U
cooTtHoCATcs Kak f,,(111)> £,.,(100)> £, ,(110). dus rpanmeii (100), (110), (111)

anmoMuHusg MO  nmHEWHO yObIBaeT C  yBEIMYCHHEM JUAJICKTPUYECKOM
IIPOHULIAEMOCTH OPTraHUYECKOU KUIKOCTH.

3. 3akJroueHue

[TonspuzarnmonHas momnpaBka kK MD alrOMUHHS OTpHUIIATENIbHA M C1a0o
3aBUCUT OT JUAJIEKTPUUECKOM TMPOHUIIAEMOCTH OPTraHMYECKON >KHUJIKOCTH.
JlucriepcuOHHOE B3aMMOJCHCTBHE BHOCHUT IOJIOKUTENIbHBIA BKIag B MD U ¢
YBEJIIMYCHUEM  JIMAJICKTPUUYECKOM  IMPOHMIIAEMOCTH JIMHEWHO  CHHUXKAETCH.
Mexdasznas dHeprus aIIOMUHHS JIMHEHHO yOBbIBaeT ¢  yBEIWYEHHEM
JTADJICKTPUUECKON TMPOHUIIAEMOCTH OPraHUYECKOM >KUIAKOCTH, a €€ 3HAuYCHUS
CYIIECTBEHHO 3aBUCST OT OPUEHTALIUH.

Bubsmorpadguyeckuii cnmcok:

1. Ryder, M.R. Nanoporous metal organic framework materials for smart applications / M.R. Ryder, J.-C. Tan //
Materials Science and Technology. - 2014. — V. 30. - I 13. - P. 1598-1612. DOI:
10.1179/1743284714y.0000000550.

2. Butova, V.V. Metal-organic frameworks: structure, properties, methods of synthesis and characterization /
V.V. Butova, M.A. Soldatov, A.A. Guda et al. / Russian Chemical Reviews. — 2014. — V. 85. — Ne 3. — P. 280-
307. DOL: 10.1070/RCR4554.

3. Prabhakaran, P.K. Aluminium doping composite metal-organic framework by alane nanoconfinement:
Impact on the room temperature hydrogen uptake / P.K. Prabhakaran, L. Catoire, J. Deschamps // Microporous
and Mesoporous Materials. —2017. — V. 243. — P. 214-220. DOI: 10.1016/j.micromes0.2017.02.032.

4. Zeraati, M. Synthesis of Al-Based metal-organic framework in water with caffeic acid ligand and NaOH as
linker sources with highly efficient anticancer treatment / M. Zeraati, A. Rahdar, D.I. Medina, G. Sargazi //
Frontiers in Chemistry. — 2021. — V. 9. — Art. Ne 784461. — 9 p. DOI: 10.3389/fchem.2021.784461

5. Hu, Z. Luminescent metal-organic frameworks for chemical sensing and explosive detection / Z. Hu,
B.J. Deibert, J. Li // Chemical Society Reviews. — 2014. — V. 43. — 1. 16. — P. 5815-5840. DOI:
10.1039/c4cs00010b.

6. Sato, H. Photoactivation of a nanoporous crystal for on-demand guest trapping and conversion/ H. Sato,
R. Matsuda, K. Sugimoto, M. Takata, S. Kitagawa // Nature Materials. — 2010. — V. 9. — P. 661-666. DOI:
10.1038/nmat2808.

7. Zhang, W. Ferroelectric metal-organic frameworks / W. Zhang, R.-G. Xiong // Chemical Reviews. — 2012.
—V.112.-1. 2. = P. 1163-1195. DOI: 10.1021/cr200174w.

322



Du3uko-xumuueckue acneKkmul U3yueHus Kiacmepos,
Hanocmpykmyp u Hanomamepuanos. — 2024. — Boin. 16

8. Tu, J. Nonaqueous rechargeable aluminum batteries: progresses, challenges, and perspectives / J. Tu,
W.-L. Song, H. Lei et al. / Chemical Reviews. — 2021. — V. 121. — 1. 8. — P. 4903-4961. DOI:
10.1021/acs.chemrev.0c01257.

