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(nnbri61nr) Structural and dynamical properties of small gas  

molecules adsorbed on the porous materials by Computational Chemistry Calculations 

2. crInq'l iti inlaiw6En  

mahvgnfinianntiti n-m97116Mil NamlwriFnami 

3.../,uttani.inn-ntAiu 12 aiau 6116661i mo riurnou l9crecto t15 mo riutnoco tptbo  

1.1116oeia 
5euequin5minuiffo1aFinUivrilcutam-8 (ZIF-8) IYUlAlun-nLaulaiuntinuin Itmtni141-in-17 
fInt-vdon6p-riArniiimai8iviTu6uumli3EnnidilivtaqaTal ZIF-8 iflovayuiciouNacilkin 
ni,iiaaluturitinnTvmao 

rmmiitunctilmaan1616i LtatrinsoNaliluivnl@tvAlicuoubionniwi NaTailillanaltiriiriiiviacuct.rm 

nn5Loliatininvisriculuarinfmplinwilmimilmn1541aalwa- Pallanar),  
(Molecular Dynamics; MD) LLunn5lvtreu4naueruelmat6mila (Gibbs Ensemble Monte 

Carlo; GEMC)6r(vviyilimai6iwaiErindillmarlalouni54-ict.nadf/o MD Lin GEMC llwa 
4itntudimTtriimai, intlimialnnwiscilurriTnmR@lielcuNaniTtioaai 
Livaligeuvolan-nAutaLetJaanlaicmol ZIF-8 	 pineLhOvffinnIninn 
Liuniktminfigm.4-ilcuhvyniaillulmmunnicuoulmann1664 1111-h6m51f1”,p16-iitMliAla-lilturin 
qcumilamal 



Abstract 

The porous material, Zeolitic Imidazolate Framework-8 (ZIF-8) has attracted great 

attention. In this work the applicability of parameter sets for the molecular interactions 

of ZIF-8 including guest molecules was investigated by comparing results of simulations 

with experiments. Using suitable parameter sets, diffusion and the effect of the diffusing 

molecules on the window size have been investigated for nitrogen, carbon dioxide and 

mixture gases between nitrogen/carbon dioxide molecules. Diffusion and adsorption of 

gas molecules in ZIF-8 has been investigated by Molecular Dynamics (MD) and Gibbs 

Ensemble Monte Carlo (GEMC) computer simulation techniques. A set of interaction 

parameters that gives in MD and GEMC good agreement with experimental diffusion 

coefficients is found to yield adsorption isotherms which agree well with experimental 

data. For very high concentrations of guest molecules a phase transition of the ZIF-8 

framework, called gate opening, was found. Also the mixture nitrogen/carbon dioxide 

including selectivity was investigated. It was shown that the adsorption selectivity 

increases with decreasing temperature. 
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1. IA/1h (INTRODUCTION) 

1.1 Mmittleuniina-ian-nitl-pri(PROBLEM STATEMENT) 

mauo:),Enipinanvialuilcidnuan linlfguitanikitr-Viaq{/111mtivm1EITUVI Ledu 

`6511 (Metal hydrides) ,iilob4 (Zeolite) umnancnAlmitunu (Active carbon) nal-Tem:6cm 

tvai vzicu cviumnicuoutiniu (Carbon nanotube) n5Au (Graphene) Im16/1-minvitTrntivii6 

(Metal Organic Frameworks, MOFs) 1A5164inailefiemkivifri (Covalent Organic 

Frameworks, COFs) itaftAnwilimiavirAtivii66ittmiStniivutianiag ((Zeolitic Imidazalote 

Frameworks, ZIFs) 	 vdti 6-1-J 

6111,f111111521 	 LOLA 

ziFs laun-ruacul@adilninnym 

letith%ffennmituctiViiiilmla52117i0oLL1 lincradiumuQ1 	 alm1m9AU1111,11,1g#1 

cialitT6CALditnviugaivujima°,,TminfiglnniaNctietnyi:Atii 1A51051n@l ZIFs thuctinocu 

kJuHA'aiviaftmla-nactleuinViTiliSinmaiatitoirmilnat-pialemh'uvi5r1116nwaratittitmleign 

Imanauvii6 vilanAutrwiloimuLinunwiffaamiart5nfluviitl AjldetAlwai-ntia@nLiuuLiw,' 

rikrunvilolinithht;qnvitiliulktinliithalednmAl 

111,1"-AurtillIlittaliflifITML41116Nat'd'UlEJVIIIJIAlf115V1621-11nnii*115)MifilliJ5,1111,1 ZIFs fit) 

tirmiLogaTuncuNn Aj-mryt4-rinarlfliMilfi@IJIA'JL9lai €7111:thM14n-rmilAnafikilinarp 

'envie vgaLgAVI5a11 Inlaianarnminnwmia@auialciaNini irwhajaiiklyrutkramn 

(11111111Thamtuutlaz,4mun-TopriiiiipluviloOcultaavRamarrawianintRllvioted 

1.2 5mcithtal4 (OBJECTIVES) 

1.2.1 LcWagntriimlainlawaininnim-Mikietnmrinsubhugmnimigniu-Yaqcicimu 

1.2.2 Liingnwnin'Annarunlh-itlinaga‘trunffligneuukk-Amniutirim4"eiTiAilmu 

1.2.3 Liksinwriiimaimmrilucti@lhiHrtaDiagavooLgfilu'iMIC6tiviti 



1.3 am.311-iunifga (HYPOTHESES) 
A-4 

1.3.1 'aT13.7111.1 ZIFs amn5nfinihrinndiviitnlimum-invuowinanniym-Joui 

thzann.A 1,947 m2/g 

1.3.2 iaqi711414112 ZIFs vroinFrraaiAas aroffital 550 nlmnmavikia '41a-a.mti 

tinirafrnaiblinuqviammuLiatirinLrnifinqUndiahOcanm 

1.3.3 la?),Itiipp ZIFs Latin5viallnuarimanii4mAnnPninm.,TnOcirA6 t.fki LutRiu 
tc.) 

amo-nmianuNauunthtiernoin (Au 1€2113101.1imn@nitg 

tta511-rugmanvimmia.yfreiniPrurinaneinliithoadnnew 

1.4 Tn111,511V1fM‘'WEJ (SCOPE OF RESEARCH) 

1.4.1 FiTtnt-wtitran-nlo6firdnlfintilnagaiu5aqcificiplvu imonnAlaa \ILLeuu 

liugmrtA'ngiTh (Gibbs Monte Carlo; GEMC) 

1.4.2 4net.naRinaualthL;iirvittimicv6-daltiniiimagaitiimptimu imun-15inflal66cuu 

9Nm5Nia.naga (Molecular Dynamics; MD) 

1.4.3 41(LnurtAallniailartAngiuvithwmiloinallitzsimaqklimfiiiimu 

4nalivuurittiglinuknila (Gibbs Monte Carlo; GEMC) LianAmikuq0 

Molecular Dynamics; MD) 

1.5 thulurtWinnwhvAan-Inn151 (OUTPUTS AND BENEFIT) 

aarAtuqinn-mvvvilintikil.iingaTellinvzyt.rimgn 

biomnatibialuthai,lintaial)tninaLaLAriina,ingiFinjcianunwtlithIngtivitictunn 

u@n66u1JL6mikui2a1giiiimigh945`iiqwrivin55 6cinNeir6fninstModn5fi9liv16flertiN 

2. 255ain5ailAularriia (LITERATURE REVIEW) 

2.1 maw vicp4 

imliiquimuOtridYnnlmia'scuLLutleigoiaii (Zeolite Imidazolate frameworks, ZIFs) aJ 

TA5,1ai'ilCdmiticutanwiihlinalavilin,46da4m-yanatin 	 m0Es 'I9a665~ ens 

wriaminlynmluni5tliuttlAltn.iim7lanliAeviannviannii-Ju'AnnAlim5nad,eviituvu Modular 

synthesis'NLimillunncvvi/1 1 eile41*Yaqi7fiii,rquoucifIlAijup-mat,lhodniniTrinnuili-iu 
1414hun-nvionali%lifitrrhfieunn5A'im-ini Liminim(9 anuovi);Aatinartthi.J,NnAineurin rin 

Lricuumminrriniivivinll 

2 



ZIF-6 gis 

Tigi 1 ImlaiH.liagtrilv ZIFs 	cliiincticrrimalltraIrkmimarlawartnifitivinlriu 

Park ammo& (2006). Proceedings of the National Academy of Sciences. 103 (27): 

p. 10186. 

litici,Alcuriainl-rilgofArinctarnAru±r7m1 ziFs itarTeigffiiinymmarr,Tildriviiju 

.1 -1141rinLrItilaar4Liuriineir Lijmnnalni6vinll 

• filltriloi,161 1,947 m2/g diaigiErtenjErcuritiiiinta4 ZSM-5 

400 - 900 m2/g 

• LoilEnvimin (Water) imantiinmcitajutuinlaiqurvitsplvill 100 n1FrimaC6'ua 

diavArtivitiouriu MOF-5 Itmlaihlbaditi5dmiln 

• Lainvi@a -15in8J4-nAr)roi2i/rianub'uviiti vicu 	L111,1€711.4 (Benzene)it,u, 

an5aLimuNalt1iTthzi,friffill vticulqauillamorit6d4 (Sodium Hydroxide) 

• vitiviafiniij@IATuvicrjilvill 550 °C 

• bnlaihitariwaintitimuilimlcocirim anti ziFs immTiivilcor,ram.lq@u 

(Molecular Sieves) iflowriailAuwoacitiTunqi,gnn-TINwi-nt 

LiHttrbti vtiti H2  UM' CO2  lutag,itimopeittuiAvitli,n-iniciAtUnmn 

viiCtriVi 

• LtiettanAiln-nanctiumuoul Liaitrieticintlfirytivi 3 n 

• arnntlifurtiotiaanRivin.nAiliAlqunnwAriud-nAvihiembini6 



• ficwiimmqaciaEticuin5lNasn ziFs fAamlunnifrAmpihil idMir1T1.11Wil@q 

Nuit'FniancifinziLilauutimi-ima 

• ijrrnAtlyuimlaiull'ilal ZIFs111Vumulvail flEjLOP-10 

• Imm5-41iVivumriminuC6rt,luau 

cj 	v 
NetTculicul uaivitnurnalfictliaquitaaviz-Acinfititri,U(dEruLLTuillabgring5Wanntinntati 

IounwiTarunCilann Park Limnair, (2006)UliirmAjmnivil'aq 
unitaavithnii6TCALEluuLvisAlniakinim ZIF-1 	ZIF-12 inicurjnimlei-krual ZIFs 
M-IM-M Lvint-Th 145 n1vin 4111+161_11Mlahril@l621Tolag Si-o-Si 

aramnfAmii5uictAuurilinctio6JuUiLf\iaciiidvawakalIaq 
unicamir.A.AYHINLfilucuLtrucurulnlavi cuofIT111111^11rdi 

lelakilo ZIF-8 	 ZIFs 	citalimm,On.i 
1.7tYhviuvu3lAitlAtunywatikitikind-hill vi-civsfriuNintniEnckiii`u ZIF-8 lifTeurrminiauu 
od-HvianiN bili6j-anainliiuNuchrianiNiictwioledil 

Wu 1,1,Mffillti (2007) aulLATThili ZIF-8 ILat,u77Nfinsd D2 4nurrI,1 3, 16 Ma: 28 Ianarpia 
Zn 4ertriu 6 imatin imuirintqggitartMalnivriruricm D2 17iikrinniwoanlvniaruicAtru 

t-Tun4-iincumnlinflo1'aaukiiiwilb Density Functional Theory (DFT) 
ao9imAjalricu 	 meim Linnmlit1516dal 

