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CHAPTER ONE

| NTRODUCTI ON

Overview

The investigations detailed in this disser
Langmuir adsorption model ,-sohedsiapipbrer®mae passi
These investigations aim to provide a better

of adsorptive hydrogen and methane storage on
i nvestigations is focasgmuion adsoi gtail oy modeélu
under st awmar Indy acdadr pti on systems. Additional |
specific Langmuir modwedrsi amtds t dafefi gcti ntdh e i dturau
ther modynamictperdoperotm ¢ Hheexammndysi s. The | ast

adsorption site environments and confinement

systems of i nterest for methane captur e, stor

A vari ety of adsorption models and model I i

adsorption |iterature. The resulting physical
analyses are heavily reliant on theumodmésand
the |Iiterature. This causes complications whe

mi sl eading guidance for developing new gas ca
show the drawbacks and |prmddtaitd eosnsamd @mridviede

practices in modeling experimental adsorption
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objectives of this work and provides an overy
met hane storage.
Chapter 2 establishes the need for a funda
model ing and the implicati-®intse ofamsgprawiifiadpora
i's systemati calplryi ndeeirp lveesd sutsa tnigsatfiotedy dregrheaes

freedom of tThe dHDdendvagi ®nt ef t hae sdorofamhaolnpgy o f

with model | i ng aodfs osrupe roenr ietqiuddli bgastheusi ng di f
resulting i soster i cdsaonrdp tiisoone, X ckeesys tshnetrhnaol dpyyn aonfi
adsorption systems, are demonstrated and comp
adsorption equilibria is described.

Chapter 3 describes a methodological study
Langmuir constant i motdkeé¢é , Lasgmyi hyddosgept ads o

si ngil tee-omgtaali ¢ framewor k) (MOFan Hygdabgean(@Hda
this investigation, as it iIs one of the weake
mi ni mal perturbation to the porous adsorbento
adsor pti on fiistottenhde rtnros awasser i es of Langmuir mod:
temperature dependence of the Langmuiry const a
and isosteric enthalpy of adsorption are disc
binding energy could not be determined unambi
ent hal py of adsorption was #Babundet bobdses asedbu

Chapter 4 builds on these) fadhsdompgtsi amdonua

compl ex MOF «Kintolwnf dumdwelgl sites. Supercritica
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previously established expeeilmemiaaadat aadscompu
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the i sosterindenbohbhepygy wabutbudel i verabl e acr
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five model porous carbons with comp
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comput ati onal rest«latrd opr ownitkegsacria wr

el ded optw mal dmbdi eesalfs design to I

r 6 integrates these studies as a co
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Objectives

Our objectives for this work are to:
determine the temperature dependence of the Langmuir constant of thesgimgle

Langmuir model and its effects on the isosteric enthalpy of adsorption.

use the Langmuir model to accurately predict the number of site types and corresponding
binding energies on a crystalline medite material.

use the insights gained above to provide guidelines for methane adsorption on porous
carbons (a system of high interest for practical energy storage applications) with a

complex landscape of binding environments.

These objectives are addressed by coll ecti
adsorption isotherms on porous carbons an
pter 6. Our fundament al curi osittoy famau tmoalc

erials that provide a deeper understanding

ure materials design. When choosing model
l uding crystallining/,siptag tgedmetsrni yweangocateer
binding sites, and materi al purity.

Nitrogemd@SMrption is the primary character
tural and structural properties of porous
I l'y avail able and safe | iquid baft hs ulald c raimbii
orption very routinegizetdi stusbdtiondeser

ume, and overal/l gual ity of the materi al (

ect ed-rvayl wWang f(./iXaAXDt) i wvas used to reveal and
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ucture of the material s, providing the uni
umetry was used to compact | oose powder sa
orbent powders for cal cuptagd k exmr Hehgeh rveo | guane t
orptionaftdyg@Hvaasl Impasured to reveal the the
gas storage under temperatures of interest

ilibria were ayahgumnepacockageg) GReadétwén, Mvne. :

each model explored. The information accum
vided the basis for all new insights into
del ines for met hmams rsd paratged ome rpeirmo.us car b

Modern Energy Landscape

The continual evolution of society has | ed

d for abderaetf,uelner gyhe appetite for these

occasional catastrophic faillluras of hestdir mig
ntities of traditional fuels. Over the pas
uAC du®e to the burning of fossil fuels by h

cl ea’Cair r emdolxy maaepry 85% of the worl doés en

ning fossil fuel s: 2 3 %, 26 %, and 33h% fron
raction and burning of these fossil fuels F
worl d. Waterways, | and,xaandddN@®mr sarenbegi ngr

mate i s subjected to war ming 2day dty)ifCeH Tehmd rses i

alternative methods to gemadiatieonakffulels

harnessing wind, nucl ear, sol ar, or hydrother
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ystems provide opportunities to mitigate the

nergy carrier but stild!l require further rese

Di scussions on alternative fuels are pri ma
roduction on a | arge scale (e.g., at the <ci i
nergy demands from vehicles/ttnda@dasspemiasds COns

ome from the burning of mobile eneemgyssiuehns,

oming from road vehicles*tTheaseseangar ghodafr at

ew fuels, advance Iteh e nkemrgwl esdogia coefs ,r emedwa lr an
nd diesel to cleaner and more efficient mobi
uel s of greatest interest: hydrogen and meth
taogre vi a adsorption. We take a deeper | ook at
nd met hane and how we can use this knowl edge

f cleaner fuels for mobility applications.

Hydr ogen Storage for Clean Energy

There has been significant interest over r
nergy carriers to tradbasednalli quidfsr $edpeacala)
deal candidate to replace these traditional

ensity of any chegbxalahmdeilt g shomibusihi on doe

l oxide. The chemical ener gy sctaonr ebde wa ftfhel cnt invoe
onverted into mechanical energy or electrica
xidation within a fuel cel |
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Ha(g) +0.5Q( g) 20(9)H (1)
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Gas

80
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40

Gravimetric Energy (MI/kg)
Volumetric Energy (kJ/mL)

20 F

ure 1: Gravimetric and volumetric energy d
se values are based on tHe | ower heating v

Unf ortunately, hydrogen exhibits one of th
chemical fuels, due to the | ow density of eve
conditions). Owing to the weak vas, dbergWaeéalst
occurs only at very | ow temperatures (Figure
achieve reasonabl e densities for storage. I nt
gasoline or water atsstumeadéaBidP)empaenatorpuraeaed
Ki!2Most conventional fuels used f or gtarsadd ment @
compressed gases (e.g., propane) with boiling

Hi gh pressures or cryogenic temperatures a

transportation applications; however, due to



st or agper,eshsiugrhe t anks ar®&he heft deeretl edagrepr ened ihord
cylinders are primarily constructed from a me

carbon fiber or®@Ficompes8)te WiatRrampr oxi mat el

accidents occurring daily in the United State
withstanding the forces from vehicular 1 mpact
synt hesi zisnuwgc hh yadsr oeggleenc,t ool yef ®8r smf nganat ur al g

carbon!@ihesiedenet hods have markedly different
with them;r edrucc edarrloaunt es are al so possi bl e deg

CQf ol l owing production (e.g., by combining ca
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Liner

Carbon Fiber Overwrap
Pressure Sensor Dome Protector |

Discharge Port =

Charge Port kelease Vent

Credit: Process Modeling Group, Nnclear Engineering Division.
Argomme National Laboratory (ANL)

Fi gBre€omponents of a commerci al hi gh pressur e
adapted frdm el sewher e.

Nevertheless, due to its exceptionally hig
attracted a | ot of i nter estscasl ea braecrnkeuwa belnee,r gc
and abtamate final step in the transition awa
cells, novel adsorbent materials, and met al h
the viability of hydrogen asblaen fauetle rcnealtlisv eh af
i nvestigated as potenti al backup systems to |

(socdmd whasdd) which are subjectiAtroevdruscithilag ifol
operates i n two yndordoegse nt oa nrde cwyactleer tphreo dhuc e d:
Fuel cell mode: 4H+ O, + 46 Y 2,0 (2)

Electrolysis mode: 240 Y 4 G + 4€ (3)
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I n addition to simple compression and | iqu

materi a
of di ff
bul k ga
chemica
temper a
often d

kien i cs.

| s

er

S

tu

en

, Whi ch arceatcelgaosrsiiefsi:e da bisnmotrd etnwwos naanidn
ent forms of hydrogen storage is sho
mol ecul es penetrate beyond an interf

fydmMedal bdrydlri des have shown rever si

re; however, these materials typical
sifying hydrogen in more compact arrtr
n contrast, chemical or complex hydr

but require elevated temperaturds dntekortpees
absorptive material that has a high storage ¢c
has yet to be discovered.

Adsorption is defined as the favorable int
adsorbent surface (e.g., a porous carbon), dr
i nteraction results in the-ldeasphihasatamnt lod g1
adsorbent, with a density approaching that of
di ssociation and bul k diffusion, hydrogen ads
occur through eeimehcehra nai sdm s(sio.ce .a,fdiichseand isatripw e o |
mechanism (i .e., pure physisorption). As a su
dependent on the porous topology, chemical co

withinrtilmed .matueg rent adsor bent s -oirmgcalnu cce fhbruatmeaw

( MOFs) ,

-ocrogvaanliecn tf r amewor ks (COFs), zeolites,

Carbonaceous materials and COFs areghptawei ghit a
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natur e, comprised of highly abundant el ement s

their pore sil2dOFasndrteopelsdigiaedbd.e for their t

composition, high crystallinity, hi gh density
designedCarpenvtiy, the | eading materials for
MOF5'8 at | ow temperatur @9 ,.esamud eursdve i ge(eemmealrn 4 ti w

dobd®cat ambient temperature).

K ¢4
»° g 8
4 4
8 o ®
Hydrogen Storage
| Absorption Adsorption |
% Chemical gg Complex & Interstitial N Chemisorption Physisorption
Hydride 4 Hydride 9 Hydride gg ’ '
; 15?’ 3'9'3 ' Me
Figure 4. Strategies for hydrogen storage.