9. Elia, G.A. An overview and prospective on Al and Al-ion battery technologies / G.A. Elia, K.V. Kravchyk,
M.V. Kovalenko et al. // Journal of Power Sources. — 2021. — V. 481. — Art. No 228870. — 22 p. DOI:
10.1016/j.jpowsour.2020.228870.

10. Barea, E. Toxic gas removal — metal-organic frameworks for the capture and degradation of toxic gases and
vapours / E. Barea, C. Montoro, J. Navarro // Chemical Society Reviews. — 2014. — V. 43. — 1. 16. — P. 5419-
5430. DOL: 10.1039/c¢3¢s60475f.

11. Xiao, B. High-capacity hydrogen and nitric oxide adsorption and storage in a metal-organic framework /
B. Xiao, P.S. Wheatley, X. Zhao et al. // Journal of the American Chemical Society. — 2007. — V. 129. — L. 5.
—P. 1203-1209. DOI: 10.1021/ja066098k.

12. Horcajada, P. Porous metal-organic-framework nanoscale carriers as a potential platform for drug delivery
and imaging / P. Horcajada, T. Chalati, C. Serre et al. // Nature Materials. — 2010. — V. 9. — P. 172-178. DOI:
10.1038/nmat2608.

13. Horcajada, P. Metal-Organic Frameworks in Biomedicine / P. Horcajada, R. Gref, T. Baati et al. //
Chemical Reviews. —2012. - V. 112. - 1. 2. — P. 1232-1268. DOI: 10.1021/cr200256v.

14. Bloch, E.D. Gradual release of strongly bound nitric oxide from Fex(NO),. / E.D. Bloch, W.L. Queen,
S. Chavan et al. // Journal of the American Chemical Society. — 2015. — V. 137. — L. 10. — P. 3466-3469. DOI:
10.1021/ja5132243.

15. Qiu, S. Metal-organic framework membranes: from synthesis to separation application. / S. Qiu, M. Xue,
G. Zhu // Chemical Society Reviews. —2014. — V. 43. —1. 16. — P. 6116-6140. DOI: 10.1039/C4CS00159A.

16. Rodenas, T. Metal-organic framework nanosheets in polymer composite materials for gas separation /
T. Rodenas, I. Luz, G. Prieto et al. / Nature Materials. — 2015. — V. 14. — P. 48-55. DOI: 10.1038/nmat4113.

17. Gabuda, S.P. Supramolecular interactions and structural transformations in the metal-organic sorbent-
acetone nanoreactor system / S.P. Gabuda, S.G. Kozlova, D.N. Dybtsev, V.P. Fedin // Journal of Structural
Chemistry. —2009. — V. 50. — 1. 5. — P. 887-894. DOI: 10.1007/s10947-009-0132-x.

18. Gabuda, S.P. Quantum rotations and chiral polarization of qubit prototype molecules in a highly porous
metal-organic framework: '"H NMR T, study / S.P. Gabuda, S.G. Kozlova, D.G. Samsonenko, D.N. Dybtsev,
V.P. Fedin // Journal of Physical Chemistry C. — 2011. — V. 115. — 1. 42. — P. 20460-20465. DOI:
10.1021/jp206725k.

19. Xu, X. Spindle-like mesoporous a-Fe>O3 anode material prepared from MOF template for high-rate lithium
batteries / X. Xu, R. Cao, S. Jeong, J. Cho // Nano Letters. — 2012. — V. 12. — 1. 9. — P. 4988-4991. DOI:
10.1021/n1302618s.

20. Yang, S.J. Preparation and exceptional lithium anodic performance of porous carbon-coated ZnO quantum
dots derived from a metal-organic framework / S.J. Yang, S. Nam, T. Kim et al. // Journal of the American
Chemical Society. —2013. — V. 135. — 1. 20. — P. 7394-7397. DOI: 10.1021/ja311550t.