ZIF-8 ivintiti 170 Lia 147 meV oil.OnAjeu 

Zhou unAng (2009)Pinblethedo.Innwr.a.m-3'11JPIALLP1 10 111 8000 kPa vn.J9invn6614u5 
fln1Q14'11191@lnylcd H21111M1Mj"11 ZIF-8 iiiqfl.1941,111 77 K lout-mPinwmiliiivisaLaqa mAnfA 
FITMA12 10-2000 kPaviiiviiitilmnWihnialhvic6 H2 	 C=C 	 MelM 
11,6111aMT11.1 kalagillill1g111,14thrY1WlifitrilUell% H2  Tcjn yi`rh1 V151nanlicvnlimliFnlanl ZIF-8 
LL C=C Tolanb'cumir.1 MelM 

Moggach aar,Ficut, (2009) Fintiem6iia,winkciiiwaviannatialou661iNimlaihsvgy 
601 ZIF-8 1/111d21711f11111411 0 Gpa iumga Me0H 	 Zn hInau 6 
lanatiaLviTh1116111112.4-110A1 1.47 Gpa Imatia Me0H 	 Zn inaJsnu 6 
Uwrp am; 4 Imffla 	 meim 
lvirenAlatmnvictiuLnaga meoH Lciau 
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Assfour LLMFIG1g; (2010) FIMTWIHLL1/11,i16MIlicled H2 luZIF-8 LLmi, ZIF-11 rciAinvdiouSirfu 
rieu MOF-177 cvleu-h ZIF-8 Liat, ZIF-11 	H2 V.:1 /4InvitlifitwriaalAct.n6'6 meim atnani 
imnal ziFs Irk, 2 Gryi. TOERL'osinviilriu Kw-177 	 zno, liaarp 
aW6ucvn'6Liatnaillinn.1 	

ZIFs ImEaaJW2ILLITUI-14  LileU 
B viSla Li cW-iiiiirtilTaliavwmailumilei Linld, o1Aaririarrarp-iumiritiriin,nmun-Acu LiXimcur 
clufabWIAIR7lainlImpwr:a'uvfialTilniSErthrtusiii@iavitc(krari5reruiinnntLieu  

Guo umnuni, (2010) bithIavAileu 6 cticrmgo ZIF-8, ZIF-67, ZIF-3, ZIF-10, ZIF-60 LLcw 
MOF-5 Invi'in-moviocun-mtiurinficisd H2  um.; CH4  coicAnM0E-5 ein5415{T4cuii-vtivil 2 Gem II 

ZIFs 	 IouctYaqpIcuvil 6 VIIN anunwrrruriniinsu CH4  
19111,n_lirinqAT2 ncis H2 thLfiLINMYIWIIILMMt171-1 5tilidnibmaiiiieqpuluritiliica CH4  eitFin 

H2  u@nvinclig5Pin1 'inn7arintirmaInt it-j-15 H2  UM CH4  vutrithz,- AvIEn-nium51,1,an 
ZIF-3 > ZIF-8 ilaz: -67 > ZIF-60 LLaa; -10 > MOF-5 Imo5aNiAqueralm51q-NNSn 

milauriti@tiitInSidn'Yontinn5LLunithfilriu 

Bux iLatmtia (2011) ci,h ZIF-8 mil6arim8JaJit5et,18-ivii'th,Lon H2  @nn -inei151thinau 
14mAn4cuou LUu CH4, C2 H6 	C3H3  vutilailll5MLE.ln CH4, C2 H6 	C3H8  aan -in H2  
0-hinriviLefur.irruriu6nm5iewwzia5 ZIF-8 	 C2 H6 	C3H8€71\wiJuNaln@innn5 
TFMATdolimla5nliongimii*.1  

Fairen-Jimenez Limn= (2011)Pirm1nnviqunvicii N2  ViN@L1nErLiviiimilml8if15 ZIF-8 
MmliruwiinFlutimlncinlvigArw@nnNaimlnn5valuanAcurtiM MelM inuLdnimlaFiltInM 
awiwitititiit N2  bi 36 lirwtiainvithErvuag tudurwAlnwiilfilillmliruwivipAruci-Ni N2  1; 
48 Imotiaviavictimmag Lijal'iniNufArnoiAtemvin 1279 o-iTilaNnvinniii vihi 1706 V11711 

Chokbunpiam lactflaa!, (2013) ciAl culArmilLniciAmintniuni54-inla.uubaffp ZIF-8 
iwuriviEju bIrrNan-n4-unailthuwImSifin,diLarpjmularunvivvinficubmaiHlignital 
3A05 A cuan@inilihetnitfrici@UNhviQf C2H6  alltnubnwini ZIF-8 11,idNaviann5LcAou 
TunAlinnuan5laicil 

Chokbunpiam 1,1,-;flt-la' (2014) [tat Chokbunpiam 61,Mffiftg' (2016) elAltintiql1A1511IN 
ZIF-8 firmLIJSutp,LtIaliSktmOvw N2  LLWci: CO2 TOFAHnvarilcunalhH6u4nicutl 8-240 
huriflivict,humg 6in.ano6dol6iin1LTJm@t r6nalacittrhl 3.405-3.135 A LIVialaRT11,11,6414:11,1710,1(iled 
11:5011,thl 280-480 Tarwrp/wrhumag ill.l1matiolLTM@tIvird41,@Vhrfil 3.135-4.125 A c1.1 
MJ1E1:61 ZIF-8 a-amnoVini)cm N2  UM' CO21fr1n'tiTEuvluNflninn5vivne5anAvvii1EicAvin 
vrt:inf/dwitijo2*-Imialadtuin5lali ZIF-8 
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2.2 rnalliviirii9iturrnitilfgri 

ziFs 11111miNnActiolu5agrinuititicm 
"eiglumTnVrLi@ln-divani-wiralImiarpirun@uNnci7lcuinawirili 	 wirricuimptiz 

railcitiilawar-witiaIvi 	inedilliain-inmIti (Adsorption.  isotherm) dnAi'mth,"&16in-ni 
(Diffusion coefficient, D5 ) iv\inFin55wdalirmluiarlflitliaqaizioilu ZIFs 

4̀1woiAciriiaajarrilal‘hiaialciiitcun-niciikuniiimi,oaniiitru5arirdrurricallalvti" 
illthtfi'viSn-rifejl& 

3. 7-gdnit41.uniUju (METHODOLOGY) 

3.1 PumfigiakiaatTilmattanal5iiiiritr)iialricunwla 

• ilinctnrri_4aiiiiiAmleiii'mial"kmitiiTitiiiiithai,LrivilowzhviiCiyiXwaucitaruglaing 

(ziFs) 

• ;;i2i. 	 Linux, Fortran, Ds ViewerPro 

Trial, DL-Noy, GaussView um: Gaussian 

3.2 a j-ilitArariaolimwi5116iiiitvitilmilii-iu-YaqiaviL/61.1viikilQiihutuiwillota4 (ziFs) 
• 2x2x2 vithuvriag winifiwigni X-ray iiaciiiniukrpinwin CCDC 

(Cambridge Crystallographic Data Centre) 

3.3 4i-iivunIFiwiiikmivrivriArnnilisioigiciiiikwhinadvinlificinnA-mini 

• inininAjnianiiiiiniammitulm.laril ZIFs 

• diuwiplyii-pnflimairehimiuu?Numgeonnirrinntiaitanwl5n1 ZIFs ikri Universal 

Force Field (UFF), Dreiding 1,6M Amber Force Fields 

• 	19iimrKlwiAmniiimnigneti5lAnnuatwaittql-Mbnnr)yipitiligmpwinl-R,19 
cy 

niativiumu 

• 4-rinnininaijwaiirnfikviarraurwivHnliegimigiOcirtilielTilartining@imi (ziFs: 
6NWSieu) Liat-rmilmaripillinugn Ohcinvisirctr) 

3.4 FinwrtiniFinn-inifflgIUT@liviTtlihrinnAnaalitetruritikmainniiiia (Gibb Monte 
Carlo Simulation) 

• 4-runftrvi-ifinctIlariainnnumst aqiwtiacurACiirilmarualyur21101a6 (ziFs) 
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• Iiiirpconyiihmai5cuvaEritiLmr-maLiWiviicumtrulalwA°.-Ativii6vil 

L'utaLcutAllni,fl4 (ziFs) burvi-inl5vA4m.uilutwi-nElrimnnwAindlkinni 

42etnadricuNonn5vla@5vrilia5edhtTAn2 

• lumUNI Nann5vmaaAlinoofl inlfict,d w,-/1/1-inn@hcLnawintliarigunnwe6ifiAnni'l 

• 1,6"anvirrmilLvipieMvinlsicAti,iNflnra-rinnlInAlgult-TuNan-mwanIn 

inTLYfro'Firimilt-41 LiiinMeurriAionlLturumAncillaurpialed 

3.5 itinvimn13-Mibmaihlatimalvmolthtimagavomdn-JunnA-io.uvutniuMival 

iml,flga(Molecular Dynamics Simulation) IouviThin-yunezThitmliinedILLmimicuno 

LMai'luvi 1-30 IuLaqflvinviethum6 (8-240 lanagfl) 1,1,11AilulagIflviativig6vilo 
cal uuutuuqUalmi (ZIFs) 

• 4-luvi9 i5n-15f1otroaltinti8Jlmlaricub155er5'15 ZIF-8 

• FiriAtimliti Vitn-mplAi (D)11@lflyneulinaglubnla5-11 ZIF-8 

• nan Membrane selectivity ?inviiì u ZIF-8 AI @k lLLUntl'19INaL N2  um: CO2  

• LilioulAu wn,rivi Pore Size tolimleifil ZIF-8 cilunqicistillnatiacimnivarriti 

4. NaiimAviw,lwarmclientivlqulti (RESULTS AND DISCUSSIONS) 

4.1 Airuning1qdmat,73(u5T,unnan7fillAtnia5riuni) 

4.1.1 ricumnanwatioljalnlaill X-ray Tni ZIF-8 	 ZIFs 'Cia1V15c11,121.11 
vtliuu6euriculnuMutiyruvr5'18J1C91oilumillA±11 ZIF-8 atifiritlinwia N2 um: co, (176-; 

Lciaincintuvrievri5ilum@iffiLevari:,/mi 
coilykkian-15vmaal lV llfl n-iviltIMInnAnnnoshufinsu 6v1liT-1511111*11@5fic1Q1 N2, CO2, 

N2/CO2  teulm5a5ni ZIF-8 Llav, int15:../A`dn-rviinnarinii-isuNau N2/co, LL9861,:g ZIF-8 itItiantLuTu 
Iminv,al'Inn-) m.ki,g),r-ulnant6irutnutuilouricuNann54-rumlul-u'Ani 

4.1.2 FirriTinnThilthun5m lv LIfl Linux, Fortran, Ds ViewerPro Trial, DL-Ploy, 

GaussView 1,Lat Gaussian 1,AaaNinlaijilfiv-itlinaria N2, CO2  at'1,6tm,iithan5lAalvit-ii 

4.2 a5H16ituu4-1a11951a5-1 \qhu9luIn516/nuimilmtauviNTiloLMmucutpiilaldl (ziFs) 
thiialja X-ray 	ZIF-8 @nn CCDC (Cambridge Crystallographic Data Centre) 