Met hane Storage and Energy

Whil e hydrogen is considered the ideal mo b
emi ssi ons, its i mplementation is not without
produced renewably and economi cal Isyol uatlitoenrsn attc

reduce the dependence on traditional fuels. N
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stands as the primary candidate ?fThel cafmbarst h\

of natur al gas produces |l ess greenhouse gases
energy t habnaspeedt rlolgeuuinds or coal . Met hane can
renewabl e sources, r efaesr,r eod ftea 49 f micdtmeteh &mwmds O

than the symnhaiersilby dbrfdddodniigpnohakl g, natural g:
natural resour é®Met haNerahsAméoiasas a higher g
(50 MX hlkagqm either diesel orpeeas alniine eanred ggye deur

mol ecul ar structur e:

CHi(g) +2Q( g) Xg) €&0(g) (4)

Met hane exhibits distinct advantages in te
reflected by the differences in their phase d
ambi ent pressur e; however, sttoa aagse LONG)n aitsu rsatli
enesfrTgyensive for mobility uses. I nstead, comp
commercially avail abl e. Similarly to hydrogen

than gasoline or wveleiselles rreawilng ng 9 morCiN&r dr
the required storage tanks required occupy a
posing additional design and efficiency chall

Adsorbed natural gas (ANG) off erlsi ke pr omi s
met hane densities by exploiting adsorbed meth
met hod results in high methane denssiutrieess |aotwetr
t han CNG. Porous carbon materials have shown

compressi on; however, their | ow packing densi



14
hi storically | imited their practical applicat
volumetric uptake -0% H&KiUISIoa P, | eatnMOFNBAKUST
Despite these records, the practical applicat
|l i mited due to their poor chemi-eral niatodiedi@ c han
within MOF frameworks create mwadropHiplriecesitt &

nat ur al gas streams) ,adcam Keicceo mes chamgpootsii v a toend ¢
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Summary of I ntroduction and Energy

Hydrogen and met hane are widely regarded a
atively | ow energy densities compared to t
ngdewseilgned porous materi al s tteraactliewvres ,a giet |
sible to replace traditional fuels (e.g.,

storage applications. However, despite ext
rogen and met hahnen rtehmeaiards oeglpu 9 iowne cwintmuni t
surement and modeling of experi ment al adso
erstanding of the storage capacities and t
ieved. Thi s thesifsnidawestiaggat ef Langmuir a
orous fitting methodol ogy to analyze hydro
objective of these efforts is to establis

te@géni ques toward practical i mpl ementati or
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CHAPTER TWO

ADSORPTI ON THEORY AND THERMODYNAMI CS

Physical Adsorption

Adsorption occurs when a mol ecule (an a

(an adsor béamet pruersfud ctfearvg riarb | Teh @ sneé eirmtce ri aoent.i on s

sur face

density.

f undame
conti nu
system

addemt

i nher en
adsorpt
constan
i's ofte

adsorftbe

ree energy relative to the bul k phase,
eous process. During adsorption, the a
newly fotrmatd exiseosr dbeidnpé@qgssiel i bri um wi't
case of physor)a,l @as omplte ownl P hiyrsti sroa @
t hrough weak London di spersion forces
Physi sorption does not chemically al
nt algémedt sguachanged. At equilibri um,
ously adsorb and desorb from the surfa
properties. The kinetics of this proce
and the energy of the bul k gas phase.

tly exothermic (negative enthalpy) wit
ion; this word may be usedpthnoershanoge
t pressure, the change in enthalpy of

n used as a proxy for describing the b

nt
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The Lelonnaersd (LJ) potential i s a model used
der Waals interaction that -rremgd tast tfrraoon itvhee fc
Ssheratnge repul sive (Paul. exclusion) forces:

R A A
— — 1
6 O 1R 5 5 (1)

I n a physi somrpitd otnhd nltierdaictg oenner gy of t he ads
A is the distanadks ofbeéerhte iamdtseomr dattieon at 0 K, a
adsorbate and t he'js urreffaecres.-r tfohgee hle2e getrsi (e f or
rationalized by the Paul i ®x cdeussciroi nb-eparnignbcei plloe
attract-divepode pfobreces rationalized by random f|
any two specireepr dsne nFtiagtuirvee 1pl eat of the LJ pot

binding energy and equilibrium binding distan
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bi ndi ng eared ggggq wifl iVbr i umobinding di stance of

The surface of an adsorbent can be simplis
potenti al energy wells, where the depth of th
adsorbate. A speci al case arises whbenfcansi de
adsorptive material, where two surface sites
the two sitesd potential wells overlap, resul

energy than either sd tien iFndgiuwied wal.l yHo(wesv eirl, | u
energy comes at the expense of needing twice
and hence comdd wint startargedeappl i caurdbmase, Thes

si nygadlel andd dopbte confinement are explored i
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Figure 2)Jonesnnpotdenti al well s of two independ:¢
i nside a pore. Adrtahg ,pdrhe swiezd snagrentowd o(ser t
where there i s overl ap between the individual
bi nding energy.
Chemical Adsorption
A second type of adsorption, known as chem
when the adsorbate and adsorbent chemically r

As a result, chemileobrpsiopaongertypacnaphiyeiddorp
physi sorption, chemisorption is generally irr
often requires energy for both adsorption and
chemical bonds andcheemi comngitti ooneftequil reads t

alterations of t he adsorbent sur face. Il n cont
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system to overcome an activation energy barri
specific gas mol ecul e also can display physis
(temperature and pressure) inrghenseegdedmfobo o
chemi cal b%ndsgetneerfadr,m.shal | owl OLJk I onioceldi icalk ewe
weak interactions characteri sti el 000 pkhy snroglor p
typically associated with chemisorption.

Gas Adsorption Model s

Langmui r Mo d e |

Adsorption hasub e ¢iyzalousmearnvse ds wanneda r Ayt i qui t
civil iuzsatrfiggormdmedi ci nal pur po’dens tdbeminitviart ye,r P ur |
accurate description of adsorption was provid
Loarchireltbteurrtaa descri bed the condenstadlti iomg,0f v
cannot deny that the humid air of the night is attracted by light earth or penetratexsatj
into the pores in which 3De smayt ee bnsusntewrrocucsa ti e ns
obser wmatdi exp,erti wasn$t ulrtteinlt utrhye wehaernl yi r2vG ng L

hitshrseeniarali cl es hhdtasphesatcat sdescription of

|l evel on solid>dmcgmudgqui drii gti emrafldyesleri ved hi
ki netics approach, i magining adsorption and d
| ayer -dhmanswonal surface. Langmuir made t hre
i . the rate of incidence of t haigreesnsmolneadu
adsorbenit ,susfaceportional to the pressure

temperatur e.
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ii. the rate, olepesds pom otnhe, rtahtee porfo bianbciildi

QO

dsorption (contrany, tanel talse ii @rcaoi bddemirclaic ttayt o

vachinth cii mee.,

i i des drepti isgntaadl attehseo r p tait o mandaumacrmev € r ag e,
i 5, multipliedfbli hden§hbygictaads oo dbeudpigad mo
(di sregar di nagd saonryb aatdes oirrbtagtreact i ons) .
These three assummbatenhy csampbhefied when the b
treated as i deal (i gnoring any intermolecul ar
Il dentical . Collectively, these assumptions an
describes the simplest possible gas adsorptio

equati on:

i n Vi)
— - — (2)
R n p LU
whetries the Langmuir constant, an indication o
adsorbate andi sdgpcddentangmdir constant i s in
and only depends on the temperature, as defin
o =21 ©)
N a YUY h

Whedes the mass of a siYigldhaet gm s¥ifcotihdeaand s arn
t emperWhtennr d .he adsorption system is kept in cc
resepncanr pe calculated from the measured adso

The Langmuir adsorption models (including

el egantly depriivreadi plsé sn gs tfathiessttt iwoa lp oreesd bd rei and .c
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adsorption site are: occupied or unoccupi ed.
contains olne padamd btahe Ynoccupied §i tmeThceont ai
adsorbed phase is treated as a constant vol um
particles with a ther malY ramsd rfivcoh eemi(ccaolnds traenste
chemical ‘)potWhheenn al t e i s unoccupied, It is con
energy fmzerld (the site is occupi@d;) :i ttsheener
bi nding energy. The grand canoni cal partition
exchange energy and particles with the ther ma

convenients.i tTehegrsanmdglceanoni oali partition fu

, Q P ¥ Q Q@ Qo (4)

whefriesQ”Y ,0 i s the number ofvrimoltdeultderanchd ordlze B

wavel ength odi ¢ hee sapastoirdlatei, mensi on over whic

explomeepardents the entire binding site. | f
t hrddemensi onal bvexX | ( wiottlengguwdrse in all three d
, P Y 0wQ Q (5)
whewies the volume of the binding site. I n the
i ndependent, and indistinguishabl e anadft hédret o

adsorption sylsgietme ) oingai ni ng

h : P ¥ 0w Q Q (6)
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The expected numberd) @f dad o mbh eé dmbdlyed¢ lhlees emp e
potenti al of the reservoir, can be calcul at ed
grand canoni cal partition function:

TagQ, v wQ Q

7
T7° Y5 ¥ 00 0 0

I n this form, the pressure dependence of the
reservoir can be treated as an ideal gas, the
for

O T 0 (8)

Thi s fgoirsaishsBeecupancy

WO 00
p LU
b TRQ 0 (10)

where in tdfQY Axseording to this derivatior

shoul d have two parts:f axiDogxeman exrgt ioal tmar deagm

freedom the adsorbate retains when it to+ansit
di mensi onal box), the tdmxdjoatagnevdependencean
state tredat end nsd omatthbea (A3D i deal gas-0), th
factor (as shown i nYEquadmenotlDgr icase@unar ¢ os |

this concept is explored more deeply in Chapt
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Visual Representation of
Adsorbate Degrees of Model Name Partition Function
Freedom

Langmuir Constant
Temperature Dependence

, tant -t
Fixed DF x DF x DF K[T) = Cm;% e ksT

constant -_£_

3D Ideal Gas SP x SP x SP K([T] = T ¢ kgT
2D Ideal Gas with constant -_£_
L SP x SP x QP = ¢ KkgT

z-Oscillation Q K(T] TO.5 e
(No physical __&_
QP x QP x SP K|[T] = constante ksT

picture)

Figur e r3.pWfiessueant ati ons of the adsorbateds degr
phase, the underlying partition functions, an
constant. The three spatial partiti dqrmPf)yncatnido
guadratic pdtiesntfiiaglur@Qm)as adapted from el sewh

Mor e compl é&xy plea nngondueilrs can be easily deri ve
with different bindihmagst enewgi eangmbe&epeceashaht

factor, and bi neiing eLmenrggwu.i rT hneo dreull tiis :

O O “YO
S0 Y

e

(11)

C:‘
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whe®endi cates the site type. Additional wvari al
cooperation between sites, and dissociation u

of mddel s.