21. Langseth, E. Synthesis and characterization of Al@MOF materials / E. Langseth, O. Swang, B. Arstadet al.
// Materials Chemistry and Physics. —2019. — V. 226. — P. 220-225. DOI: 10.1016/j.matchemphys.2019.01.009.
22. Manikkoth, M. Aluminium alloys and composites for electrochemical energy systems / M. Manikkoth,
S.K. Kannan, J.M. Gladis, T.P.D. Rajan // Progress in Materials Science. — 2024. — V. 146. — Art. Ne 101322.
— 89 p. DOL: 10.1016/j.pmatsci.2024.101322

23. Lin, M.-C. An ultrafast rechargeable aluminium-ion battery / M.-C. Lin, M. Gong, B. Lu et al. // Nature.
—2015.-V. 520. — P. 325-328. DOI: 10.1038/nature14340.

24. Miller, W.S. Recent development in aluminium alloys for the automotive industry / W.S. Miller, L. Zhuang,
J. Bottema et al. / Materials Science and Engineering: A. — 2000. — V. 280. — I. 1. — P. 37-49. DOI:
10.1016/S0921-5093(99)00653-X.

25. AnekoB, A.M. OpucHTaIlMOHHAsT 3aBUCHMOCTh MEX(a3HOH YHEPTUH HU3KOTEMIIEPATypHOH MOIM(UKAIIH
TUTaHAa Ha TPaHWIE C OpraHmdeckoil »xumkoctb / A.M. Amekos, W.I'. Ille63yxoBa // DPU3NKO-XUMHUYECKHE
aCTEeKThl M3YYEHHUs KJIACTepOB, HAHOCTPYKTYyp M HaHoMmarepuaioB. — 2022. — Bem. 14. — C. 17-23. DOLI:
10.26456/pcascnn/2022.14.017.

26. Apekov, A.M. Interface energy of crystal faces of IIA-type metals at boundaries with nonpolar organic
liquids, allowing for dispersion and polarization corrections / A.M. Apekov, 1.G. Shebzukhova // Bulletin of
Russian Academy of Science. Physics. —2019. - V. 83. —1. 6. — P. 760-763. DOI: 10.3103/S1062873819060078.
27. Apekov, A.M. Polarization correction to the interfacial energy of faces of alkali metal crystals at the borders
with a nonpolar organic liquid / A.M. Apekov, [.G. Shebzukhova // Bulletin of Russian Academy of Science.
Physics. —2018. — V. 82. — 1. 7. — P. 789-792. DOI: 10.3103/S1062873818070067.

323



Du3uko-xumuueckue acneKkmul U3yueHus Kiacmepos,
Hanocmpykmyp u Hanomamepuanos. — 2024. — Boin. 16

28. AnexoB, A.M. Tlonsapu3anroHHas ¥ AUCIIEPCHOHHAS MOTPABKU K MeX(a3HOI dHEpTHUH rpaHeil KPHCTAILIOB
HHM3KOTEMIIEPATYPHBIX MOAM(UKAUWI Kamplus M Oapusi Ha TpaHHIE C HEHOJIPHBIMH OpPraHMYEeCKHMH
xugkoctsimu / AM. Amnekos, W.I'. Illeb3yxoBa // DPHU3MKO-XMMHYECKHE AaCIEKThl H3y4YCHHUS] KIIACTEPOB,
HAHOCTPYKTYp 1 HaHoMaTepuanos. — 2018. — 1. 10. — P. 20-26. DOI: 10.26456/pcascnn/2018.10.020.

29. Shebzukhova, I.G. Orientation dependence of the interfacial energies of chromium and a-iron crystals at
boundaries with nonpolar organic liquids / I.G. Shebzukhova, A.M. Apekov, Kh.B. Khokonov // Bulletin of
Russian Academy of Science. Physics. —2017. - V. 81. — 1. 5. — P. 605-607. DOI: 10.3103/S1062873817050173.
30. Shebzukhova, I.G. Anisotropy of the interface energy of IA and IB metals at a boundary with organic
liquids / I.G. Shebzukhova, A.M. Apekov, Kh.B. Khokonov // Bulletin of Russian Academy of Science. Physics.
—2016.—V.80.-1. 6. —P. 657-659. DOI: 10.3103/S1062873816060307.