LneifijuatnAndnoT-Antulaqvuno 4x4x4 la:// 2x2x2 Ilt inumg Q15IIavolYJ5Yliil 2 Lcialirj  
42nnnificugmocuk'15t LLarANd-TvaillImagfl 
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4.3 41iiunim5lei5nliiaritr-reviriniliviairei-iviiuFincincoriliniimoucRnivini 

ZIF-8 ei1311701,1,1116211101T@laEvImivinli aorwrtu 7 azIciace,i '111iiMmIciticItivi 3 

Fici 3 Lidvil&iinowtri-A9inn 	 ZIF-8 Mid H_H4, C_CC, C_CR, N_NA, C_CT, H_HT 
611,ivihRiTirilal Organic linker awif, Zn q1,11,Thg1/21,16M1 Metal duster 
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ilnynArmilimaignvii'liintnagumiliunnnottanwinl ZIF-8 WiLLii Universal Force 

Field (UFF), Dreiding Lim' Amber Force Fields Inii\IVIIMU*1@llse:Mi'lln 	 ZIF-8 

ifinthlrwinincuvrted5annini5viquri-m N2  LIM' CO2  1-JEJLtuuilaneitialiou6nnila Linz 

alinuicriuuNandnxicu:iinkiannwinni iciAiam-mfau6rumhlunccivantimn7kniniNittN-eguil 

AjliiMaitiztA 4 
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Pressure (bar) 

cid971 4 trilnaln-15vItifinif N2  anti CO2 IvianosuinaNPictgliJauFmlil LiaLiimpniwoaalciA 

qW1)11,,,n 298 K 

cfilnainnnosircuounlii-vd N2  um' co2 619abn1aN ZIF-8 ImanAwolvacannila (14 

i tiniu-,111 298 K unfl'IlINTU 0.1-1.2 unibluvaerunluuNaknd-nticuimjaniwoanAa 

viTmiacu6uvaS'arn°,,ivdiltinsuianagaLia:-; ZIF-8 	 winNannwiTulanieu-h 

Timainnnwpzieuriem'ittAlieminAlgulfictrliavmniTmmul 

thiSiailaumanun5nti-aniGiMmialltrEicuo@cumisikEinliithAanm 

4.4 Finnn6MM11"15V145u'UT@ltlil'al'Thn'n4naalLviniluthmtiAnliTa (Gibb Monte 

Carlo Simulation) 

A A A 
V V 

A AA 

V V v 
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• CO2  Gibbon program (this work at 298 K) 
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✓ N2  from Joe M.et al. (Exp. at 298 K) 0 	• 

o• 

Q 

0.8- 
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CO2,13 273 K 	 sa, B, 298 K 

	

N2,A 273 K • 
	N 2,8 273 K 
	

sa, B, 273 K 

TA 5 n) caintun-i5visti'uncisu um; 621) 6915-inn79,rhnvn6d N2  Liati CO2  iin,ruvirciii 273 LiDa:,-/ 298 

K w HT-arki 0-50 vns 

sii 5 LiamAmnairmrirtifiit66a:,',6nyinnvpirturin6d N2  6Lfv CO2  fins annecli 273 LI9 

298 K to 21nnai2lu 0-50 uni lArismh ZIF-8 	 CO21kinfirrinfinctI N2  aline] 

cCitiRgAlv 0,m-SiqfI14ef1rl 273 K etlim-ininniucutinTwailirinfilas tumil 298 K 

N2/co2 carifir.jfi 273 K ?11n-iffiqt-rivicoll 298 K vanwinil 6iimjai5ndx) 

wudy,m2rari16114-rtnrirth0116m-rordal ZIF-8 iiNavihmairunignviijalimminflictIrgar N2  LI CO2  

luia fiMi'Ll 

4.5 Firrtl-oiariViiiihim51Mj-mi,i,aelim-Yvitialii-mlaugmunanPRin-niiria@liounoiMioiliil 

liriagn (Molecular Dynamics Simulation) 

4.5.1 gfluvitilnig4u6dnlieiriffulinarlariuln5laicil ZIF-8 

v-innyirlitAtyinw,r0v,viniV•rinfint N2, CO2, N2/c02  nrjlanricu Organic linker itinLivith 

C=C (CC) Lim; 	Methyl (CT) DrInfliql ILVIWaciViThrIrl Zn cluster arincigo 1§IntE11-1411 

—3.8 A Rat —6.2 A €itletimlE01`3111'HiTti N2, CO2, N2/CO2  fAcinviEtTultbn5a5n1 ZIF-8 atiTylifij  

triniu Organic linker arinn-knAiaru Zn cluster ninl@rincjnyruluw,rinfrilltnn-h 

anflAklriu5nulneuWovimuutiundia-MaqinvtativiThicdoLdutwoutoliTabmtuan ziFs av 
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single N2 (Chokbunpiam T. et al.) 

N2, mixture in CO2/N2 (this work) 

1 E-9 

CV--  1E-10 

a 

1E-11 

5 10 15 20 25 30 
c (molecules per cage) 

o single CO2 (Chokbunpiam T. et al.) 

e CO2, mixture in CO2/N2 (this work) 

1E-9 

Or.  1E-10 

0 

1E-11 

5 10 15 20 25 30 

4.5.2 PingMhg,JaIitnThLINq (D5) isHltinsghitagariulmlaicil ZIF-8 

Fula-fint'FIVgnnulithialtin66 (D5) looLituina51^In59111.1LagaTalrrit N2, CO2  61,02.iAWN?11.1 

N2/CO2  (1:1) acii:Utl 10 9 	10
-12 

 m2/s ImanyLviarinna,InvTdcli'31 0.5-20 Limgatti@11Uvi Pin 

D, loclriljn1q117111.hanni 10 9  m2/s Lci9M-11.16i1.14111,161Ja5einiygoirm 20-30 iminqa/91nedo rin Ds  

Tc±;a0latinliliTeminrit-gethrianal 1011  m2/5  vanutlifinsdd-ill 

1Jannicbtli7jaAjlndr1'J2{llmnViipi11nanrin-numa1'15n6unl ZIF-8 ni\intili1hth1Vi4Liunticvdnali 

N2  UM,' co21A" Imoliiinkia6o5nn-inwifeurrnlcui-An 4.4 

c (molecules per cage) 

71A 7 n) friAird5...,'Fnfi'n-mvvvq'dalf-in% N2, CO2  um; 61) fintunn N2/CO2 (1:1) 

0.5-30 bfrimcia/6iialLN 	 ZIF-8 
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4.5.3 	Membrane selectivity grmiiiti ZIF-8 1:14a4L1Hilfilcalal N2  LIM', CO2  

aun7n4qtrambluilinatinnnidliwin adiff„,-„,4  Lim a,„,00,:;; Lfla I A'nfici% N2  ilat j 

g@rici% CO2  rilanyandiftrifeufinnheviririu 1.25 ImarpPilalilln (viinthzi.,arnaL 3.2 bar) win 

Adsorption selectivity ilfinffu 3.84 iing-*-1 Diffusion selectivity 0.865 (v1114 5 L11 7 

vrThignk) vii11.71Afil Membrane selectivity viihriti 3.32 (3.84 x 0.865) 1,1,M171firralicalititeileti 

ilminriu 2.5 larinnaAinqiN (viS'orihnntu 6.88 bar) ?iri Adsorption selectivity Lvinricu 3.93 

LL 1 Al Diffusion selectivity 0.72 (TLfii 5 Lim,' 7 91-aign(1U) G151d J 1 Membrane selectivity 

ivinricu 2.92 (3.84 x 0.865) 1oop-inciln -12e9nonAjniiliverann5vmaniTn1 Diestel et al. 2014 

einitri-win Membrane selectivity gnviTuAjALLunii-mwoLi N2  UM' CO2  aiirieu 2 451eit40-Lamna51i 

l$Hinn54-rinalleunn"-WtrililfraNnAin5 	 Lilminlierninkgr15riurr15 

ZIF-8 linyariimarr,,iaiM'l9ii5i1LLEInrin,maar N2  LLA2.-i., CO2  

ikEinen_152.),Slitirm 

4.5.4 onErtivilmrtitriA Pore Size 6tinlb15 ?il5 ZIF-8 crinNtivesiaringaffin-rariginiu 

TurwmttialitlAimlaijril ZIF-8 	 N2/c02 1716v15'1d21h 1:1 Lim-, 1:4 Gl5 

Liam11,Th-1 8 tintwav N2/c02 6915-Ld'm 1:1 (n, 'n) 	 ZIF-8 ignmnn 

3.375 A Lilo 3.195 A LIJI 0fi'n11,41f1.1411,16d@lh'itqliirinhl 0.25:0.25 — 10:10 molecules/cage IAvi 

ill8Frialiihrticueihrintianru 15:15 molecules/cage TITIMIN141:1191-11T2tVicAll:VilfTh 3.885 

A unnv-inilirlimm N2/CO2  ctigmndTt,L 1:4 (A) 6Lnywrami.:InviliRtartirdicianyanifiriFtqltdu 

(3.765 A) LivLAnryhmainsueLmgmndrdt,1 1:1 Gi51du anm5n21511lG1 ivarty1nnnfln-1ni Gate 

opening effect 66a4Mlaicil ZIF-8 	 Vii@WJ'IlAtil1:17\;1141.41 LLMAii 

117166 N2  wileLavimunvivi1116116t1a5 ZIF-8 fLIviriThlrinn±ifinsd CO2  
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5. altiNangwmf125411,11UITLMEJ (CONCLUSION) 

triL'itumweqiu 11M1,9Al5 LLat-illINithTalliw N7, co, lcubn.laij-N ZIF-8 `1768TI.,y3aibiwin 
Lianivai'vw"81154LatialiNdIn631ENriuniTvwoi 

Flu6t11;i-hnng-nnruletmit'AuEiTruiiiinTmpaThli,Lacc)itiniAatiaLficu@dnunn ihetrinigiA'n5LLIiN 

Gate opening effect tlininNfiw N2, CO2  Lim-di-166Na( Nico2Itilm51ai15iral 
ZIF-8 6filFrimLiwticti 20-30 laionatti@NILNI 	

yd vtiolTin 
th'arlagicmfiLfilligruictikulmlefichi ZIF-8 iitusinn.i Organic linker 

ihann 3.405 rtleu 3.885 A ihei@vinklriuNalocuniinAitlioutteliiffyanihrrietnallinsunnonii 

LaiiijoATILL666iMphfinemavuillihN iinnwlailihicupholAkmnium-intln9Y-)ny; 
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ABSTRACT: Diffusion and adsorption of CO2/N2  mixtures in the zeolitic imidazolate framework ZIF-8 are investigated by 
molecular dynamics (MD) and Gibbs ensemble Monte Carlo (GEMC) simulations. Structural changes called "gate opening" 
could be found for the adsorbed single-component gases and for the mixture. The gate opening appears for the mixture at a total 
number of guest molecules per cavity between that for the pure CO2  and that for the pure Ni but closer to that of Na  which is 
lower. Due to the stronger dependence of CO2  adsorption upon the temperature in comparison with ND  the adsorption 
selectivity is predicted to be higher at lower temperatures, which is in accordance with experimental findings. 

1. INTRODUCTION 

Porous materials play an increasing role in research and 
industry. Particularly, during the past decade metal—organic 
frameworks (MOFs, see refs 1 and 2) came into the focus of 
interest because of their great diversity, the big pores, and the 
possibility of custom-made design. Some of them have the 
highest internal surface areas per gram of all porous materials 
known to date (see Li et al.2). They consist of metal ions or 
metal oxide clusters that are connected by organic linkers 
forming porous frameworks. Replacing the organic linkers, new 
structures can be created and also exchange of the metal ions or 
metal ion clusters can change the properties of MOFs thus 
giving the possibility of tailoring the MOFs to specific 
applications. For example, Kwon et al.3  and Krokidas et al.," 
respectively, could show that replacement of Zn2.  with Co2* in 
ZIF-8 (resulting in ZIF-67 framework) enhanced significantly 
the propylene/propane separation. 