Freundl i ch -FRarnedu ndalnigartui Mo d e |

I n 19@9decade before Langmui Hés beemi fraleumal

devel oped an early é&mpirical adsorption model
C'X . v . 5
g vX»™ 0D (12)

whead és the mass of theiadiidmebiarhgg®anst aadhseor ben't
concendafratheonadsor batéei att bgquEbebhntiméinehand
Freunadedfcfhiscieesnssoci aeteedr wg e heit hegg p)f. aSlispoorlipari on

the Langmuir model, the Freundlich model does
bet ween MmoteeuyfFese gas phase and 3a.dsWnrlbiekde pthhat
Langmuir model, the Freundlich equatmiomom@ams um
antdhiascdowsunt ed forcbeffhen Enltiusdt e@asvon, the Fr
be used for mul hodngaegree o lad sou rpft 4 wensa dasso rwetlilo na so
heterogené&When t he daoefufniddilesgiatal t o 1, FHhRenr yos
few di sadvatnh atglees morled d dHe cantéhsatl anvbeypdedi ct
adsorption @ama«i mineorte dohter modynamhcalbbyemenwi 6t
fixed quant i?yeot oatshekee Raée U md leHsecnhr ymmbosd el | a wa nad

only apipnlarcraobw et ampes aovofur ¢ taynpd cparlelsys uitne t he di
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The Lads#tfgmuwindl|l i ch (Si-pmpi modal medal semat c¢
prior models devel oped for predicting the ads

sur fBace

_ . (13)

wheries the fracti onddls st ihref ga e sosouor uepsabfichyieghien of r e
const aamtds LtamegfAuierundl i ch coefficient Waen fihet
€ p,t he above equati on-ssitmeplLiafnigensa dir ctend dtelye as ip
homogeneous bWhnedni nagi is snr i anacdefc atthoe het erogeneit
surface. At,t heghbhabhgeuwmdlriaglp rmadcdalelsayer adsor pt
at | ow pressures tlhyeo niohdee |o rhi eghi anvaellse Fsriemiinlda ri ¢ h

ther modynami c andapbgrsti Eahéepdgnigper peeb mdnteal me

Languieundbluiatchhme bpeh ywoinc al due to the empirice

Hi | | Mo d el

Anot her adsorption model was defvffdomtped by
describe the bindin$y of oxygen to hemogl obin

0€0HMAQNE QD 0O

VE OYKBO TN 0B 1 U O (14)
whetor ¢ s t hec dn sntdamtg,t he total | i gamd tcheencHanntlr at
coefficient, a metric of cooperativity that I
receptor. | ps od igda sa dasdosrobrebnatt esy st em, t he Hi | | ;

cooperative binding ofsamé tomplreeig@lsb omoil reg ub iers
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g p, there is a single gas molecule per bindi
si ngiltee LangWheén modetl .i ndicates positive coor
mol ec ulbvehsegEn p,its an indication of repulsive fo
mol ecullUesi ke the previous two model s, the Hil

i sot herm shape with a very sharp risfbiat the
mo dledbsen s uc ceenspsl fduddrkdg c rtihbei ncpooper at C®en adsor pt
MOFS8l.n Il ine with itsher Hgi haé gpatriwmdmi plmays od o

rese@arch.

Gi bbs Surface Excess

Josiah Wi llard Gibbs first described the g
mat hemati cal rel ationship between the absol ut
known as the GillEkxkpesumfeadeal exadss.pti on measur
being able to measure only the excess adsorbe
This is noticeabl e ane arr ecsrs uabeosv ea ntdlradl gmrpiletaiac au
fl uidhere the measured adsorbed amount goes t
I's not consistent with Langmuirodés adsorption
i ncreases with pr easoshuarheb eurntoifl aidts orrepatcihoens stihtee
Gi bbsdés work shows that adsorption experiment
Ain excesso of the bulk gas density that woul
of the adsagubed 4dphadde(lfiscf e mendhe mnmadlseclbed phe

from the measured adsorbed amount when the bu
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absolute adsorbed amount (the total number of

definition of excess adsorption is employed:
E YO & YO U Yo 2o Yo (15)

wher & itshet he absol uteée sadder exppeuptmekda,al | y mea:

upt dkies, t he bul k wg as tdchen wviotlywuymeamd t he adsorbe

of pressure and temperatur e, hoao, wel vse rd i tfHfd cwd Itu
measur e exPrtrilnewtparlelsysures, the volume of t hi
bul k fluid are negligibly | ow, and the excess
equi valent for all/l modelAtmiggla nen ¢ h@anh hprdg awmn &
temper,atihreeexcess adsorbed amount reaches a n
clearly indicating that the bul k gansegphiagsieb |ceo.
This is readily apparent in t het stulpies cdii g3 eratl

must be accounted for in all fitting exercise
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Figure 4. Representation of absolute and exce
excess (blue), reference (yellow), and absolu
at five -psreShberksl P fluid (gray) i s shown as
and geographical | ocation. This figure was ad
Adsorption Ther modynamics
|l sosteric Enthalpy of Adsorption
Adsorption is a spontaneous interaction an
syst ean deartehaes et oithnal free energy of the systen
mol ecul e transitions from the bul k gas to the

adsor phe ot er i c

adsorbedanamommdon| yapusoexdy afsor

system.

the strength

ent hiad ptyhe famadwsmotr pdfi oemner gy

of

r

b
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At equilibrium, the change in the Gibbs fr
‘,0f the free gas and adsorbed phases are equa
C (16)
By usi ng-DuhemGrkebsationship for the adsorbed p
Q [ Q"YD'QO (17)
For an adsat badcoenyst a@mté Emawn ti-lo@ dceadmdbierded t o
obt:ain

i QYODQD [1QYULQD (18)

Upon rearranging:

QO i i
QYo 0 (19)
When the system G mMat cthlgamghitbmai ppm 06f chdagept |
il entropy of adsorption are related by:
y 0 ¥ i (20)
whe¥Yebv o wrefers to the pmomesherofwoadksor ht ison
writttenbats the defi miteonsubstheushme.the res

referred to as the Clapeyron equation:

T 0 Yy O

Y W0 (21)
Atequi l i brium, the enthal py of adsorption i s:
y 0™ Wi Y — U U (22)
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When the system is apressauréejeat heomdi arownesl ¢
b, is significantly |l arger thanlt beUmdodrar vol
these conditions the bul kasf lamelidd tchaenr ebfeo rter etah ee
l aw i's substituted for the vol uGleapdyrtchre waarsi
the Clapeyron equati on:

. . YY1 0

y O = =y (23)

The- in both the Clap€yanperyand eheaCliaunsisgsde
adsorption model, alluding to a direct relat:i
and the fitting model . Tlhdeisf fi eérhen ta mteoistieed| tsaet ra iroch
ent teawlfp adsorption is explored in Chapter 3 ar

dependence of t hiesylsanegmautiirc.aclolnys teaxnptl or e d

| soexcess Enthalpy of Adsorption

For experi memeadurnamoaipkfiioni ently | ow pres
condiwhernes t he density of the fthde kulclstl aidd
amourst al mo gth ee cabaslo | tua e .Uanddseorr bseudc ha ntoounsdti @ d sosnish
treat the excess adsorption equilibria as equ
calculate the isosteric enthalpy of adsorptio
met hAosd .t he densi ty oft hteh edibfuflekr egnacse ibnectrweeaesne st h
i ncr.easred the i soexcesdnmethkrod shexcrsksalapya wfa

adsorption is defined as:
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y o YO (24)
o 1Y
The only difference between the i soexcess ent
l soexcess derivative i samakenhsahdocesbahty axve
approxi matsoerpbt ghenitisby .under dilute condi't
Experimental Adsorption Fitting

To elucidate the thermodynamic and physica
from expmeasnemeg mad nBosuat ngn damd/reerqumacdcal t o det

amount adsorbed as andumprce Iobear 8ifdd RiMpenadm r e

rewritten in terms of maximum uptake and surf
EYO & Y T M W & 7 YD ab —¥ (25)
—Y0 T (26)

whe&d& ei s the maxi mumowadssorthed naamaumutm a€isor bed
t he fakwrtSdoodhecupancy. An underl ying assumpti or
adsor bedo,vdalymnmeni cal It yfercd@atnig exsc coviiptihd dt ;easn b e

approxs imapieymul tai gloysn )@yt t he surface occupanc

porous solids, the maxi mum adsorbed vol ume <ca
@w , or it can be an independent fitting paran
adsorptioff i sother ms.

Fitting experiment al adsorption i sother ms
adsor pt sporne vmioadwred!l v descri bed; alternative empi

also be employed to achieve an adequate repre
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r fitting experi ment al adsorption i sother ms
t ween the points. Thesetmetdabsdse!l atre uwmpt aladl
t he adsotrhbee dnapthearsiea If oorut wusing the relati ol
sorption can be calcul at ed.ddmendienrdc em,gpm oac
otiheirtmt ed i ndependently. Tiheoedomagses!| pyponf ca
sorption, it ie dedubedaverbhgei hdmpatatwvur e
nditions.