31. AnekoB, A.M. Bxiax qucnepcOHHOTO B3aMMOAEHCTBUS B MEX(a3HyI0 SHEPTHI0 KPUCTAIUIOB KOOAIbTa Ha
TpaHUIIC C HETOJSIPHBIMH OpTraHWYecKuMu >KuakocTsmMu / A.M. AmekoB, W.I'. Ile63yxoBa // ®Pusmko-
XUMHYECKHE acTeKThl N3yUeHHs KJIacTepoB, HAHOCTPYKTYp M HaHOMaTepuanos. — 2023. — V. 15. — P. 231-238.
DOI: 10.26456/pcascnn/2023.15.231.

References:

1. Ryder M. R., Tan J.-C. Nanoporous metal organic framework materials for smart applications, Materials
Science and Technology, 2014, vol. 30, issue 13, pp. 1598-1612. DOI: 10.1179/1743284714y.0000000550.

2. Butova V.V., Soldatov M.A., Guda A.A. et al. Metal-organic frameworks: structure, properties, methods of
synthesis and characterization, Russian Chemical Reviews, 2014, vol. 85, no. 3, pp. 280-307. DOI:
10.1070/RCR4554.

3. Prabhakaran P.K., Catoire L., Deschamps J. Aluminium doping composite metal-organic framework by alane
nanoconfinement: Impact on the room temperature hydrogen uptake, Microporous and Mesoporous Materials,
2017, vol. 243, pp. 214-220. DOI: 10.1016/j.micromes0.2017.02.032.

4. Zeraati M., Rahdar A., Medina D.I., Sargazi G. Synthesis of Al-based metal-organic framework in water with
caffeic acid ligand and NaOH as linker sources with highly efficient anticancer treatment, Fronmtiers in
Chemistry, 2021, vol. 9, art. no. 784461, 9 p. DOI: 10.3389/fchem.2021.784461.

5.Hu Z., Deibert B.J., Li J. Luminescent metal-organic frameworks for chemical sensing and explosive
detection, Chemical Society Reviews, 2014, vol. 43, issue 16, pp. 5815-5840. DOI: 10.1039/c4¢cs00010b.

6. Sato H., Matsuda R., Sugimoto K., Takata M., Kitagawa S. Photoactivation of a nanoporous crystal for on-
demand guest trapping and conversion, Nature Materials, 2010, vol. 9, pp. 661-666. DOI: 10.1038/nmat2808.

7. Zhang W., Xiong R.-G. Ferroelectric metal-organic frameworks, Chemical Reviews, 2012, vol. 112, issue 2,
pp- 1163-1195. DOI: 10.1021/cr200174w.

8. Tu J., Song W.-L., Lei H. et al. Nonaqueous rechargeable aluminum batteries: progresses, challenges, and
perspectives, Chemical Reviews, 2021, vol. 121, issue 8, pp. 4903-4961. DOI: 10.1021/acs.chemrev.0c01257.

9. Elia G.A., Kravchyk K.V., Kovalenko M.V. et al. An overview and prospective on Al and Al-ion battery
technologies, Journal of Power Sources, 2021, vol. 481, art. no. 228870, 22 p. DOLI:
10.1016/j.jpowsour.2020.228870.

10. Barea E., Montoro C., Navarro J. Toxic gas removal — metal-organic frameworks for the capture and
degradation of toxic gases and vapours, Chemical Society Reviews, 2014, vol. 43, issue 16, pp. 5419-5430. DOI:
10.1039/c3cs60475¢.

11. Xiao B., Wheatley P.S., Zhao X. et al. High-capacity hydrogen and nitric oxide adsorption and storage in a
metal-organic framework, Journal of the American Chemical Society, 2007, vol. 129, issue 5, pp. 1203-1209.
DOI: 10.1021/ja066098k.

12. Horcajada P., Chalati T., Serre C. et al. Porous metal-organic-framework nanoscale carriers as a potential
platform for drug delivery and imaging, Nature Materials, 2010, vol. 9, pp. 172-178. DOI: 10.1038/nmat2608.
13. Horcajada P., Gref R., Baati T. et al. Metal-organic frameworks in biomedicine, Chemical Reviews, 2012,
vol. 112, issue 2, pp. 1232-1268. DOI: 10.1021/cr200256v.