But, for technical applications, also a high stability against 
thermal and chemical conditions of use and against pressure 
changes is required. With respect to the stability a subgroup of 
the MOFs, the zeolitic imidazolate frameworks (ZIFs), are very 
promising. Many of them have high thermal and chemical 
stability (see Park et Al that makes them interesting materials 
for potential industrial purposes. 

ACS Publications 	0 2016 American chemical Society 	 23968 

Besides experiments, simulations are important tools for the 
exploration of such materials, Simulations are safe, compara-
tively cheap and well-suited to understand or forecast 
properties of guest molecules in MOFs. They are able to vary 
conditions to identify reasons for effects. Examples are 
simulations with rigid and flexible MOF lattice for comparison. 

An interesting feature of many MOFs, that is also important 
for applications, is the lattice flexibility that is much larger than 
that of other porous materials, e.g., zeolites.6-11  M an example, 
in refs 6 and 7 it could be shown that this can result in opening 
of bottlenecks in the lattice of the MOF Zn(tbip) at high guest 
molecule concentrations resulting in interesting patterns of the 
dependence of the self-diffusion coefficient upon the guest 
molecule concentration. But, even under ambient conditions, 
the fluctuating size of the so-called windows, that connect 
adjacent cavities, can have drastic consequences. In Hertiig et 
al. it turned out that the diffusion selectivity for a CH4/F12  
mixture in ZIP-8 was changed by several orders of magnitude 
due to this effect. The lattice of ZIF-8 is quite flexible so that 
molecules slightly larger than the average window (bottleneck) 
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diameter (3.4 A from Rietveld refinement) can diffuse due to 
the window "breathing"." This concept could be reproduced 
only in flexible lattice simulations with appropriate parameters 
like, e.g., those from the Amber force field or by Haldoupis et 
al. in ab initio molecular dynamics (MD),1°  while parameters 
from the also well-established Dreiding force field's  yield a too 
stiff lattice (see Hertag et al.9). Hence, the choice of appropriate 
interaction parameters is very important, and not easy. 
Additionally, the correct simulation of the lattice vibrations 
requires the definition of about 10 000 elastic bonds, angles, 
and dihedral angles for an MD simulation box. The 
consequence is a big programming effort and requirement of 
computer time. Therefore, simulations in the rigid lattice may 
appear to be attractive, but this can lead to a diffusion behavior 
which is far from the experimental findings as shown, e.g., by 
Hertag et 01.9  

Moreover, the lattice flexibility can lead to such surprising 
effects as found by the group of Kapteijn for ethane/ethylene 
adsorption in ZIF-7 (see refs 14 and 15). It consists in a change 
of the lattice shape of ZIF-7 that opens bottlenecks and enables 
larger molecules such as ethane to enter the ZIF-7 structure 
more easily. The effect was named "gate opening". By density 
functional theory (DFT) calculations it could be shown by van 
den Bergh et al.'s  for this system and by Zheng et al.16  for 
ethane in ZIF-8 that this gate opening is, in some cases, based 
on quantum effects. Hence, it could not be reproduced in 
classical MD simulations, even not with flexible lattice, for 
ethane in ZIF-8 (see Chokbunpiam et An) 

ZIF-8 is a well-known member of the ZIFs. In ZIF-8, Znn  
ions are interconnected by methylimidazolium anions (mini—) 
forming an SOD lattice of the composition Zn2 `(mim—)2. Many 
experimental and computational studies of ZIF-8 have been 
published already, e.g., refs 9, 11, 16-35. 

Moggach et al, described in ref 26 a structure of ZIF-8 that 
has been observed at 1.47 GPa under loadings of up to 41 
methanol molecules per unit cell. This high-pressure structure 
shows larger pore volume and larger diameter of the windows 
that connect adjacent cavities and corresponds to a gate-
opening effect. The change is reversible. In order to understand 
this phenomenon Fairen-Jimenez et al. investigated in ref 27 
the high-pressure structure, called ZIF-8HP, by experiment and 
grand canonical Monte Carlo (GCMC) simulation, and the 
results are compared with those from the ZIF-8 structure at 
ambient pressures which is named ZIF-BAP. The authors 
compared the measured adsorption isotherm of N2 in ZIF-8 by 
use of separate GCMC simulations with rigid lattice for the two 
structures ZIF-8AP and ZIF-8HP and show that at low pressure 
the simulated isotherm for the ZIF-8AP structure and at high 
pressure the simulated isotherm for the ZIF-81-IP structure 
agree well with the experiment. It is concluded, therefore, that 
in reality increasing concentration of N2 causes a phase 
transition from ZIF-8AP to ZIF-8HP. The transition itself 
cannot be simulated with rigid lattice GCMC. 

In Zhang et a1.,28  this gate-opening effect was first found in 
classical MD simulations for N2 in ZIF-8 at low temperature. 
This gate opening could also be found by Chokbunpiam et al. I9  
at ambient temperature and at a loading that agreed with the 
experiment. The gate opening was caused by a reorientation of 
the linker molecules. Other theoretical studies about gate 
opening that is caused by linker rotation and which can be also 
called "swinging door motion" or "saloon door motion" include 
refs 4, 10, and 36. This saloon door motion could also be 

WPM 
examined experimentally by Kolokolov et al.37  for benzene and 
by Casco et al.38  upon N2. 

Since carbon dioxide is a very important gas in many 
chemical processes and on the other hand a prominent 
greenhouse gas, the behavior of CO, in ZIF-8 is very interesting 
with respect to a possible use of ZIF-8 for storage or for 
separation of CO,. Particularly, adsorption at higher pressure is 
of interest for pressure-swing separations because exposure of 
the loaded ZIP to ambient pressure is sufficient to release the 
largest part of the guest molecules and to make the ZIF ready 
for repeated use. Fairen-Jimenez et al.29  investigated the 
adsorption of some gases including CO, by experiment and 
rigid lattice GCMG simulations. For CO, at 273 K both 
structures ZIF-8AP and ZIF-8HP give similar adsorption 
isotherms for the whole range of pressure (see Figure 4 of 
this paper,29  lowest curve on the right). These similar isotherms 
do not allow drawing conclusions about the existence of gate 
opening for CO,. Therefore, in Chokbunpiam et al.23  this 
question has been examined by MD simulations with flexible 
lattice. It has been shown that a gate opening happens for CO, 
in flexible ZIF-8 at 300 K only for loadings of more than 22 
CO, molecules per cavity which corresponds to a high pressure 
which would be above the gas—liquid transition pressure in a 
connected gas volume. In Venna and Carreon" the use of ZIP- 
S in a membrane for the separation CO2/CH4  is investigated 
experimentally. In Zhang et 431  it is described how the 
adsorption of CO2  in ZIF-8 can be enhanced by a special 
treatment of the ZIF sample. Experimental adsorption 
isotherms of CO, in ZIF-8 are also shown in refs 21-25, 29, 
31-34. All of these papers did also GCMC simulations, and 
each group found parameters that give agreement with the 
values of their measurements, respectively. A comparison of 
some of these quite different isotherms is given by 
Chokbunpiam et al.1°  In refs 18, 22, and 33 also the diffusion 
of CO, in ZIF-8 is investigated experimentally and by 
simulations. Experimental values from Chmelik33  have also 
been compared with simulation results of Chokbunpiam et al.33  
In ref 11 Zhang et al. examine the adsorption and diffusion of 
CO, in ZIF-8 at high pressure (up to 100 bar) by simulations. 
The importance of the lattice flexibility for diffusion is 
demonstrated. Gate opening is not mentioned in ref 11. The 
diffusion of CO, in ZIF-8 is also examined by ab initio 
molecular dynamics (AIMD) calculations by Haldoupis et at m  

Nitrogen as the major constituent of air is of high interest for 
the investigation of mixtures with CO,. Several papers report 
the adsorption of nitrogen in ZIF-8. By Perez-Pellitero et al.23  
the adsorption properties of CO2, CH4, and Na  in ZIF-8 at 303 
K have been examined. The adsorption of N2 and of CO, in 
ZIP-8 and modified ZIF-8 are also investigated by Zhang et 
01.31  where the single-component adsorption isotherms are 
found from simulations, while that of the mixture were 
calculated from single-component data by ideal absorbed 
solution theory (LAST), but not from simulations as is done 
in the present paper. Experimental isotherms for the adsorption 
of CO, and N2  (single component) for low pressures up to 1 
bar are reported by McEwen et All  Like in ref 31 mixture data 
are predicted in ref 21 by LAST, but not from simulations. The 
simulations of the adsorption isotherms of Chokbunpiam et 
al.23  show excellent agreement for CO, with those of Mcffiven 
et an 

Battisti et al.3.1  investigated the adsorption of several mixtures 
including CO2 /N2  in different ZIFs including ZIF-8 by GCMC 
and MD at 298 K. For the GCMC simulations the lattice was 
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Table 1. Values of the Adsorption Constant K at 298 K from Gibbon Compared with Values Computed from Published Data of 
Other Papers" 

this work Mctwen et 31.6  Simmons et al.' %hang et al.a  Perez-Pellitero et al.' Lie et Punch et al.,' 
Na pure 0.26 0.14 0.30 0.15 0.11 
Ny in mix 0.25 0.14 0.14 
CO„, pure 1.06 1.05 0.61 0.62 0.94 
CO, in mix 0.99 1.05 0.61 

"The values for K are given in molecules per cage and per bar. bRef 21. 'Ref 24. dRef 31. 'Ref 23. Ref 32. gRef 33. 

assumed to be rigid as in most adsorption simulation studies. 
The MD simulation was carried out with flexible lattice 
applying the Dreiding force field. The lattice structure has not 
been investigated, e.g., with respect to the gate-opening effect. 
Because the independent variable of state in GCMC is the 
chemical potential rather than the pressure, an additional 
relation between the chemical potential and the gas-phase 
pressure is needed. Battisti et al.?' used the van der Waals 
equation of state for this purpose. The van der Waais equation 
is known to be less accurate than, e.g., the Peng-Robinson 
equation. This may lead to some inaccuracy in the adsorption 
results. For the membrane selectivity or permeation selectivity 
of CO,/N, in the low-pressure limit a value of 5.72 is reported 
by Battisti et al.34  Structural details like radial distribution 
functions or adsorption sites have not been investigated in ref 
34. 

In the present paper the adsorption and diffusion of CO2/N2 
mixtures in ZIF-8 are examined by both MD with flexible lattice 
and Gibbs ensemble Monte Carlo (GEMC) with rigid lattice. 
In MD, dynamical properties of the adsorbed molecules in 
mixtures and their influence on the flexible lattice are 
investigated, which was not done in refs 31 and 34. Particularly, 
the question whether the classical MD simulations will give a 
gate-opening effect also for this system is examined. 

The influence of the temperature on the adsorptive CO2/N2 
separation is investigated. This adsorptive CO2/N2  separation is 
of special interest in the so-called ''post combustion' strategy to 
extract CO, from power plant exhaust gases after steam has 
been removed by condensation. 

The self-diffusion coefficients of CO, and N2  are evaluated so 
that the diffusion selectivity can be calculated. From the 
adsorption and diffusion selectivities the membrane selectivity 
can be obtained. 