Al ternatively, global fitting of the exper

buiInt temperature dependence to the adsorpti on

mper ature dependence of the | ssxgteagri ime nd ratl ha
sorption equilibria were often globally fit
uati on:
N (VIR S (Ve |70 YU (27)
P L "YU

Asapedagogi c,anet aramphdso-bpwi oh be WMOEId t o c
| culsateeedb e 8l py of adsorptitomhidsmemelriime amt ihr
sorption fdombBfitetti Laggmai r iTeho deladsSPirgpun @ n5 )

re thoroughly explored and di scussed in Cha
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Figure 5. Excess meb hlbatewd&so KHm®mOnOa nbOaorn. MOF

Linear I nterpolati on
Using linear interpolation to fit excess a
fitting as it does not require any physical [

met hod provides a way of deteemsnadgophedsame
that will be used to calculate the isoexcess
MOF5 goes through a maki la® Kfi rdBcmmbhggt he &
negligible under these experi ment al condition
of adsorption tovheuesvbblbUtdi atshi jéeedyadwe asona
(dil utt@yhel ilmimteam poofl atthicodasal t i ng ymanmdésuHoOf hgp
i soexcess enthalpy of adsorption atarteh e htohwenr m
i n Fi.gulrhee vandt Happr pxiomasbédlws thbetveonf wadshor
such amet Mmpd @aunmsadtdhhesep er ideetnat.alThe 1 soexcess ent
adsorspptuiramo us lay ihngrheasasdber bedhemdensi ty of

no | ongerannde g¢lhiegiibsloeexcess method is invalid
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Figure 6. (a) Linear interpol afi onet dfa rGeh ® ne ML

and corrEelwpoddi mofdt )spopleoxtcess ent hal py of adsort

Generalized Langmuir Fitting

The i soexcessadpprfogdaongindgoheaste pgr oft mesor pti o
upta&gi me at supe.r cBy tiinccaolr pcoornadtiitaifjo nesk e e &5 b b s
ads orapntdyo usii migh e g mwyipre d e | ( Equatnica redasvign,g ¥ hef
t hbeul k phase approachin@ctchaint @fdn df mee physsirdealdl
meani ngful shape of (The iex@telme mmnit e gainmféd rb@aad
werfé& e¢tdo a -sliowdl kangmuir model withpaefamperabi

t hLeangmui r ©rofn( sFti agrutr eo f7 }s.i tTeh eL adnogunbulier does an a
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fitting al/l t heeexepglscs alidg hawliteirpaneiskadgaear t st «
from the experi ment al dat a. One of the key as
phase and free gas are ideal and, in those <co
deviation. The aidssoosrtpetriiocn eonft hsaul ppeyr corfi t i c al ad s

Cl apeyr oh( Eeqguuaattiioonr- 22t mThe dependent on the ¢

and can be determi ed using the relationship

1o 1 — r— 10 28
TY T 0 Y (28)

Ca
—a
—a

For theideublammgmuir adsorption model

T — 1 0 0 O 0 -
o o Pl 55 !5 o0 (29)
0 0 . 30
p | o 00 | 5 00D A (30)
T — 0 .
T — 0 .

o | 0 00 w (32

TU ) 0, - WYY "
FY T—.,Y vfr TU w (33

wheYies t he gaiss ctommpgeamdt,ure dependence of the
explored earlier, -andrehpebandvagfenendseoespt.i
of adsorpti on f50ri smesthhoauref corm@NI @kl r teh & ave nr y 6 s
| i mist consi stent with trheadulo2 : kt'Jh ekvbl e nn euvasri nign tae r

Langmuir momeil nltdmrndpretn as ua ea d eprgpred ean cuea &l d@ p e n ¢
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Figure 7. (a) . Equi |l i bsoinunmdDeFbe¢ sySemBp tKd en d( Oi
100 ,fbiatrt ed o tae dawmllmair model . (b) I sonsteric
MOF5 bet w88 X412mMd b&r basedtenLandmubt emodel

To accountgafsori nttheer agcaasi ons i n the &g ethgas
i ndepemdeéemtbl e i n tihresti saod hceflfrnpgmeesistuyr ei s a cor
term t hat ac e oduenatls bfeohra vtihoer noofn r e al gases.

Q 0 %0RY (34)
whefQes f ilgg@aietsys,ufbies the fugacity coefficient.
coef fi cuinedretr oafl | T hciosn da trieoansson d bk er @aataapsiesnat
Ai deal 06 eogdopradosnssur(e and nedarUndem éxmeri @Me ot

conditions where t h(ies. ga.s,s unmpgthi opnr eisss unrtodt eavnadl /i od
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gacity can be substituted for pressure in t
asur edouptexkenp! e, i n-sthe dasng maufi rt meo dreu l:t i
¢ "AQ ¢ " "YQ | U—YQ (35)

p L YQ
Adsorption I nstrumentation
A common experi ment al approach for measuri
chnique, which i nevvod cvueast isane pomfi sgea sd ofsrionng a rr
nnected to the sample cell, enabling the ca
nction of pressure. A volumetric (or fnSieve
d s amplluemec ewhlerveo t he sample is dosed with ki
nstant temperature. Alternatively, in a gra

|l ance within a closed volume and theachange
se of gas. The bul k gas density at a given
ny thermophysical pr &foaefRp?)bibiraar iceosnt(ad.ng .h,i
curacy ndreal gaso models for many common f |
e end of the dosing steps, the amount of ga
ality of the experitrhentasnoiunnthioghlgyasd apesmad ére
tio of bulk gas volume to adsorbed phase is
I n this wor kp,r eas scuurset ovno | huingeht ri ¢ Si everts afj
mmer cpaéssowesohughon vol umeBFIi ex Si Blver b sien
Npwere used to measure t-phepeeasadaoepbienveegsi |

gur e mk)aalhpeessur e 2r0age amp @Ot emperature r e
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(using a cryostat) wup Tthe V703 wme (wmassi rcqa | h ebatait re
expansion as wedfl msadyr €od mptds orsqgoftng roenn aweg t akeo r
i sot herms. nGhteo®&t ed Vv claanpeaticraitscu §5n eeer efsars uhtii gohn
adsor pti on arbeealsouw eamemnmotssp hetr y pPtpamdedddpu D Q The

temperature range 06298 hke u3sklnegx tihse bseatnmee ecnr y400s t

Figure 8 (maeLaust ®mv dili grhet ri ¢ Si-pves sls2@ppar
bar) adsorpti(@mh) méammereesealtusthi gm vol umetric S
used for microstructur al properties and | ow p
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Abstract

The ssiintgd eLangmuir adsorption model, al so kno:

one of the simplest possible descriptions of

applicability across a r angedeopfl odyiesdc itpol itnreesa.t
equilibria at constant temperature (i .e., alo
a more general class of models that each inco
t o assumpt ipoantsi alb/oturtarn shleatsi onal degrees of fr e
wor k, measurements of the temper atome ad-sp enrgd e
site-omgtaali ¢ framewor k ( MOF) are presented, an

with distinct treatments of degrees of freedo
model s can be used to adedatad e(tyo rwipttpeégsme nd. @ th
point), despite yieldingdsingniefniecagryt laynpddi hfeett
dependence of the isosteric entshal pgwevendsar
critical WwWomkliing b-hetmpebBatmeani sosteric entha
consistent across all model s wi thhj nhieglpleir g mtein

reliability for evalwuating adsorption ther mod

Il ntroducti on

I n the theory of adsorption, defined as th
phase boundary) of another, the -8t hame der
as foundational models that ¢ae&msabasedt ehyade

pictur-bysaft esialndlaayeri niTerea sti impn stsyt p d aandysnarn pt i
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model , also referredLamgmrasi t h@eSIs) ngdweati on, i
mi ni mali st description of adsorption of a fl u

adsorbent containing a fixedi mpmbéanof aadsmpp

hel d
I . every adsorption site is distinguishabl
I'i .every adsorption site can host wup to on
liithere are no interactions between adsor
adsorbed phase.
When the bulk fluid is a pure ideal gas an
derived in terms of the pressure of the gas:
e G spogu Eq. 1

whegd s the amount adsorbed (typicalilsy tpner uni
maxi mum amount adsorbed or total number of ad
solid adssrbeeaetpressur ediosf ttheeé lsemdebbngamsj raid
This equation has vari oussiltye blLeaenng nrueifre rnroedde It,0 t
Langmuir model, or simply the Langmuir i sothe
t hat this wasi onnott ot hbee opnrloyp cesqeudatby Langmui r ( €
mul ti |l ayer vatr ivaanst liant elr9 li8mprhoved upon and ha:
BET mddBely)ond Langmuiros contributions, other
proposed ahAl ddiesvteil nochte dadv a attyapgee noofd etl hse ilsa ntghmauti

derived from first pri n%einpmlbds nwsiangisteatti sneitd

determining the inherent temperature dependen
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equation is a practical starting point for ex

nt erpol ation to determination of key metrics
mass (which can be -addocgesxdsillylea ed mticalc € toart e lme
only a monol ayer of adsorbate is formed).

The SL equation and the more complex Langm

gas adsorption analysis, particularly to assi
uch as the isostelihe enmtthalrpyanafl yasd so r@etqgiuad m.e
mul tiple adsorption isotherms at different te
ingle model, and extracting relevant ther mod
empedapendence affst hecmotdelcapl rol e. However,
nstead, many researchers simply fit each of
eparate Langmuir equation for each one, rath

measusoedherms to one set of fitting parameter
parameters that require additional analysis t
aises an i mportant questi oamn ewmhpyl idoi-tr etseemp erh
ependent model ?

One explanation is that not all adsorption
ery closely, exhibit the same temperature de
ary across different condi ti oinnlreerge mte sp raopde ri!
he <SysRuernt her more, multiple atomistic pictur.
emperature dependence but for different reas

ependence. Ul ti maddcedgr ptainomrneéquat isambhs eudnaddr |
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equati on, each attributing a unique temperatu

efforts have been made t o s 9 sal ecnoantpircealelnys i ovreg a

framework remains | acking.

I n this work, we employ a si mpllee,e nedmmicrei od
the SL equation for a model adsorption system
experimental data set in order toebeWd epr asdar
systematic |ist of physically justifiabl e mod
i nterpretation of the adsorption site. AIlI m o

whil e providing insights K natcocorhdei nge mpoe:r at ur e

. 0 YO
¢ v ’ ¢ Tt o~ E . 2
e Yo ¢ 0 0 Y0 q

The results of this systemati c apdapearcte mee e@
the Langmuir model i n determining thermodynanm

systems such as the binding seaengthadsor pi nd

Theory

Gi bbs Excess Adsorption

Al | experi ment al adsorption measurements h
directly assess the fabsolutedo (actual) adsor
the experi ment al guantity meas uwruend :i st hree faemorue
beyond what would be expected in tWhbesame vol

di fference between the absolute and excess am
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temperatures, where the bulk adsorbate fluid
relationship between the excess and absol ut e
E &€ 7w Eqg. 3
whed es the experimentally meassurtehde eaxccteusasl aodrs
adsor bed iasnotulmeé ,densi ty of tadhies btuH & ‘vadlswme ad fe
adsorbed phase.

't is usually i mporetamdsitmceaitshe ndyiufifsehr dored
significant. However, when the conditions of
(i7e.mo? | "), it is convenient devi beeabtei sono
experimentally measur abtl e¢. alnnl oomdéeherebysass

di fference between the experimentally measure

amount i s significant, a simple test can be p

Q
—
(0
—

easonably uapge, bamidphmrf axitmdt by e v ol un

3
c

wlygmaeah gt he maphiamemdgasi ty of the adsorbat
explored, a maxi mum correction term to the ab
Supporting I nformation). For the experi ment al
determined to be within the experimental erro
al | conci td ondermamaf or tme,a stuhree dr)a ve x(ceesss adsor pt

be treated as absolute adsorption quantities

Langmuir Theory

Foll owing Langmuirodés approach, the three m

adsorption equili@ri pme(sasdndr b edhpamadt mte,é at ed
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coll ection of fixed parameters that describe

these parameters can then be used to derive a

the experi ment al adsorption sybaee. cdmpr s mpb
coll ection of i1identical and independent bindi
giving rise to the general SL adsorption mode
concept of fractyd oansal site occupancy,
— YD 8— 8— 0 YU Eq. 4
€ € € P UL YU
The LangmudfY, cbasthath an exponenti al ABol t zm

energy of adsorption, -WHhisclweild iadenrat ipoaslsi otl ee

dependence xipontemé i mieter mYreferred to herein

VY 8°YQT Eg. 5

wheYies the gas constant.