14. Bloch E.D., Queen W.L., Chavan S. et al. Gradual release of strongly bound nitric oxide from Fex(NO),,
Journal of the American Chemical Society, 2015, vol. 137, issue 10, pp. 3466-3469. DOI: 10.1021/ja5132243.
15. Qiu S., Xue M., Zhu G. Metal-organic framework membranes: from synthesis to separation application,
Chemical Society Reviews, 2014, vol. 43, issue 16, pp. 6116-6140. DOI: 10.1039/C4CS00159A.

16. Rodenas T., Luz I., Prieto G. et al. Metal-organic framework nanosheets in polymer composite materials for
gas separation, Nature Materials, 2015, vol. 14, pp. 48-55. DOI: 10.1038/nmat4113.

17. Gabuda S.P., Kozlova S.G., Dybtsev D.N., Fedin V.P. Supramolecular interactions and structural
transformations in the metal-organic sorbent-acetone nanoreactor system, Journal of Structural Chemistry, 2009,
vol. 50, issue 5, pp. 887-894. DOI: 10.1007/s10947-009-0132-x.

324



Du3uko-xumuueckue acneKkmul U3yueHus Kiacmepos,
Hanocmpykmyp u Hanomamepuanos. — 2024. — Boin. 16

18. Gabuda S.P., Kozlova S.G., Samsonenko D.G., Dybtsev D.N., Fedin V.P. Quantum rotations and chiral
polarization of qubit prototype molecules in a highly porous metal-organic framework: 'H NMR T, study,
Journal of Physical Chemistry C, 2011, vol. 115, issue 42, pp. 20460-20465. DOI: 10.1021/jp206725k.

19. Xu X., Cao R., Jeong S., Cho J. Spindle-like mesoporous o-Fe,O; anode material prepared from MOF
template for high-rate lithium batteries, Nano Letters, 2012, vol. 12, issue 9, pp. 4988-4991. DOI:
10.1021/n1302618s.

20. Yang S.J., Nam S., Kim T. et al. Preparation and exceptional lithium anodic performance of porous carbon-
coated ZnO quantum dots derived from a metal-organic framework, Journal of the American Chemical Society,
2013, vol. 135, issue 20, pp. 7394-7397. DOI: 10.1021/ja311550t.

21. Langseth E., Swang O., Arstad B. et al. Synthesis and characterization of Al@MOF materials, Materials
Chemistry and Physics, 2019, vol. 226, pp. 220-225. DOI: 10.1016/j.matchemphys.2019.01.009.

22. Manikkoth M., Kannan S.K., Gladis JM., Rajan T.P.D. Aluminium alloys and composites for
electrochemical energy systems, Progress in Materials Science, 2024, vol. 146, art. no. 101322, 89 p. DOI:
10.1016/j.pmatsci.2024.101322.

23. Lin M.-C., Gong M., Lu B. et al. An ultrafast rechargeable aluminium-ion battery, Nature, 2015, vol. 520,
pp. 325-328. DOI: 10.1038/nature14340.

24. Miller W.S., Zhuang L., Bottema J. et al. Recent development in aluminium alloys for the automotive
industry, Materials Science and Engineering: A, 2000, vol. 280, issue 1, pp. 37-49. DOI: 10.1016/S0921-
5093(99)00653-X.

25. Apekov A.M., Shebzukhova 1.G. Orientatsionnaya zavisimost' mezhfaznoj energii nizkotemperaturnoj
modifikatsii titana na granitse s organicheskoj zhidkost' [Orientational dependence of the interphase energy of
low-temperature modification of titanium at the boundary with an organic liquid], Fiziko-khimicheskie aspekty
izucheniya klasterov, nanostruktur i nanomaterialov [Physical and chemical aspects of the study of clusters,
nanostructures and nanomaterials], 2022, issue 14, pp. 17-23. DOI: 10.26456/pcascnn/2022.14.017.