2. COMPUTATIONAL DETAILS 

2.1. Interaction Parameters. For the lattice atoms of the 
MOF and for CO2, the interaction parameters are the same as 
in Chokbunpiam et al.2" They showed good agreement of the 
simulated self-diffusion coefficient of CO, in ZIF-8 with 
experiments, and also the adsorption isotherms were found to 
be within the range of various experimental isotherms. Best 
agreement was found with the isotherm of Mcffiven et al 21  For 
N2  in ZIF-8, the same parameters as in Chokbunpiam et al.19  
are used. In ref 19 the structural phase transition in ZIF-8 has 
been investigated, but not the adsorption of guest molecules. 

To check the interaction parameters, tests at low pressure are 
carried out. In order to include also the results of Mcliwen et 
al.21  (where the adsorption has been investigated only at low 
pressure) in our comparison, we used the linear low-pressure 
part of the adsorption isotherm to check the consistency of our 
parameters by experimental adsorption results. 

As the uptake ir of N2  and CO, in ZIF-8 at 298 K follows at 
low pressures p a linear law (analogous to Henry's law)  

u = Kp 	 (I) 

it might be interesting to compare for pressures up to 5 bar the 
adsorption constant K from different papers with K values 
obtained in the present paper by simulation. Note that the 
concept of the Henry law comes from dissolution of gases in 
liquids, and in such applications, the Henry constant is usually 
defined in a way that is slightly different from our K. 

The validation of the used parameters by comparing values of 
K of this paper with those obtained from published adsorption 
isotherms is presented in Table 1 and discussed in the Results 
and Discussion, section 3.6. 

2.2. Molecular Dynamics Simulations. The zeolitic 
imidazolate framework-8 (ZIF-8) structure, has been derived 
from X-ray diffraction (XRD) data by Park et al.s  The Mercury 
program has been used to construct a lattice containing eight 
unit cells as shown in Figure 1. 

unit cells 	4-membered ring 6-membered ring 

Figure I. ZIF-8 structure consisting of zinc (Zn2', tetrahedra) which is 
connected by imidazolate linkers that consist of nitrogen (N, circle), 
carbon (C, line), and hydrogen (H, line). 

These eight unit cells of the Z1F-8 form the cubic simulation 
box (edge length 33.982 A) for the MD simulations by the 
DL_POLY software. We used flexible models for ZIP-8 like in 
earlier papers of Chokbunpiam et al.17•2°  The parameter data 
for N, and CO, were taken from Potoff et al.39  and Liu et al.32  
First, simulation in the isochoric-isothermal ensemble (NVT) 
is carried out to equilibrate the system for 5 ns. Then, the 
evaluation part of the run of 25 ns is done in the 
microcanonical ensemble (NVE) with an average temperature 
of 298 K which is close enough to 300 K. The integration time 
step is 2 fs, the VDW interaction cutoff was 14 A, and Ewald 
summation was done. The stability of the lattice for our 
parameters without fixed box size was tested by NPT 
simulations of the empty lattice at I bar as already reported 
by Chokbunpiam et al.1  

The window size fluctuations and the diffusion coefficients of 
N2  and CO, as mixture in ZIP-8 are investigated. Finally, we 
compare our simulation results with the experimental data and 
computer modeling. 

2.3. GEMC. Gibbs ensemble Monte Carlo simulations 
(GEMC, see Panagiotopoulos4°) of the adsorption isotherm 
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Figure 2. Distribution of the window size (six-membered rings) of ZIF-8 for mixtures with different loadings at 300 IC Slight decrease of the window 
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are done using the homemade Gibbon software that has been 
used successfully by Chokbunpiarn et al.2°  for pure CO, 
already. In GEMC, the equilibrium between the gas and 
adsorbed phases is established by particle exchange between 
two simulation boxes, box A containing a free bulk gas and box 
B containing the porous crystal with the adsorbed phases. 

GEMC directly yields the equilibrium between the adsorbed 
phase of the mixture and the gas phase, in which the pressure 
can be calculated from the density by an equation of state. In 
GCMC, only the adsorbed phase is included in the simulation 
and the calculation of the pressure must be done by the virial 
theorem that is not very accurate for nonspherical, charged 
particles at high pressure, or alternatively, an additional relation 
between chemical potential and pressure would be needed. 

The adsorption isotherm is normally given in form of uptake 
as a function of the pressure. GEMC simulations yield the 
uptake as a function of the density in the connected gas phase. 
Agreement with the common form of description requires the 
calculation of the pressure in the gas phase. For low pressures 
up to about 1 bar, the ideal gas law can be used. To calculate 
the pressure at higher gas-phase densities, we have used the 
Peng-Robinson equation of state°  for both pure substances 
and also for the mixture. The fact that the density in the gas 
phase is obtained without any detour that would use, e.g., the 
chemical potential, which cannot be measured directly, is the 
main advantage of the GEMC method over GCMC. 

A phase transition of gas/liquid happens for pure CO, at 298 
K at about 64 bar in the free bulk gas. Our Gibbon software is 
not able to simulate states that include gas/liquid coexistence in 
the gas-phase box because of the periodical boundary 
conditions. To be stare to avoid any artifacts like existence of  

droplets, etc., we did GEMC for pure CO2  and for the mixture 
that contains CO, only in the pressure range up to SO bar. 

The GEMC simulations are carried out with rigid lattice and 
rigid molecules because in several papers it has been found 
already that the adsorption isotherm is much less sensitive 
against the approximation of a rigid lattice than diffusion"'" as 
long as no structural transitions (e.g., gate opening) happen. 
Hence, before GEMC with rigid lattice can be done, a structural 
phase transition for the system and the pressure range that is 
examined must be excluded, This can be done, e.g., by MD 
simulations with flexible lattice. In the present paper, GEMC is 
done only at pressures far below the pressure where gate 
opening is observed. 

One advantage of rigid lattice Monte Carlo (GEMC or 
GCMC) in comparison to MD with flexible lattice is that the 
position changes of the molecules per simulation step in the 
GEMC are about 2 orders of magnitude larger than in MD with 
flexible lattice, which leads to much better statistics. Moreover, 
in flexible lattice MD, all the forces connected with elastic 
bonds, elastic angles, and elastic torsion in the lattice must be 
calculated in each step. They are very computer time expensive 
because they include three-body forces and four-body forces. 
Thus, Monte Carlo with flexible lattice would not be effective 
and, hence, cannot be found in the literature for adsorption 
simulations. On the other hand, MD is necessary to investigate 
time-dependent phenomena, e.g., diffusion, lattice vibration, 
etc. 

We used the same interaction parameters for both the 
GEMC simulations and the MD simulations in this paper. 

In each run the random starting situation is relaxed to 
equilibrium by an equilibration period of typically 10 million to 
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Figure 3. Molecular self-diffusion of CO, and N2  at 300 K for the single-component loadings of 0.5-30 molecules/cage and the mixed gas loadings 
of 0.5 C010.5 N2  to 15 CO2 /15 N2  molecules/cage in ZIP-8 framework by MD simulations. 

20 million simulation cycles. Higher densities needed a longer 
equilibration period. After equilibrium was established, the 
evaluation takes place during another 10-20 million simulation 
steps. 

For the adsorption isotherms of the mixture at 298 and 273 
K we did two kinds of equimolar simulations. In case Awe kept 
the ratio of the numbers of guest molecules of the two 
molecular species CO, and N2  as 1:1 constant in box A (gas 
box), but changed the gas box size, thus realizing different 
densities of guest molecules in the gas phase, which means 
different pressures. Because a change of the box size will 
normally affect this ratio, the particle numbers were then 
modified by trials in such a way that the ratio of the two guest 
molecule numbers was with a remaining difference of about 1% 
again 1:1 in box A for each case in the equilibrium state. From 
these equilibrated systems we then calculated the adsorption 
isotherms and the adsorption selectivity and the fugacities. In 
case B we modified for each gas volume the ratio of the two 
guest molecule numbers in box A by trials. After each trial the 
system had to relax in an equilibrating simulation run. Then the 
resulting ratio of the particle numbers in box B showed if 
additional trials and relaxations were necessary to obtain 
equimolar mixture in box B. 

3. RESULTS AND DISCUSSION 

3.1. Influence of the CO2/N2  Mixtures in ZIF-8 on the 
Window Size Found in MD Simulations. Figure 2 shows 
the change of the window size with the loading for mixtures of 
CO, and N2. At low loadings (Figure 2a) the window sizes 
become slightly smaller from 3.375 to 3.195 A However, from 
10 CO2/10 N2  to 15 CO2/15 N2  for equimolar adsorbed 
mixtures in Z1F-8 (Figure 2b) a gate opening up to more than 
3.7 A can be observed. For the adsorbed mixture of the 
composition CO2/N2  = 4:1 in ZIF-8 (Figure 2c) the gate 
opening starts at 16 CO2/4 N2. 

Therefore, the window sizes from single-component gases 
CO2, ND  and COIN, mixture adsorption can be ordered19•9°  
CO, > CO2/N2  > N2  (4.125 > 3.885 > 3.585). These results 
confirm that CO, has a much larger effect on the window size 
of the ZIF-8 framework than N2. 

Adsorbed N2  and CO, as single-con-Torrent gases at 298 K 
were shown by Chokbunpiam et 51.19' ° to lead to the gate 
opening at loadings of 18.44 and 22.5 molecules/cage, 
respectively. For the equimolar adsorbed mixture COIN, in 
ZIF-8 gate opening was found at 10 CO2/10 ND  i.e., for 20 
guest molecules/cage. Thus, gate opening is found for a mixed  

loading which is closer to the transition loading of pure N2  than 
to that of pure CO, This can probably be explained in terms of 
the fugacities: a 4 times higher fugacity of N2  than that of CO, 
is necessary to have an equimolar adsorbed mixture COINz as 
shown by GEMC at pressures up to 50 bar (see Figure 10). 
Assuming that also at higher pressures (not accessible for 
GEMC) the fugacity of N2  is higher than that of CO2, the 
dominance of N2  is plausible. Interestingly, also for the 4:1 ratio 
CO2/N2  the gate opening starts at a total loading of about 20 
guest molecules/cage. The fugacity of N2  for the 1:1 ratio of 
CO2/N2  in the gas phase at pressures up to 50 bar is also higher 
than that of CO2, and the difference increases more than 
linearly with the loading. But for total loadings of 20 
molecules/cage the bulk free mixture outside of the ZIP 
cannot be examined by our GEMC as mentioned. 

3.2. Diffusion Coefficients of the CO2/N2  Mixture in 
ZIF-B. The self-diffusion coefficients are shown in Figure 3. All 
self-diffusion coefficients D, of CO, and N2  as single- 
component gas as well as in the mixture CO2/N2  were found 
to be around 10-9  to 10-12  m2/s and follow a similar trend. For 
the single-component gases, D, did not change significantly at 
low loadings, but for loadings above 20.0 molecules/cage, 
respectively, in refs 19 and 20 the D, values of N2  and CO2 
drop dramatically down to 10-12  m2/s. The same can be 
observed for the mixture. These results are interesting in 
connection with the transition structure and the change of the 
window size as a function of loading as shown in the above 
section. Obviously, with increasing loading of gas molecules in 
Z1F-8, the mutual blocking by molecular collisions has a 
stronger influence than the gate opening. Interestingly, the 
radial density functions (RDF5) do not indicate significant 
changes in the structure of the adsorbed mixture in comparison 
to single-component CO, adsorption. Such changes could be 
important for diffusion. From the RDFs reported here (for pure 
CO2  see Figure S3 of the Supporting Information) and those of 
Chokbunpiam et al l '?  it follows that the maximum height of the 
first peak for C-C (means carbon atoms of two CO, 
molecules) is 3.2 in the pure gas simulation and 3.5 in the 
mixture. For C-O (means carbon atom of one and 0 atom of 
another CO, molecule) it is 2.0 in the pure gas simulation and 
2.0 in the mixture. For 0-0 (means oxygen atoms of two CO, 
molecules) it is also 2.0 in the pure gas simulation and 2.0 in 
the mixture, and for N-N (means nitrogen atoms of two N2 

molecules) it is 2.0 in the pure gas simulation and 2.3 in the 
mixture. Significant differences that would indicate structural 
changes do not appear. 
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Figure 4. RDFs between atoms of guest molecules with lattice atoms in single-gas CO2  and CO2  and N3 in the mixture 0.5 CO2 /0.5 NI in ZIF-8 at 
low loading. 