Langmu-FactPoe

The pr ecios¥c afnorbne odfer i ved using statistical

canoni calt?afnar malriiem depending on the treat mer

adsorbate on the adsorption site. For simplic
i ntermedi ate cases are thoroughly treated in
(wWhere the adsorbate | oses all transl ati onal C

AEi nstein crystal o adsorbed phase (where each
oscillator type bonds in all thfeeaspatesal tdf

prfeact or i s:
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0 Y G 8*Q"Y86 Y 8 Eq. 6

whe®es Pl anckddiss ctomes tmangs o0fQith eBaldtsmomabman é&s an

Thi s fod¥dmesf not contain any fil ooseo fitting p

a given adsorbate at a given temperfavYfre. The
Hence this model is also referred to as fimode
case (the other extreme of cases i nfvaecttorgait=:d
o Y c“d88;Q"Y89"Y8 Eq. 7

whelres the natur al frequency of the harmonic
spatial di mensions), a filooseo fitting par ame
determined experimentally for a gigenfbsgahneimny
and inversely correlat®@® % ompacedt host medei xe
tofimeodel +0.50.

A third i mportant case is where the adsorb

freedom upon adsorption but only two of which
third i s constr ai-weldl bpotaentiind lihnaividei asnqaeseesss |dy

justifiable physical picture-exlponehas adnfiampa

Supporting I nformation for more detail ss):
N S
: o0 -
oY a Y Eq. 8
wheres the natural frequency of the harmonic

first two di men9®iiesng hef |ferneggeacho m)f atnhde pot ent i a
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of freedom.0"Yihsi si nfdoerpne nodfe né "Y.o f Hea reamg etrhaitsurmea d e |
referred to as fAmodel 00.
Di fferent physical pictures and the corres
di fferent temper@VYat ei nite@einwadise s dfi kewi se,

each | eads t-bempdr At erenhebat gbbapacity of the

on the equi p@Altli tdwmh trhedalesn.are si mplistic i
mo d e | of monatomic crystals, and may not be r
nevertheless, they provide a tool-deoxerddantexprl

factdoe oestwlting Langmuir adsod’'Ftomneamohedtasd
explored herein are given in the Supporting I

of highest i mportance are summarized in Tabl e
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TablS x1.i mportant adsorption models explored |
t he-eppenential factor i f etntpes rlaanugneuilri nciotn shteaan
number of degrees of freedaml| eF®rlt her detail s

Adsorption Site Adsorbate High T Heat Capacity

Physical Picture Partition Function Degrees of (ksT) 0"Y
(X Xy X 2) Freedom 8
. WEEi O0¢
Fixed DF x DF x DF 0 0+0+0=0
1D Ideal Gas ~ SP x DF x DF 1 05+0+0=05 m,,j' ©¢
DEET O
2D Ideal Gas ~ SP x SP x DF 2 05+05+0=1 2 °°
wéEEi 0¢
3D Ideal Gas SP x SP x SP 3 05+05+05=15 o
: WéEEi O0¢
2D Lattice Gas QP x QP x DF 2 1+1+0=2 e
(no physical _ Y a s
picture) QP x QP x SP 3 1+1+05=25 wWEET 0
Note: potential function descriptions along e
DF for delta funct-weh| PfBteaotiiahfpathdretQPaliar e

Experi ment al Met hods

Mat eri als Synthesis

A medraganic framewor k (HMPEHadekDy dr@p@Bi tHi on
(where Apzd&® ebiicsarpbyorxayzloilce aci d and fAadeodo i s ad
to the peeporovedt’pheocmaueri al was degassed und
for 12 h to obtainsthataiedlprdc ompadi tfiuon hefr N
(referred to hereinF$ignp;leytlhaes MOUWO Fpoo, wdsehro wins i snl
activation and turns | avender when fully drie

using proawdedi Xfraction (Figure S1).
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Materials Characterizati on

PowderayX di ffraction was measur ed umdaeyr amb
di ffractometer (D2 Phbisreadi aBtriukreri rComr e@f. ) e avii it d
Nitrogen (99.999%) adsorption/ desorption wu

Sieverts apparatus (3Fl exXxX.,drMi @ra8sfses he¢eli etsalCodp

2.5 Ywand hel d in a liqguid nitroxden 7hatdh K( ti me
Bozeman, Mont ana). The surf aceEnmnmdtatl Was & BEIT )N
model , employing the RY%Ula eporle coinsd sdientcryi wu

deter minedl asalngdeansiony f unctpioomralmotdee oy mpNlLe

using Micromeritics MicroActive software).

Hyvydr ogen Adsorption Measurements

Hydrogen (99.9999%) adsorption/ desorption
Sieverts apparatus (3FIl ex(,drMji OmaBsfisé:s e esalCodp
2.5 Ywand hel d in thecygold WwWeliuamfrafdbDgeedt ed
Col dEdge Technol ogies). The sample temp®&C,atur
Lake Shore Cryotriomdiccsaptfidmgdtecralf i hr 4t B (@sing

ni tr(oMgse.rls Kg r Efigugrec &2

Structure Analysis

Structur al model i ng ofgertfheer VeOd- pirreg ntewavod
software packages: Crystal Maker (v. 10.8.2) a

determine the accessible volume was 1.2 .
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Results and Discussi on

Mo de | System Selection

To properly investigate the temperature de
to use a homogeneous adsorption system that f
SL equationy)y Hgydmogede@H candidate for this p
i nteracting mol ecul ar adsorbates (with the ex
experi ment al chall enges since it is us.ed as t
This ensures the tshhemlpoersau g eadsuarbaeantonsttrouct ul
a critical aspect of Langmuirdés theory that t
unchanged during binding. The i deal adsor bent
stabi lliatcyk, oafndany strong (chemisorption) bindi
adsorbent material should possess distinct, p
key assumptions of di stiinngeuiachalmlgd .,y eitdgesnt ireaslf

A crystalline MOF with one binding site pe
adsorbent for applications of the SL equation
mul til ayer adsorption and di sparage Bipdraogss
mat erial i s particularly desirable since it p
of the adsorbent, enhancing the signal to noi
adsor pti on ome exB MChFebsuet cXrei tiesr isa,gni fi cantl y mo
Many traditional porous adsorbedus taithto qu
heterogeneity of the surface toward such a sm
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pl atinum, a Chadkdsarcptsiuaorf,acex fiori tHs het er ogene
depending on t°he facet exposed.

I n this wbakedaMOFcwkielt h ~ 72glis uprofraecse aanrde a~ 2 0
(Nipz€aWed)) was i1 dentified as an ideal porous
of the SL emgadsdofdlthteo mdQFd fHeat ures distinct, F
Ssites that can amobemmodaet pea sihgl éFHgure 1) .
mechanism is purely physisorptive, witfTheminin
synt hesi s and characteredaas omr ovi o hhel MOFe pwer

homogenesugepdretri butFiigmurwasldganfir med (

-
tn

T ' 1 1905 m?gt
. & <« 6.7A

0 5 10 15 20
Pore Width (A)

|-
o

N, Uptake {(mmol g!)

© [rrapatraegs

=)

S

=
g

0.2 0.4 0.6 0.8 1
Pressure (bar)

Figur-e)1Crgygatal st rsuctteu rNMOpg-aX{ a\i(b® )) s isrhgplwe ng t he
onegi mensi onal channel s i n vyeldiomwentshi-pozndaalreeNip e r
chainsadgadnpptiNi on/ desorption isotherms at ~7

and BET surfa’ge area of 195 m

e
7

Hydr ogen Adsorption Uptake

Excesuptthke equilibrith @measfivedti mnmmdl| pg €
temperature (in K) were measl0®dK adsinmgg ftohueg v
technique (Figure 2). The excess uptake quant

neglecting the contrecbubhobheoin (Bee the Suppo
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justification of this approach under the cond
further analysis were selected by truncating
beyond which adsorption ocofir$hprpmatikcVesn
adsorption equilibria were tabul ated}, iawpdrte
globally fitted to a series of SL -Bguations o
Specifically, the tempapanenti daépémaademece i m

(referreddt™o vhes evanr iassd by2 pDwteos sO of s O®mé 4 d adimt

experi ments are also described i n the Support
tot al fits, each characterized by a unique se
pocedure, indliudipmg atmed eresstand the goodness o

root of the sum of the squared residuals per

and tabul ated in Table 2.

25 25

o
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Figure&quilibrium exconss(Noptla(ad)beit welt@d) Bof H
andl Obar fitted by a series of SL equations (I
0°Y® (dy et o "Y.f)Goodness of fit (RMSE) is indicat
ndi cated by color from red (70 K) to blue (1

The optimized fits of the experimental ads
nearly i1 dentical goodness of fit, despite eac
of the single binding site.dfiltn tge ntehreale,x palrli nme
confirmed by both statistical analysis and vi

systemati cal | yd e pneprrdoevnecde agsfo rtdmee iTmd e f act or var

5

egative "p8wetniondie pendent( T@@ib.le. ,2) , but this we

effect. Il n contrast to the small di fference i
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binding energies varied systemati,caflMéymaand si
Y, respectivel y.