26. Apekov A.M., Shebzukhova 1.G. Interface energy of crystal faces of IIA-type metals at boundaries with
nonpolar organic liquids, allowing for dispersion and polarization corrections, Bulletin of Russian Academy of
Science. Physics, 2019, vol. 83, issue 6, pp. 760-763. DOI: 10.3103/S1062873819060078.

27. Apekov A.M., Shebzukhova I.G. Polarization correction to the interfacial energy of faces of alkali metal
crystals at the borders with a nonpolar organic liquid, Bulletin of Russian Academy of Science. Physics, 2018,
vol. 82, issue 7, pp. 789-792. DOI: 10.3103/S1062873818070067.

28. Apekov A.M., Shebzukhova 1.G. Polyarizatsionnaya i dispersionnaya popravki k mezhfaznoj energii granej
kristallov nizkotemperaturnykh modifikatsij kal'tsiya i bariya na granitse s nepolyarnymi organicheskimi
zhidkostyami [Polarization and dispersion corrections to the interfacial energy of the facets at the boundary
between calcium/barium crystals and nonpolar organic liquids], Fiziko-khimicheskie aspekty izucheniya
klasterov, nanostruktur i nanomaterialov [Physical and chemical aspects of the study of clusters, nanostructures
and nanomaterials], 2018, issue 10, pp. 20-26. DOI: 10.26456/pcascnn/2018.10.020.

29. Shebzukhova 1.G., Apekov A.M., Khokonov Kh.B. Orientation dependence of the interfacial energies of
chromium and o-iron crystals at boundaries with nonpolar organic liquids, Bulletin of Russian Academy of
Science. Physics, 2017, vol. 81, issue 5, pp. 605-607. DOI: 10.3103/S1062873817050173.

30. Shebzukhova I.G., Apekov A.M., Khokonov Kh.B. Anisotropy of the interface energy of IA and IB metals at
a boundary with organic liquids, Bulletin of Russian Academy of Science. Physics, 2016, vol. 80, issue 6,
pp. 657-659. DOI: 10.3103/S1062873816060307.

31. Apekov A.M., Shebzukhova I.G. Vklad dispersionnogo vzaimodejstviya v mezhfaznuyu energiyu kristallov
kobal'ta na granitse s nepolyarnymi organicheskimi zhidkostyami [Contribution of the dispersion interaction to
the interface energy of cobalt crystals at the boundary with nonpolar organic liquids], Fiziko-khimicheskie
aspekty izucheniya klasterov, nanostruktur i nanomaterialov [Physical and chemical aspects of the study of
clusters, nanostructures and nanomaterials], 2023, issue 15, pp. 231-238. DOI: 10.26456/pcascnn/2023.15.231.

Original paper
Interphace energy of aluminum crystals at the boundary with nonpolar organic liquids
AM. Apekovl, I.G. Shebzukhova?, L.A. Khamukova'
'North-Caucasus Center for Mathematical Research, North-Caucasus Federal University, Stavropol,
Russia
’Kabardino-Balkarian State University named after H.M. Berbekov, Nalchik, Russia

DOI: 10.26456/pcascnn/2024.16.318

Abstract: Understanding the energy characteristics at the metal-organic interface is of great
importance for the development of equipment and technologies in various industries. In this regard,
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there is a great interest in studying the processes occurring at this interface. Particularly noteworthy is
the rapid growth of studies on the properties of metal-organic framework structures, which is
associated with the possibility of synthesizing these structures with the desired properties by varying
the lengths of the organic molecules connecting the atoms of metals or their oxides, as well as by
selecting the chemical composition. In this paper, the values of the interfacial energy at the boundaries
of the faces of an aluminum crystal with organic liquids are obtained within the framework of the
electron-statistical method, taking into account the polarization of metal ions and molecules of the
organic liquid, as well as the dispersion interaction of Wigner-Seitz cells on the interface. The
dependence of the interfacial energy and corrections to the interfacial energy on the permittivity of the
liquid and the orientation of the metal crystal is obtained. It is found that the dispersion correction
makes a positive contribution while the polarization correction reduces the interfacial energy.
Keywords: interphase energy, polarization correction, dispersion correction, electronic statistical
method, nonpolar organic liquid, aluminum.
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