Figure 5. Favorite orientation of CO2  at adsorption sites inside the Z1F-8 framework 

For the diffusion selectivity it can be seen that N3  can diffuse 
a little bit faster than CO, at all loadings and temperatures. 
That means that N3 can move within the ZIF-8 framework 
somewhat faster than CO, in the mixture of COIN,. For 
numerical values see Table Si in the Supporting Information. 
The adsorption selectivity is discussed below. 

3.3. Adsorption Sites of the CO2/N2  Mixture in ZIF-8. 

In Figure 4 RllFs between atoms of CO, with lattice atoms in 
single-gas CO, and between atoms of CO, and N3 in the 
mixture 0.5 CO3 /0.5 N3 in ZIF-8 at low loading are given. It  

follows from Figure 4 that the favorite adsorption sites of 
single-gas CO, and mixed gas COIN, are positions close to 
atoms of the organic linkers such as CC and CT (for the 
meaning of these abbreviations sec the lattice fragment picture 

in Figure 4). Moreover, the carbon atom C of the CO, 
molecules as single gas as well as in the COIN, mixture has 
a stronger interaction with the ZIP-8 framework than the 0 
atoms of CO, and the N atoms of N3. The RDIIs of CC—C and 
CT—C show sharper peaks than CC-0, CT—O, CC—N, and 
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Figure 6. Comparison of the RDF graphs of ZIF-8 (CC CT, and Zn) and guest molecules (C, 0 of CO2  and N of N2 ) from flexible MD and rigid 
MC. 

shown in Figure 6. These graphs confirm that the structure of 
the adsorbed phase is found to be similar in flexible MD and 
rigid MC. 

3.5. Adsorption Isotherm of Pure N2 from GEMC. 
Figure 7 shows a comparison of the adsorption isotherm for N2 

which is the result of our GEMC simulations employing the 
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Additional RDF graphs among all atom types of guest 
molecules and some RDFs with the ZIF-8 lattice are shown in 
Figures SI-S4 of the Supporting Information. All RDF results 
support our interpretation. 

The main orientations of guest molecules were parallel with 
CC and CT of the framework as shown in Figure 5. 

The RDFs for CO2/N2  mixtures at different loading are 
shown in the Supporting Information. The results give clear 
evidence for preferential sites and the gate-opening effect 
because g(r) of guest molecules still remains nearest at CC and 
CT positions. With increasing loading of guest molecules, sharp 
peaks are seen around CC, CT, and Zn. Thus, the strong 
interaction between CO, and N2 with the organic linker at high 
loading as shown in the RDF can be important for the rotation 
of the linker. 

3.4. Comparison of the RDF from Flexible MD and 
Rigid MC. For an additional check of the equivalence of 
flexible MD and rigid MC, the RDFs between the C atom of 
CO2  and the lattice CC and the 0 atom of CO, and the lattice 
CC resulting from the two different simulation methods are 
compared for the CO2/N2  mixture at a loading of 2.5 
molecules/cage. The RDF graphs between ZIF-8 (CC, CT, 
and Zn) and guest molecules (C, 0 of CO, and N of N2) arc 

Figure 7. Adsorption isotherms for pure N2 on ZIP-8. Si means 
Simmons et al. (ref 24), Zh means Zhang et al. (ref 31), and PP means 
Perez-Pellitero et al. (ref 23). 
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interaction parameters that were also used in the MD 
simulations of the present paper (full dots), with former 
combined experimental and simulation results. Two isotherms 
of Simmons et al.24  obtained at 290 and 310 K show both larger 
values, whereas the values of Zhang et al.31  and Perez.Pellitero 
et al.23  are smaller than the values of the present simulations. 

3.6. Adsorption Behavior of the Equimolar Mixture 
CO2/N2  from GEMC. From the low-pressure region of 
adsorption isotherms published in different papers values of 
the adsorption constant K as defined in eq 1 for N2  and CO2  in 

are extracted. They are compared in Table 1 with 
corresponding values from our simulations, using the Gibbon 
software. 

The low-pressure results of Simmons24  for N2 at 290 K and 
at 310 K practically agree with each other and have therefore 
been used here for the comparison with our 298 K results. Note 
that, in the case of the mixture, the adsorption constant K has 
been defined via the partial pressure, not via the total pressure. 
For the equimolar mixture, the partial pressures at low density 
are simply half of the total pressure. In the limit of vanishing 
pressure, the mixture can be regarded as ideal gas and ideal 
mixture. 

From Table 1 it can be seen that large differences between 
the experimental adsorption results from different papers exist 
(as stated already by Chokbunpiam et al. for CO2  in ref 20) and 
that the Gibbon results using our parameter set, as described 
above, are near the mean of the scattering experimental values. 
The values from Zhang et al.3I  that are shown in Table 1 are 
averaged over the interval 1-5 bar. The reason is that for very 
low pressures (<1 bar) the isotherm for pure N2  given in paper 
31 shows a strongly nonlinear behavior (see Figure 1 in ref 31). 
On the contrary, in the range of 1-5 bar (see Figure 6a in ref 
31) the uptake seems to be proportional to the pressure like in 
all other mentioned papers and like in our simulation results for 
the interval 0 bar < p < 5 bar. Note that the mixture results of 
refs 21 and 31 that we used to calculate K in Table 1 have not 
been measured or simulated, but they are calculated from pure 
species data by LAST. 

Adsorption isotherms at different temperatures for pure CO2  
have been given by Chokbunpiam et a1.2°  They have been 
calculated using the same parameters for CO2  and the lattice 
atoms that are employed in the present paper. 

Figure 8 shows the adsorption isotherms for mixtures CO2/ 
N2  at 298 K and at 273 K. Case A means equimolar in the gas 
phase corresponding to a ratio 4:1 at 298 K and 5:1 at 273 K in 
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Figure 8. Adsorption isotherms for equimolar mixtures CO2/N2. A 
means equimolar in the gas phase and B means equimolar in the 
adsorbed phase. 

the adsorbed phase. Case B corresponds to equimolar mixture 
in the adsorbed phase corresponding to a ratio 1:4 at 298 K and 
1:5 at 273 Kin the gas phase. In case B, the almost equimolar 
mixture in the adsorbed phase is constructed by trial variations 
of the CO2/N2  ratio in the gas phase. The results can be seen in 
Figure 8. Interestingly, in case A the adsorption of N2 in this 
mixture is not much influenced by the temperature change, 
while the adsorption of CO2  is enhanced by about 25% by 
decreasing the temperature from 298 to 273 K. The resulting 
CO2/N2  adsorption selectivities S, can be seen in Figure 9. It 
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Figure 9. Adsorption selectivity CO2/N3  as a function of the gas-phase 
pressure for equimolar mixtures CO,/N2. A means equimolar in the 
gas phase and B means equimolar in the adsorbed phase. 

turns out that the selectivity at 273 K is about 5 and at 298 K it 
is about 4, while the influence of the loading and also of the 
ratio of the species in the gas phase does not much influence 
the selectivity. 

In Figure 9 of McRwen et 81,21  the adsorption selectivity 
CO2/N2  at 298 K and 1 bar as calculated by LAST from pure 
species adsorption isotherms is given. The adsorption 
selectivity is low and does not depend upon the CO2/N2  
ratio. However, the exact value of the adsorption selectivity is 
difficult to derive from Figure 9 of ref 21 because of its 
relatively small value for ZIF-8. The estimated adsorption 
selectivity in McEwen et al.” is of the order of our value, but it 
seems to be somewhat larger. This is clearly due to the stronger 
adsorption of N2 in our model (see Table 1). 

In McEwen et al. 21  the adsorption selectivity CO2/N2  at 298 
K is calculated from pure component adsorption data by LAST 
as a function of the pressure. A slight decrease of the selectivity 
with increasing pressure has been found. The average value of 
the selectivity agrees well with our value. Neither in Zhang et 
al.3I  nor in McEwen et al.21  have mixture simulations been 
carried out. 

The CO2/N2  adsorption selectivity depends much more on 
the temperature than on the pressure. For both temperatures it 
seems to be slightly higher for densities around 4 x 10-1  
molecules per A3  than for the other densities, but this difference 
is still too close to the magnitude of the fluctuations to be sure. 

We also calculated a predicted membrane selectivity as 
proposed in refs 9 and 43-45 

membrane 	(a earosionv„
" 

 adsorption)  
./ 	i 

with the diffusion selectivity criidat'n as the ratio of the self-
diffusivities of the species i and j and the adsorption selectivity 
aild"`I'm as the ratio of the adsorbed amounts of i and j. 

We investigated at 298 K the mixture equimolar in Z1F-8 at 
concentrations of 1.25 and 2.5 guest molecules per cage. These 

0 
0 
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are the two low-pressure cases in Table Si of the Supporting 
Information for which we can do GEMC simulations. For 1.25 
molecules per cage (at the pressure of 3.2 bar) we find an 
adsorption selectivity 

ads*T6' = 3.84 

with i meaning COI  and j meaning N2. With the diffusion 
selectivity (see Table Si in the Supporting Information) 

diffusion = 0.865  

we find the membrane selectivity airmb"" = (auddr",run) 
(atd"`P"") = 0.865 x 3.84 = 3.32. This value is lower than the 
value 5.72 found by Pusch et a] J1  in the low-pressure limit but 
closer to the results of Diestel et alt who found in mixed gas 
permeation on a supported ZIF-8 membrane a separation 
factor CO2/N2  zi 2 from mixed gas permeation studies. 

For 2.5 molecules per cage that corresponds to a pressure of 
6.88 bar we find an adsorption selectivity of 

a adiorption = 3.93  

With an diffusion selectivity (from Table Si) of 

at.r diff"*" = 0.742 

we find the membrane selectivity to be armb'ane = 2.92. This is 
in acceptable agreement with results of Diestel et al.46  who 
found the membrane selectivity 	as mentioned above. 