Hence, the results of this study i mply tha
achieved while attributing widely varying bin
of 2 %Js maxlperi mentally and computatit!dn@ahéy me
meaning of the fitting parameters also differ
Supporting I nformati#aon) .vallruteesr eodt itrhgel w,ardalolusb
found to be physpocmidNoygtlaeat®pn ndhulre hfear pH event i
strong discrimination against any of the mode
with a specific temperat wrsé ydeapern dearade acso utlhde
descnrnatteoHpti onsonhet MOFsatigbekKween 70
Ther modynamic Anal ysi s

An i mportant practical metric for adsorpti
adsorption |literature is the i¥%oQotrmeYy.icTring hal
value is often used as a proxy to describe th
the adsorption system, often as a ,f unsctailosno of
reported as a function of b2dtPHe qtue nmpienrga tau rneo raen
sophisticated model i ng approach with an expl:
model . Al though the isosteric enthalpy can, i
such measurements ardda rfeacrt |deestserom mmaan otnh avn ai
adsorption equilibria. In this work, the isos
of both tempeowactupaenagdfeur eacéd adsorption mo
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empl oyed-CChaegros equation (which requires tw

Supporting I nformation) as shown bel ow:
RIS ARARSS Eq. 9
The explicit form of the partial detri vatiyv
dependence inherent in the chosen adsorption
This is the same relation emplroye ddismr it mont L
equilibria, whether an explicit model i's empl
I n the present work, the isosteric enthalop

surface excawamgytd two key assumptions: (1)
di stribution on the adsorbent surface and (2)
However, depending on the model chosen (i .e.,
bi ndi site itself), the isosteric enthalpy of
temperature to highly seemsdadese droe ttehmg eff fait ue

mod el (where the adsorbate | oses all transl at

0 “Y®'Y?8 and -moumdsadsorption site (where each

of freeddwm™Yandl n the former case, the final r
adsorption i s:
Nnn 'Y - qRY"Y Eq. 10
On the other hand, in Aimodel G@dsohetfonal sres
ng'Y - Eq. 11

The isosteric heats of al | model s can be desc
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n g Y - Y'Y Eq. 12
whemies the (posi“invet)hee xdpeodnoégmitAladfoof of he above
are vihe di deal gas | imit only.

The i sosteric hean s(Nodazit aaikidqg,r patcicoonr doifngH t o
results of six different SL models, are shown
across all modelshoiide i af emodelnti ¢ haft drheat i
i nterpretation of the adsorption ther modynami
slight margin (fAimodel 060, RMSE = 0.00352) wou
Il nvarian) Wwkiberehdf model with the marginally
0.00380) would suggest that t'betiwsd8@0&Kic hea

(Figure 4a). Whvheiahicse #68. 6mkJ I mwithin the 3

expddrin this work, this woul d'lowereaswi dor ar d
798 K, a temperature range of i mportance for
by 5 *kwi tmoiln t his temperature range or not is

clearly this would be of major technol ogi cal
experi mental data alone cannot wmamhirecudepleyd

of the iIisostedetshgavesiansemallarmgoodness of
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Tabl e -f2i.t Bepanamet er sy;afdesror it ¥ pragicaagiledN) of H
according to SL e egdueapteinadnesn cve xqhfo rotd hnf éf defdrdeenft a cTt o r |
€ wEEDP O - Yy "Oat82K

(mmolgl)  (K*bar}) (kJ mott) (kJ mot?) RMSE
(f\'(xef) 2.191) 40813)  17.972) 719.71 0.00380
b ('.‘?'fa; Gas 5 qq1) 27.02) 8.31(2) 19.72 0.00372
ZD(.',?(e%')GaS 2.191) 1.795) 8.662) 79.72 0.00365
3D égfa; Gas 5 1q1) 0.1193)  19.012) 79.72 0.00360
2D tf";“g‘; Gas  ,191) 000®2)  19.352) 79.75 0.00355
QP(QYF;SP 2191)  0.000521)  §9.702) 19.74 0.00352
*Note: there i s no name or reas®@&nonppbetiphgysic
Il nf or mati on)
Aver age Temper atur e |l sosteric He a't
The calcul ated isosteric enthalpy of adsor
model s explored in this study (Figure 4), des

the goodness of fit for thecdict¢ttkeatatd msesdet st
of adsorption at the average temperature of m
average, or the average of 1/ T) remains consi
showhRi gur evh®er ert hbeensbatpy of adsorption at t
for the four isotherms is identical for all n
demonstrates that, regardless of the specific

adsor mtdieé¢m ng i s the value of the isosteric he

over the temperature range explored. We recom
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Il sosteric enthal py of adsorption at a given p
their temperature of iIinterest, ensuring that
experi ment al temperature ®d@at byWhihleebelké¢ bi mndiv
unambi guously true, nor wj /| |lthédev§lecmpecohet uh e
average temperature wild/| be ajaddaraptlieo mean i c
Ng( pz6lated), the i sosteric heat of adsorption (
by calorimetry) at 82 Kniterfecundgtly,bé hd s7hiky
of adsorption i s the same del itvempdtiepeheaent s

met hods such as i ndividual i sotherm fitting,
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Concl usi ons

Hydr ogen adsorption-owgsa nmeaduraente wom ka met a
(Nipz€aebd)) with crystall ographical-ly0ikK.enThe :
adsorption equilibria were sheéee ghaobgamuiy {iSL)
with different inherent treatmentsowddtfher ttehm
characterization of the adsorption system acr
fitting parameters in al/ cases, as opposed t
have required three fiFutrtithmhgrmaramet ¢ér enpdil eids
I ntercompari sevmrafandisf foefr eenhte sSub equati on, eac
atomistic picture of the adsorption site and
choi cg pxid aNletpras a model adsorbent for this s
which features identical, independent hydroge
hydrogen mol ecul e per site.

I n this study, we found that as the temper

corresponding to significantly different phys

goodness of fit remained | argedlyt anfch@amgfeidt
not observable by eye. However, the slight va
di sparities in binding energy and the tempera

I n the narrow tempeaiatdoweof aBfeKexpt blr edamaun
di fferences in the attributed binding energie
i mportance) 'dainfdf €r én&ds moh t he i sosteric heat

Despite these differences, the isosteric heat
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K) was found to be consistent across al/l mo d e
uncertain, they should prioritize selecting a
report the iIisosteric enthabpwgoéenadgp)ypasoa [

finding, particularly at the average temper at
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Absol ute Adsor ptTihen mfapxp rnouxm ncaotriroenc:t i on t er n

mai n "twg xwal deter mined by assuming that the m

to the total pore volume of the adsorbent. Fo
Ni 3(pzdc)2(ade)2(H20)4, the total pore vol ume
sof twackage (Zeo++) wusing the experimentally
K. C. Stylianou et al .[S1]) and a probe radiu
0.119-1mLFgrthermore, the densestdgrast phase of
experi mental conditions explored in this work

mL1 at 70 K and 810 mbar.
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By combining these two quantities, the max
F1L. gvhi ch is ~0.7% of the measured (excess)

bel ow t he standard error associeated with t

Cl auGliapeyron Apprgenemabal pnadsorption equi

ation which is a gener al relation for any

y 0N ..YS'/ my ,YT 0 S'/ | .YT 0 | |
Y% U Ty V) U

n one of teieuitlwiob mpihameiss ian 1 deal gas and

.g., an adsorbed phase), It i s common to em

ar volume is negligible comp&idagpetyo onhe ga

vari ant :

N

n Yo y "O"YO —
above equations can be explicitly solved

i ng rise to a specific form of the partial

ween the fitting par ametpetrisonandl htehsee irsed satte

summari zed i n Equation 12 in the main text.

ass

PowdeRrayX Di f fr acThe np Mansad ¥ ppuzesli atgerddg va Ni

essed pyuypadwddmr aXti on ( XRDpumet Bdds, as sh
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Nis(pzdc)y(ade),(H20)s Exp

Niz(pzdc)z(ade),(H;0)5:2.18 H,0 Exp
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Nig(pldc)g(ade)z(Hgo)a -2.18 H,O CIF

oy
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Figure S1. XRKDzglatite®dpan dsf NGl a (el 2. ;08 H
compared to a simul at edr ypsattaler IR bsatsreudc tounnr & hoe

Ni( p z26 @ g ek )l 2 . ;O8SH!.

Cryostat TempébiMMatuweyostat temperature was

comparison to boiling nitrogen, as shown in F
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Figure S2. Equi l i bri umoexst\g 3,68 a g(efd)d rnptai dn qup tda
ni trogexabobdtsh atN75. 9 K in Bozemamni,ntMowmd iama@ )a a
cryostat (75.9 K).
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Langmuir Adsolrnpttihoen fiTchleaosrsyi:c 0 -6 at somknoWwayas

Langmuir model, there are three simple assump
1. Every adsorption site is identicals,i tienddep e

2.Each adsorption site can accommodate up to

3.The chemical reservoir is an ideal gas
The third assumption i s necessary to obtain t
but is not always strictly ensured by the sys
experimentally meet theyciideati &Cleap dgrawmn s1isd
Approxi mati on above). Therefore, i f the adsor
can host only a single adsorbate per site, th

Langmuir model

When held in contact with a Y handad cleesmroalr
(hel d at ché)mi calsipmgleemtsuwmdh adsorption site
partition function (owing to two possible sta

assumption):

TR naQ Q p N1 Q Q
i P
T’QvY
10
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The -epxrpeonentoiYal vaerini ms depending on the treat me
adsorpti dabé)e.t 8We( sneoet e t hat ,0Ynsgendeakndehe |
nature of the i1 deal gas adsorbate (i .e., mona

degrees of freedom are retained in the adsorhb

Adsorption Site Desd®ihiviaon e x@hnd cAift T§)o,rins o f

needed. Four representative examples are expl
Tabl.e S1
Fi xed (i-2e50)fimodel
I f the bound mol ecule has no degrees of freed
Aoccupiedd or Aemptyo), then the canonical pa
t hree spatial di mensions are simply:

n 1t mp p

Il n ot her wor ds:

Toget her :
n T sl A sl N sl ppp P
Then, foll owing the statistical mechanics abo

, TH p Q Q
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This is confirmed by using a more gener al app
experienced by the adsorbed molecule. For a p
i nverted Dirac delta functyi oonf (andhsoocseep tvitath mi,eo ri is
and infinity everywhere else), centered at th

integration approl@®@h are given el sewhere.