Figure 10 shows the fugacities of CO2  and N2 at 298 K and at 
273 K as a function of the gas-phase pressure for both cases A 
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Figure 10. Fugacities of CO2  and N2 at 298 K and at 273 K as a 
function of the gas-phase pressure for equimolar mixtures CO2 /b.12. A 
means equimolar in the gas phase and B means equimolar in the 
adsorbed phase. 

and B of the equimolar mixtures CO2/N2. These fugacities are 
calculated by use of the Peng—Robinson equation42  for a 
mixture from the gas-phase densities and the temperature, 
respectively. For each species the fugacity in the gas phase and 
in the adsorbed phase is equal in equilibrium. Hence, the 
GEMC simulation again provides the possibility to calculate 
thermodynamic quantities for the adsorbed species easily from 
the gas phase. The fugacity, that at low pressure agrees with the 
partial pressure for each species, can help to discuss the 
thermodynamic impact of each species on the lattice. In case B, 
in which the mixture is equimolar in the adsorbed phase, the 
fugacity of N2 is much larger than that of CO2. That means 
much higher fugacity is necessary to press the same amount of 

.Articles 

nitrogen into the pores. This high fugacity that is similar to a 
kind of partial pressure can explain that the gate opening in case 
B is dominated by N2  if we assume that also at the high 
loadings where gate opening happens (and that cannot be 
realized in our GEMC) the fugacity of N2 is still larger than that 
of COz. Also in case A, although the mixture in the gas phase is 
equimolar, the fugacities agree only up to about 10 bar, while 
for higher pressure the fugacity of CO2  increases more slowly. 
The difference increases stronger then linearly. 

4. CONCLUSIONS 

Molecular adsorption and diffusion of the gas mixture N2/CO2  
in the metal—organic framework Z1F-8 are investigated by 
using MD and GEMC simulations. The validation of the 
interaction parameters by comparison with experimental 
adsorption results shows satisfactory agreement. 

While the adsorption of N2 was found to be in a temperature 
window from 298 to 273 K almost independent of the 
temperature, the adsorption of CO2  shows the clear want Hoff 
dependence and decreases with increasing temperature, which 
results in an increasing CO2/N2  adsorption selectivity with 
decreasing temperature. 

Gate-opening effects as investigated before for single-
component gas adsorption could also be observed for the 
CO2/N1  mixture in Z1F-8. In the mixture CO2/N2, gate 
opening of ZIF-8 happens at a total amount adsorbed of 20 
molecules/cage, while for single-component CO2  it happened 
at 22.5 molecules per cage and for pure N2 at 18.4 molecules 
per cage. The stronger influence of N2  on the start of gate 
opening can be understood in terms of the fugacity of N2 that 
has been found in GEMC for all pressures up to 50 bar for the 
equimolar mixture in ZIF-8 to be 4 times larger than that of 
CO2. Note, however, that the gate opening was found at larger 
pressure that cannot be investigated by GEMC as mentioned. 
Evaluation of the self-diffusion coefficient and diffusion 
selectivity from MD and adsorption selectivity from GEMC 
made it possible to calculate membrane selectivities that agree 
satisfactorily with experiments. 

The strong decrease of the self-diffusion coefficient at high 
loadings, due to the mutual hindrance of the guest molecules at 
high occupancy, happened in the mixture at about the same 
total loadings of guest molecules in comparison to single-gas 
loadings. Obviously the influence of the mutual hindrance 
could not be compensated by the gate opening. 

Investigations of the structure by RDFs of the adsorbed guest 
molecules do not show remarkable differences to the structure 
of adsorbed pure CO2. Favorite adsorption sites of all guest 
molecules in single-gas CO2  and mixed gas COIN, are 
positions close to atoms of the organic linkers. 

El ASSOCIATED CONTENT 

0 Supporting Information 
The Supporting Information is available free of charge on the 
ACS Publications website at DOI: 10.1021/acs.)pcc.6b05506. 

Details of the radial distribution functions, self diffusion 
coefficients, and diffusion selectivities (PDF) 

El AUTHOR INFORMATION 

Corresponding Author 
*E-mail: tatiya@ru.ac.th.  Phone 6623108400. 

Notes 
The authors declare no competing financial interest. 

23466 	 001:10.1021/acs jpic410055.06 
J. Phys. Chem. C 2016, 120, 23458-23468 



The Journal of Physical Chemistry C 

E ACKNOWLEDGMENTS 

T.C. would like to thank the Thailand Research Fund and 
Office of the Higher Education Commission (MRG 5980073) 
and Faculty of Science, Ramkhamhaeng University. The 
computer center of the Leipzig University are acknowledged 
for computer resources and other facilities. 

El REFERENCES 

(1) Gangu, K K.; Maddila, S.; Mukkamala, B. S.; Jonnalagadda, B. S. 
A Review on Contemporary Metal—Organic Framework Materials. 
Inorg. 011111. Acta 2016, 446, 61-74. 
(2) Li, R. J.; Sculley, J.; Zhou, C. H. Metal Organic Frameworks for 

Separations. Chem. Re✓. 2012, 112, 869-932. 
(3) Kwon, H. T.; Jeong, H.; Lee, A. S.; An, H. S.; Lee, J. S. 

Heteroepitaxially Grown Zeolitic Imidazolate Framework Membranes 
with Unprecedented Propylene/Propane Separation Performances. J. 
Am. Chem. Soc. 2015, 137, 12304-12311. 
(4) Krokidas, P.; Castier, M.; Moncho, S.; Sredojevic, D. N.; 

Brothers, E. N.; Kwon, H. T.; Jeong, H.; Lee, J. S.; Economou, I. G. 
ZIF-67 Framework: A Promising New Candidate for Propylene/ 
Propane Separation. Experimental Data and Molecular Simulations. I 
Phys. Chem. C 2016, 120, 8116-8124. 
(5) Park, K S.; Ni, Z.; Cote, A P.; Choi, J. Y.; Huang, A; Uribe-

Roma, F. J.; Chae, H. K; O'Keeffe, M.; Yaghi, 0. M. Exceptional 
Chemical and Thermal Stability of Zcolitic Imidazolate Frameworks. 
Proc. Natl. Acad. Sri. U. S. A. 2006, 103, 10186-10191. 
(6) Seehamart, K; Nanok, T.; Kirger, J.; Chmelik, C.; Krishna, K; 

Fritzsche, S. Investigating the Reasons for the Significant Influence of 
Lattice Flexibility on Self-Diffusivity of Ethane in Zn(Tbip). 
Microporous Mesoporous Mater. 2010, 130, 92-96. 
(7) Seehamart, K.; Nanok, T.; Krishna, R.; Baten, J. M. v.; 

Remsungnen, T.; Fritzsche, S. A Molecular Dynamics Investigation 
of the Influence of Framework Flexibility on Self-Diffusivity of Ethane 
in Zn(Tbip) Frameworks. Mirroporous Mesoporous Mater. 2009, 125, 
97-100. 
(8) Sarkisov, L.; Martin, K L.; Harancxyk, M.; Smit, B. On the 

Flexibility of Metal—Organic Frameworks. J. Am. Chem. Soc. 2014, 136, 
2228-2231. 
(9) Hertig, L.; Bux, H.; Caro, J.; Chmelik, C.; Remsungnen, T.; 

Knauth, M.; Fritzsche, S. Diffusion of CH4  and H, in ZIF-8. J. Membr. 
Sri. 2011, 377, 36-41. 
(10) Haldoupis, E.; Watanabe, T.; Nair, S.; Shall, D. S. Quantifying 

Large Effects of Framework Flexibility on Diffusion in MOFs: CH4  
and CO, in ZIF-8. ChemPhysChem 2012, 13, 3449-3452. 
(11) Zhang, L.; Wu, G.; Jiang, J. Adsorption and Diffusion of CO, 

and CH, in Zeolitic Imidazolate Framework-8: Effect of Structural 
Flexibility. J. Phys. Chem. C 2014, 118, 8788-8794. 
(12) Jorgensen, W. L.; Madura, J. D.; Swenson, C. J. Optimized 

Intermolecular Potential Functions for Liquid Hydrocarbons. J. Am. 
Chem. Soc. 1984, 106, 6638-6646. 
(13) Mayo, S. L.; Olafson, B. D.; Goddard, W. A. Deciding: A 

Generic Force Field for Molecular Simulations. J. Phys. Chem. 1990, 
94, 8897-8909. 
(14) Giiciiyener, C.; van den Bergh, J.; Gascon, J.; Kspteijn, F. 

Ethane/Ethene Separation Turned on Its I lead: Selective Ethane 
Adsorption on the Metal—Organic Framework ZIF-7 through a Gate-
Opening Mechanism. J. Am. Chem. Soc. 2010, 132, 17704-17706. 
(15) van den Bergh, J.; Gtidiyener, C.; Pidko, E. A; Hensen, E. J. M.; 

Gascon, J.; Kapteijn, F. Understanding the Anomalous Alkane 
Selectivity of ZIF-7 in the Separation of Light Alkane/Alkene 
Mixtures. Chem. - Eur. J. 2011, 17, 8832-8840. 
(16) Zheng, B.; Pan, Y.; Lai, Z.; Huang, K.-W. Molecular Dynamics 

Simulations on Gate Opening in ZIF-8: Identification of Factors for 
Ethane and Propane Separation. Langmuir 2013, 29, 8865-8872. 
(17) Chokbunpiam, T.; Chanajaree, R; Saengsawang, 0.; Reimann, 

S.; Chmelik, C.; Fritzsche, S.; Caro, J.; Remsungnen, T.; Hannongbua, 
S. The Importance of Lattice Flexibility for the Migration of Ethane in 

ZIF-8: Molecular Dynamics Simulations. Microporous Mesoporous 
Mater. 2013, 174, 126-134. 

(18) Brix, H.; Chmelik, C.; van Baten, J. M.; Krishna, K; Caro, J. 
Novel MOR.Membrane for Molecular Sieving Predicted by IR-
Diffusion Studies and Molecular Modeling. Adv. Mater. 2010, 22, 
4741-4743. 
(19) Chokbunpiam, T.; Chanajaree, 	Remsungnen, T.; 

Saengsawang, O.; Fritzsche, S.; Chmelik, C.; Caro, J.; Janke, W.; 
Hannongbua, S. N2 in ZIP-8: Sorbate Induced Structural Changes and 
Self-Diffusion. Microporous Mesoporous Mater. 2014, 187, 1-6. 

(20) Chokbunpiam, T.; Fritzsche, S.; Chmelik, C.; Caro, J.; Janke, 
W.; Hannongbua, S. Gate Opening Effect for Carbon Dioxide in ZIF-8 
by Molecular Dynamics — Confirmed, but at High CO, Pressure. 
Chem. Phys. Lett. 2016, 648, 178-181. 
(21) McEwen, J.; Hayman, J.-D.; Ozgur Yazaydin, A A Comparative 

Study of CO, CH, and N2  Adsorption in ZIF-8, Zeolite-13X and BPL 
Activated Carbon. Chem. Phys. 2013, 412, 72-76. 

(22) Pantatosaki, E.; Megariotis, G.; Pusch, MK; Chinellk, C.; 
Staffmach, F.; Papadopoulos, G. K On the Impact of Sorbent Mobility 
on the Sorbed Phase Equilibria and Dynamics: A Study of Methane 
and Carbon Dioxide within the Zeolite Imidazolate Framework-8. J. 
Phys. Chem. C 2012, 116, 201-207. 
(23) Perez-Pellitero, J.; Aenrouche, H.; Siperstein, F. R; Pimgruber, 

G.; Nieto-Draglii, C.; Chaplais, G.; Simon-Masseron, A; Bazer-Bachi, 
D.; Peralta, D.; Bats, N. Adsorption of CO, CH4, and N2 on Zcolitic 
Imidazolate Frameworks; Experiments and Simulations. Chem. - Eur. J. 
2010, 16, 1560-1571. 
(24) Simmons, J. M.; Wu, H.; Zhou, W.; Yildirim, T. Carbon Capture 

in Metal-Organic Frameworks-a Comparative Study. Energy Environ. 
Sci. 2011, 4, 2177-2185. 
(25) Yazaydin, A a.;  Snuff, K Q; Park, T.-H.; Koh, K; Liu, J.; 

LeVan, M. D.; Benin, A. I.; Jakubcxak, P.; Lanuza, M.; Galloway, D. B.; 
et al. Screening of Metal—Organic Frameworks for Carbon Dioxide 
Capture from Flue Gas Using a Combined Experimental and 
Modeling Approach. J. Am. Chem. Soc. 2009, 131, 18198-18199. 
(26) Moggach, S. A; Bennett, T. D.; Cheetham, A. K The Effect of 

Pressure on ZIF-8: Increasing Pore Size with Pressure and the 
Formation of a High-Pressure Phase at 1.47 GPa. Artgetv. Chem. 2009, 
121, 7221-7223. 
(27) Fairen-Jimenez, D.; Moggach, S. A; Wharmby, M. T.; Wright, P. 

A; Parsons, S.; Diiren, T. Opening the Gate: Framework Flexibility in 
ZIF.8 Explored by Experiments and Simulations. J. An,. Chem. Soc. 
2011, 133, 8900-8902. 
(28) Zhang, L.; Hu, Z.; Jiang, J. Sorption-Induced Structural 

Transition of Zcolitic Imidazolate Framework-8: A Hybrid Molecular 
Simulation Study. J. Am. Chem. Soc. 2013, 135, 3722-3728. 

(29) Fairen-Jimenez, D.; Galvelis, R; Torrisi, A.; Gellan, A D.; 
Wharmby, M. T.; Wright, P. A; Mellat-Draznieks, C.; Duren, T. 
Flexibility and Swing Effect on the Adsorption of Energy-Related 
Gases on ZIF-8: Combined Experimental and Simulation Study. 
Dalton Trans. 2012, 41, 10752-10762. 
(30) Venna, S. K; Carreon, M. A Highly Permeable Zeolite 

Imidazolate Framework-8 Membranes for CO2/CH4 Separation. J. 
Ant. Chem. Soc. 2010, 132, 76-78. 
(31) Zhang, Z.; Xian, S.; Xia, Q; Wang, H.; Li, Z.; Li, J. Enhancement 

of CO, Adsorption and CO,/N, Selectivity on ZIF-8 Via 
Postsynthetic Modification. AlChE J. 2013, S9, 2195-2206. 
(32) Liu, D.; Wu, Y.; Xia, Q; Li, Z.; Xi, H. Experimental and 

Molecular Simulation Studies of CO, Adsorption on Zeolitic 
Imidazolatc Frameworks: ZIP-8 and Amine-Modified ZIF-8. Adsorp-
tion 2013, 19, 25-37. 
(33) Pusch, A-K; Splith, 'F.; Moschkowitz, L.; Karmakar, S.; 

Biniwale, R; Sant, M.; Suffritti, G. B.; Demontis, P.; &alarm, J.; 
Pantatosaki, F.; et al. NMR Studies of Carbon Dioxide and Methane 
Self-Diffusion in ZIF-8 at Elevated Gas Pressures. Adsorption 2012, 18, 
359-366. 
(34) Battisti, A.; Taioli, S.; Garberoglio, G. Zeolitic Imidazolate 

Frameworks for Separation of Binary Mixtures of CO, CH,,, 1\12 and 

23467 	 poi 10.5o211actipcc 5505505 
1. Phys Chem C 2016, 120, 23458-23168 



The Journal of Physical Chemistry C 
	

Article"' 

H2: A Computer Simulation Investigation. Microporous Mesoporous 
Mater. 2011, 143, 46-53. 
(35) Chmelik, C. Characteristic Features of Molecular Transport in 

MOF ZIF-8 as Revealed by IR Microimaging. Microporous Mesoporaus 
Mater. 2015, 216, 138-145. 
(36) Verploegh, R. J.; Nair, S.; Sholl, D. S. Temperature and Loading-

Dependent Diffusion of Light Hydrocarbons in ZIF-8 as Predicted 
Through Fully Flexible Molecular Simulations. J. Am. Chem. Soc. 2015, 
137, 15760-15771. 
(37) Kolokolov, D. I.; Stepanov, A. G.; Jobic, H. Mobility of the 2-

Methylimidazolate Linkers in ZIF-8 Probed by 2H NMR: Saloon 
Doors for the Guests. J. Phys. Chem. C 2015, 119, 27512-27520. 
(38) Casco, M. E.; Cheng, Y. Qi; Daemen, L. L.; Fairen-Jimenez, D.; 

Ramos-Fernandez, E. V.; Ramirez-Cuesta, A. J.; Silvestre-Albero, J. 
Gate-opening effect in ZIF-8: the first Experimental Proof Using 
Inelastic Neutron Scattering. Client. C01111111111. 2016, S2, 3639-3642. 
(39) Potoff, J. J.; Siepmann, J. I. Vapor-Liquid Equilibria of Mixtures 

Containing Alkanes, Carbon Dioxide, and Nitrogen. A/ChE J. 2001, 
47, 1676-1682. 
(40) Panagiotopoulos, A. Z. Direct Determination of Phase 

Coexistence Properties of Fluids by Monte Carlo Simulation in a 
New Ensemble. Mal. Phys. 2002, 100, 237-246. 
(41) Schierz, P.; Fritzsche, S.; Janke, W.; Hannongbua, S.; 

Saengsawang, O.; Chmelik, C.; Karger, J. MD Simulations of 
Hydrogen Diffusion in ZIF-11 With a Force Field Fitted to 
Experimental Adsorption Data. Microporous Mesoparous Mater. 2015, 
203, 132-138. 
(42) Peng, D.-Y.; Robinson, D. B. A New Two-Constant Equation of 

State. Ind. Eng. Chem. Fondant. 1976, 15, 59-64. 
(43) Keskin, S.; Liu, J.; Johnson, J. IC; Sholl, D. S. Atomically 

Detailed Models of Gas Mixture Diffusion through Cu-BTC 
Membranes. Microporous Mesoporous Mater. 2009, 125, 101-106. 
(44) Krishna, U; van listen, J. M. Using Molecular Simulations for 

Screening of Zeolites for Separation of CO2/CH4  Mixtures. Chem. Dig. 
J. 2007, 133, 121-131. 

(45) van de Graaf, J. M.; Kapteijn, F.; Moulijn, J. A. Modeling 
Permeation of Binary Mixtures Through Zeolite Membranes. AICItE J. 
1999, 45, 497-511. 
(46) Diestel, L.; Liu, X. L.; Li, Y. S.; Yang, W. S.; Caro, J. 

Comparative Permeation Studies on Three Supported Membranes: 
Pure ZIF-8, Pure Polymethylphenylsiloxane, and Mixed Matrix 
Membranes. Microporous Mesoporous Mater. 2014, 189, 210-215. 

23463 	 001 10,1021/acs jpcc 6505506 
P3,ye Chem. C 2016, 120, 23456-23465 



8. thrifilt7118 (VITAE) 

NAME: Ms. Tatiya Chokbunpiam 

DATE AND PLACE OF BIRTH: 3 April 1984 in Bangkok, Thailand 

ELEMENTARY SCHOOL: 

1991-1997 Sriwittayapaknam School, Samutprakan 

SECONDARY SCHOOL: 

1997-2003 Samutprakan School, Samutprakan 

EDUCATION: 

2003-2007 B. Sc. in General Science, Department of Chemistry, Faculty of Liberal Arts 

and Science, Kasetsart University, Kamphaeng Saen Campus 

2007-2009 M. Sc. in Petrochemistry and Polymer Science, Faculty of Science, 

Chulalongkorn University, Bangkok 

2009-2014 Ph.D. in Petrochemistry, Faculty of Science, Chulalongkorn University, 

Bangkok 

ACADEMICAL EXPERIENCE 

Researcher (2014) 

University of Leipzig, Institute of Theoretical Physics, Faculty of Physics and Geosciences, 

Postfach 100920, Leipzig 04009, Germany 

Postdoctoral Fellow (2014) 

Computational Chemistry Unit Cell, Department of Chemistry, Chulalongkorn University, 

Bangkok, Thailand 

28 



University Lecture (2015-present) 

Department of Chemistry, Faculty of Science, Ramkhamhaeng University, Bangkok, 

Thailand 

PUBLICATIONS 

1. T. Chokbunpiam, P. Thamyongkit, 0. Saengsawang, and S. Hannongbua "Molecular 

Structure and Electronic Properties of Porphyrin-Thiophene-Perylene using Quantum 

Chemical Calculation" International Journal of Photoenergy, (2010) 1-9. 

2. T. Chokbunpiam, R. Chanajaree, 0. Saengsawang, S. Reimann, C. Chmelik, S. 

Fritzsche, J. Caro, T. Remsungnen and S. Hannongbua "The Importance of Lattice 

Flexibility for the Migration of Ethane in ZIF-8: Molecular Dynamics Simulations" 

Microporous and Mesoporous Material, 174 (2013) 126-134. 

3. T. Chokbunpiam, R. Chanajaree, T. Remsungnen, 0. Saengsawang, S. Fritzsche, C. 

Chmelik, J. Caro, W. Janke and S. Hannongbua "N2  in ZIF-8: Sorbate Induced Structural 

Changes and Self-Diffusion" Microporous and Mesoporous Material, 187 (2014) 1-6. 

4. T. Chokbunpiam, S. Fritzsche, C. Chmelik„ J. Caro, W. Janke and S. Hannongbua 

"Gate Opening Effect for Carbon Dioxide in ZIF-8 by Molecular Dynamics-Confirmed, But 

at High CO2  Pressure" Chemical Physics Letters, 648 (2016), 178-181. 

5. P. T. Vo, T. Chokbunpiam, S. Fritzsche, T. Remsungnen, C. Chmelik, J. Caro, S. 

Hannongbua. "Methane in Zeolitic Imidazolate Framework ZIF-90: Adsorption and 

Diffusion by Molecular Dynamics and Gibbs Ensemble Monte Carlo", Microporous and 

Mesoporous Material, 235 (2016), 69-77. 

6. T. Chokbunpiam, S. Fritzsche, C. Chmelik, J. Caro, W. Janke and S. Hannongbua 

"Gate opening, Diffusion and Adsorption of CO2  and N2 mixtures in ZIF-8", Journal of 

Physical Chemistry C, 120 (41), (2016), 23458-23468. 

7. P. Pongsajanukul, V. Parasuk, S. Fritzsche, S. Wongsakulphasatch, T. Bovornratanaraks, 

S. Assabumrungrat, T. Chokbunpiam, "Theoretical Study of Carbon Dioxide Adsorption 

29 



and Diffusion in MIL-127(Fe) Metal Organic Framework", Chemical Physics, 491, (2017), 

118-125. 

8. T. Chokbunpiam, S. Fritzsche, C. Chmelik„ J. Caro, W. Janke and S. Hannongbua 

"Importance of ZIF-90 Lattice Flexibility on Diffusion, Permeation and Lattice Structure 

for an adsorbed H2/CH4  Gas Mixture — A Re-Examination by Gibbs Ensemble Monte Carlo 

and Molecular Dynamics Simulations", Journal of Physical Chemistry C, 121 (19), (2017), 

10455-10462. 

9. Payee Pongsajanukul, Tatiya Chokbunpiam, Siegfried Fritzsche, Suttichai 

Assabumrungrat, Vudhichai Parasuk* "Computational calculation of carbon dioxide 

capture in Metal Organic Framework ", The 23
rd 

PPC Symposium on Petroleum, 

Petrochemicals, and Polymers and The 8th Research Symposium on Petrochemical and 

Materials Technology, Pathumwan Princess Hotel, Bangkok, Thailand (May 23, 2017) 

30 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37