3D I deal Gasto()i .e., fAmodel
I f the bound molecule iIis treated as a particl
I ndi vi dual partition functions are simply:
qo U|7|c“c'1( 0
"QT_ Q
wher e:
o @ ol
Q

¢‘a QY Ugta

Il n ot her wor ds:

oy O
N r" N n Q

o ]
0
i
-
0%
9| ©

. . 0
n gl n gl a
Toget her :
) . . . o 0 0 )
n f n nl n rf n ff O 0 0 O

Then, following the statistical mechanics abo



Thi

pot

Tog

Wh e

i e oo o
’ p Q
Y )
o R
s is also confirmed by using a more gener a
ential experienced by the adsorbed mol ecul
si mpl-we lal sajfu(awhed$ & val ue i s equal-, tionttile el
and infinity everywhere else), centered a
egration approl@®h are given el sewhere.
stein Adsorbed Phase (i .e., fdAmodel +0.50)
the bound molecule is treated as a har moni
i vi dual partition functions are simply:
, ¢
n I T
ot her words:
. , ¢
n fl n w5l Q1
. , ¢
n wl n sl QT
. , ¢
n sl n wi DT
et her :
, , , , ¢ ¢ ¢
n I n sl n w5l n ff 27 QT Q1
n all three dimensions are takenjto have t



O S
QT
Then, following the statistical mechanics abo
. ¢
, ‘ — Q Q
“ 8. QY 8
5y C -
1 a
This is confirmed by using a more gener al app

experienced by the adsorbed mol eculoe.s FBadrmpd yh

a quadratic funct-{whowet habumdohsm@qquaknter ed

the adsorption site. The explicit deltSalil s of
2D | deal -OGas |Iwiatthi ozr0 . (5i0.)e. , fAmodel

l nstead of treating all three spatial di mensi
treat each di mension differently. For simplic
I nterchanged: i nverted deld¢ apdtuenrcttii @alns.,, Ba@mu ae
bound mol ecule is treated as a particle i n a

along the surface of the adsorbent as square
orthogonal t cedt haes sau rgfuaacde a(ttirce aptdit reenc ti iad n ) ,n otmh

i ndi vi dual partition functions are:

. . 0
n f N nl o)
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Toget her :

S T T S B S .
n n m N N 2 O Q1 9 Q7
Then, following the statistical mechanics abo
[h ° & a0
| P9 Qi
« 8 A
5 y C 0

17 & 8 Qs

Ot her possi bpbtenesafondmokplalmine s$nlidesnedmir e s h
according to the type of potaégnta)mad Uipmne aeh i vfa
of the adsorptioiWwimodeal gutheé qf e i®heTt hhiegate o f

capacity of the adsorbed phase in eachf model

(e.ng .1, 81 ©®Yso the heat capacit¥y).at high tempe

Nomencl atur e:

Physical Constant Variable Value Units
Boltzmann Q 1.381 x 167° J K1
Planck Q 6.626 x 164 Js
Quantity Variable  Typical Order Units
Number qf Adsorption 5 1022 molecules
Sites
Binding Energy - 10 kJ mofl!
Adsorbate Mass a 10?7 kg
Adsorption Site Length 0 101 nm
Adsorption Site Area 0 102 nme
Adsorption Site Volume ® 103 nme

Natural Frequency 1 10%3 st
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Ther mBit oglei e Wavel ength

Q QT
¢4 QY Wa

Q
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Tabl e S1. Par t kdteipoem dfeunnccet iodenqsu haenido d¥s ® bet kamgmei r model
on the number and potential form of tAkkbrexuwtieatniadns.egbDFlk es ddl
square potenti al |, QP = rgeadadr 8t t i pgt ennsbabhnt Yawnifablhes riesul ti
Single Adsorption Total Adsorption Sy
Parti ti . pHe at
Model | FuncticDFergereed( CHaI gahciﬂ-l:t) ExplArfpit T DefA Capaci
(x T y P Y (RT)
Ei nst ¢ . cn® E4 B
Cryst QP T QP 3 1 + 1 + ¢ 0.5 +1.5
(no ph - CA
pictu QP T QP 3 1+ 1 + T 0 +1
2D Latt| QP T QP 2 1 9+ 1 + cAfE 0.5 +0. 5
i 8 E4 8 ' '
2D | de i . gABl
WzOs ci | SP | SP 3 0.5 + O 8 Eg4 © -0. 5 +0. 5
(no ph < E, ]
pictu QP 1 SP 2 1 + 0.5 T Ea 1 0
o 6
3D Ide{ SP T SP 3 0.5 =+ 0 — 1 0
1.5 E 4
. . E
zOsci || DF | DF 1 O + 6 % - _ -1. 5 -0 .
CcA B8 E4 8
T E!
2D | de{ SP | SP 2 0.5 + O - m -1. 5 -0 .
¢cA 8 E4 8
~ E!
1D I deq SP | DF 1 0.5 + O - = -2 -1
CA E4
_ - E
Fi xed DF | DF 0 O + 0 + ~ - 2.5 -1.
¢cA 8 E4 8

S

of
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Abstract

Adsorption measurements modcelcodnmonHt nygpielnd reg |
equations in order to elucidate both structur
adsorption sites, surface area, and pore volu

adsorption systemofleadgsqgr pthieom)s.osWreirlie daeaur at

relatively simple model s, guestions remain as
from such methods are meaningful, especially
do motw savelklbl ved features. I n this study, Abl i

structur al and ther modlgymrapti ichmp (@mp eM®K abl Df h EH
system) was found to be significantly | imited
the ~75% of biln2dikndd insoidti evsy weintehr g9 es wer e robus
~17% of strong binding sites could not be det
parameters. However, tHhe hasosther avemhaagte dfe mpdeke
a robust deliverable of all KNangnmkidfrm@kdel i ng

MOFs at-amkiaent conditions.

Il ntroducti on

Il rving Langmuir &9 i anccd aurdp tnigekrn lomaondneslis sneg We b |
monol ayer adsorption isotherm equati e iare w
adsorption equilibria measured in a wide rang
model s werdckesoirgmgednatld yt r-eati dtrohgradsoobphat é¢a

adsofadastoe bate i nteractions in both the bul k g
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applications of Langmuir theory have-sboeleind dem
i nteract fBrnsn awerwelHmmet t and Tell er i mprove
applying a simple assumption in the second | a
model for esacmas $sinlgl ¢ heughiace areaThe wmolsid
successful applicationsobfdLaypgmems 6ar emodel di
where the bul k phase Fbehaxampae,awei dealengdy
si ngil tee syosnt emaN(ieHd por ous emoy setcaull ewiatdls osipri g loen
order to explore the role of the temperature
excell ent agr eemenpwaswavei talcihn elv% do fsiindceealH gas
conditiondhmeas mpésed gte diamglmai r model does not
experi ment al adsorption equilibria owing to h
(ei t hert o nthheer ecnrty st al structure or due -to the

site Langmuir models or even the’)umobtiel mcdnshb

empl oyed with greater accuracy, especially wh
gas under al l conditions studied.
Nevertheless, great efforts have been made
applicability i n rpmrgesnesr@fcatdley®iss, foepdn agth
far from télsemedeaelcelsismrty. strategies are to in

vol ume of the b«lak | phda Sie x(cie.ses.0, atdlseorgpd i on amc
rel at edneagnldi gniobnl e mol ar vol umegas ¢dqeataidemr dfe
i nstead of the ideal mtasadadrishathétienc me &siarcgl

adsorbed phase. Most of these strategies intr
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ameters) to the model, which increases the
k has endeavored to prevent overfitting of
eractions in the bul k frl uwiod a(cgcausr aotre | syu paesrsce
rmodynami c8Abf afisbhpsi past work by our gr
erials of wvarying surface homogeneity, 1ine
the complexityref ampadr cosmpoari bomnstdactider e
stion as to just how much accuracy can be

h supercritical adsor pftrieodmeabughsbcoadi esp
Al t ernat towrglay, cmdtralmewor ks ( MOFs) are poro
or nitrido clusters connected by organic

mically precdfOwe ngds or pthieom piotenti al appl i
aration, and storage/ delivery, this ¢l ass

orption researcher s, both as fundament al a
l etybat eads®MOFs serve ads ifdealf umadenle nmatl e &
h as the investigation of the efficacy of

adsorption systems from their measured ads
earchers séepdiessyp$t emat model i ng aspect of

Hydr ogenand mesd hane ¢(G€hHmon adsorbates for

mportant potenti‘aBoahphidsatbanheef aM®OFmost of

supercritical temperatures, and of tsing mil fsioc aimp

mprovements i n t ogcaln éreemrgy dddrnys iatcyh i cefv e@H o Vv €

ne-ambient téhfgrdeartsur@asdi ng the relationship b
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composition and structure of the binding site

t he
I mp
t he
typ
I mp
The

of

SYySs

packing density of the crystalline partic
ortance in progressing ittoywatradt gBReEBi’mat e ene
rmodynamic quantit-hesedfst ot@gessysthemssan
es and energies, as well as the isosteric
ortant for applincasi enstéenmecaadsndr phe hea
refor@eandwCiHU éi éls on MOFs are widely report
how accurate Langmuir modeling is for MOFs
Il n this work, we use a seracecsurdetteelayng mei t h
vious!| y8 Bisnhcdibhg shiede types and €énédregi es of
ntess&jati asupdOETritical temperatures. The ¢
eling of the experimental adsorption equil
di fferent binding site types ( prraecvtiioouns!| y d
MMddand al so their ewmeirgg ese (tphlevd dbifsfl gya o tain
esti gapgreidn owiiml €9 rsampjut althieo maels urhetsh sschsow t h
orption systemspiaveste gaosredi winades, hi ghol v
dscape of the adsorbent is extremely chal/l
ding siteserhowbeat, othadssopti on emerges

ependent property regardless of the bindin

Theory

The ssiintgd eLangmulfde cSrLi)b emo dtehe si mpl est pos

tems that abide by three assumptions: the
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solid with identical, i ndependent adsorption
adsorbate molecule. ByhanglLomodelvecah Her deat

pressur e as.:

. 00

€ LU € BCRY Eqg. 1
whegd es the adsorbed amount (typically in di me
€ iI's the total number of adsaiptitbe preesuf il
bul k i dewail s gtase lhamgmuir Aconstanto (in di men

par amet ewrar(i es depending on the strength of ¢t
Il rving Langmuir also devekedmedesoimods gkat
di screte set of distinct binding sites (each

mol ecul e, but with a unigue binding strength)

S 0o
|p L0 Eq. 2

whefles an index| osvert hei fe atcy f@sayno he elsamd mua i
Aconstant o Qf Toi semodel|ltypesuBj e ptHetna et, hd heon
number of fitting parameters increases signif
types, whichfcamihgadftappVverd to a set of ex
any underlying physi cals iinnspiogrhtta nats ttoo aistsse snse c
of site types in the fitting equation meets e

Langmwyipre model s are widely wused for the an
adsorption systems such as the isosteric enth

R orY ©. For materials with multiple binding
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the isosteric heat of adsorpti on "Yae(srteusdeinetds, a
and is offset fromYt'theh&rms rtglye byasa darcd toanto)f
occupanci es. Il n order to assess thedeperddendtdua
mod el i's needed;ort hme siinteea sosf atihy€p er e | "datnido rt shiei p

bi nding enefODgyaatotdiahnhgst oe,

T g 0 YO
; ; D 0 Eq. 3
O Y 0 "YQ £a. 4
wheo &i s @& xmpromential factor that reprede’its tt

Anal ogous treatment of thesBE€® B&dekgbeandsnto
form (see Suppolrn ipnagfwenisdirdmvetdi drh)a.t t he goodne
Langmwipre model s does not @eYemd tomuds he tpammars
dependéntbe’Ydfs used throughout the present wo

Addi titoniad liymportant to distiadsasosphtbenweel
I n pregldssure sapdrwhartdesec ali f f ertehnecree died rwiefeinc an't
Will artli Gebdbszed that it I s not possible to d
adsoruppttiackney o symsd eanoi ned t he tUesmribrcéebhseodexpe
measured adsorpf’Thbe dpfhakeeqguanbet ween excess

E YO & YO U YO Qo YO Eq. 5

whead es the actual or @ ahbssoltihtee ¢e xgdesr arnbeend aa moour

adsorbediamduret ,densi ty of t hevnibsultkh e svuopleurnter iot

adsorbed phase. All are function%iscf at &mpenat
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guantity (to high accur a?dyiwi tah ceo mpd ceexr f uenccut a
di fficult or iffpossible to measure.
Straightforwardly, in crystalwal i,ne amorb®u s
as an approximation of the meaxi mMml i plhuynien g f

the adsorption sit&fogdcupamcyoimmaat med:hod t o

Y & " YO @ b Yo
' 0 Eq. 6
I n this work, the correction term is signi
excess adsorption equilibria need to be treat

By comBgunabnhgon 6 wistelhr i Ecpusadtitieombladnignmaui r model s
Agl oballyo fitted (i.e., incorporating an i nh
to be fitted with a single set of par a@Hter ss)

porous crystalline materials such as MOFs.

Experi ment al Met hods

Materi al s

MOF5 was obtained from a commerci al supplier |

12 h uhdee v@Mmbar ( Hi Pace 80, Pfei-féeeei Vaduu

Materials Characterizati on

PowderayX di ffraction (XRD) was measured und

benchtap diffractometer (D2 Phasémti Bmuker r@d
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geometry. The sample was mounted on an orient
I ntensi ty.

Ni trogen (99.999%) adsorption/ desorption a

Sieverts apparatus (3Flex, Micromeritics Corp
(the boiling2itsenpser9a tKurien dfozM man, Mont ana) .
using t h-EmBeTuenlalueerr (BET) model, empl oyi fi’%g t he

The pore size distribufiocalwaendettegr miumed i wWNIs

slit pore model (1 mpl e meAdteidv au s9d anfgt v rcea)o.mer i t

Met hane Adsorption Measurement s

Met hane (99.995%) adsorption/ desorption up
Sieverts apparatus (3Fl ex, -Miegoumedg i dusctsonCoSip
apparatus (thoroughlyTHessampkd wh sceoanbterdoelilne da
environment: eithetrytche cheelld uwme lrle felfD gae rcalt oesde d
Col dEdge Technol ogies, for temperatures <200

temperatures axt2urOe Ko)r\Ne cTiesnkpoawa ® fatch i eavseas .i n b

Met hane Adsorption Modeling

Al | measured adsorption equilibria were as
bet ween excess and absolute uptake amounts pr
The supercritical adsor pti on ilLsaontghheurims ewjeuraet i g
(SL, 2L, 3L,&x ahb2d-341L ,adnydhele epecti vely), |1 mpl eme

Afexcess adsor pEduwatdi am a6 ,espebwmidneg yPyt hon package
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( REALANVST,0.314). When converting the subcriti
correction term was deemed negligible (see Su
Each series of isotherms was fitted figlobally
temperature dependerice,0 orfnefifracdd hsvomga&xke dinms de bo
was determined by taking the square root of t
number of data points nidaeswenred,r sr off entrhed ftidta

unabl e to be calcul ated for al | the model s an

Structure Analysi s

Structur al model ing -6f wabeppofer metdwaskngf
software packages: Crystal?Makiehre (pw.o bleO .r&.dd)u sa

determine the accbhbswadbl . 90j ume bot MOFases.

Results and Discussi on

Crystalline-5Adsorbent MOF

MOF5 was chosen as a model material for st
adsorption modeling of supercritical fluid ad
MOF5 motivated this decision: it i sgpamtoiutsy ( @f
adsorbent, improving the quality of the adsor
(validating a key assumption of Landenfuimeéd mo

adsorption sites that ar & hiedsntrifaagle)fr Wimi plea o
model materials al 0 hBEf t htelser riegmue fr ietme nft rso r

studies of its ki nbdoitnhg esxilfeears nceonwaad @l ayBGHlingh Il y
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crystalline and hombgwaoalst pionwederf od mMmMOFc omm
ensure the meauwardemegntadsforpitglon equiz i bri a (¢
adsorption sneashkir-meatS]

The porous sHreconsr st atf ©otMO&E maud r-&maOni agcar nang e
at each node, connected by benzene dicarboxyl
12;8dge | engtphor@Eesidg -LRPutl aof square rotation ¢
di carboxylate |Iinkers | eads to two distinct <c
pointing in and the secohRidgwt élubibhe met hgnedgee
previous neutr ofh advief fsrhaoomni drh agst f dbiueasybif ndil eg : s
cupt ¢oongmede) at@end cavity (weak) sites in the
mainly interacting with ot her adssotrrbeendg tmnhe tshiatni
near the nodes in the secorFd gaa-teks) tbyppnedei rnegf er r

energies of each site were subséfuendl¥kJemoli m

—~
(@]
c

p 142t dsk(Joxnode9sO0t éhmrl sitT2ekd)kifamdl ty sit e
Il n addi ttiuadn ,esbatglhr ese as to the relative abundeze
(12 per node), hex (6 per node), and cavity (
mol ecul es per node (or per pcu cage). These p
guantities of each site piraodvsiodrep tai -&cémpihr eNi@fn s i

for comparison to Langmuir modeling results.
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MOF-5

Cage Types CH, Adsorption Sites in MOF-5 Oxide Site Center Site
Figurreyslt.alC str-bcshowi o MOF two cage types wi
checkerboard-fs)t rfadutrinrCeHnagn d i tes i denti fied by
studtep:sites are shown in yellow, oxide site
sites in dark blue. Zinc is shown in gray, ca
for clarity).

Table 1. Summar isaad oprpdp aernt,ioepseVMOfff a8+ report s

Sitelndex (2 Site Type ':I%dzlir N?mzfél'\g%ﬁ | Bi”?ngmEor;grgyg
1 cup 4 5.2 0.17 1189
2 oxide 12 15.6 0.50 1121
3 hex 6 7.8 0.25 19.0
4 cavity ~2 2.6 0.083 121
Total: 24 312 1

Met hane Adsofpti on on MOF

An extensive set of methane adsd)r pasi oan equ
function of prtessperrat(uirre K arn) Kgn-Hweld eb ame aasnudr e2c
328FKgrei 2y .t ® the similar molar density of
ne-ar i ticak= rde6g.ilmebla@® . & K), the excess adsorpt

maxi mum and then ded&i gaRd . 2@hh il gh nprte sds ureecst | (y
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underl ying absolute adsorbed uptake is known
expected to be considerably higher than the m
fluids such as met hane at 243rKaamedlb@y bas.pe
alone. Furthermore, no particular features ar
i ndi cate the presence of multiple site types.

For comparison to the featureless supercr.i
subcritical i sot her ms -lwédrae -lalrdoKPier2a¢gRiIFced bet w
contras-tempbe atpaws sulrewsubcriticalpoHfseoltlihienrgns
pl at eaunesibrudek fl uid is significantly | ower de
hence, in the subcritical regi me, the excess
by neglecting the contributienSafppohei agrdadbo
Thi s measur eldl 2p IKatceoarur eastp ®rbds t o 'ar maxi gume b h a

mol ecul es plkirghaget han6&he maxi mum detl!dcted b

We attribute this increagdiicn emaxuirmuane eu patdaskoe
addition, an early rise in eacfhi lilsiondh eaamdesn sa
event. This early rise +toerach.eds ne tmaaxn enunmo |oef c W6

i ndicating that it could be a more selective
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Eqgu
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Supercritical Adsorption
To test the capabilities
MOF5 as well as describe the

add ) al®l& (Kc-larbdr0

CHadsor pti oRi g0guZks)i Bwebrael (gy

mo d e |
Equatiohe6fitat

t hhese

S

f

of

i'ts are

set

of

fitt

of

bindi

ng

itted

ng

Equi libria

Langmuir

exper.i

tref@@ureddljestald ifiblpiamdaGaneftier s
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al | model s (RMSEek pPpoi0OB88 immol S to 4L). Sur pr |
of fitting parameters beyond the SL model di d
numbersaadfs oCHt i on-5siwtass dern eM@A neld whbi bé +386him
than the past neutron diffraction result but
subcritical adsorpdi waspdet eami ndadwbyefibd i me o
mL g which is far greateb (Hanhet menpdusbwngkuib
Zeo++ and'lblas4erd moln gt he t oiaadls oproprtei ovno |aunnael yvsiias |
experi ment al sampl e). Al I of the Ablindd fits
adsorption end(fwiyt o fa ~dHh aekxdpcomeetnitsi tail c Githerio r o f
% meitie modeling (2L to 4L) did not <clearly
(>13 ®J nFoulrt her analysis of the site energies:
therefore not performed owing to the unphysic

I n a series of addgt iaommalwefriet tviamg oasp ¢r if me
known values based on a variety of%abuortcescap

CHadsorption measuremecomplUviaai ohal ppareawvoV a

usi ngwupaoBH), and experi menadsotptabnpanal yei s
These fits are referred to as the Ablind* com
where Ablind*0o and il ooseo refers the variahb

to t hiemenxtoalr and computeat,bbndfngdshngefenergie
exponéeattals, and (s eri agtuirvees SBa n tSi4t,i &6, S7) . T
upon fAblind*0o and Al ooseodo fitting, atrtree srheosvnl ti

fits were statistical-tpyerpopoorienrt )( RMSaEn >t o Ded im
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by all

a

of the

comput at
Al oosao
showing
site in
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S expected. However, unl i ke the fAblindo fits

oorer

t-hlanma dhel 2Lwhéenahadxt agkbowh A al ues

epresentative Al ooseoFifguar & 03 & .leaTelBdg i oeicml deilsnt gi ¢

of t he iilldooksda doid Ik 9§ meh mya pfsr omveal i ng t

content of whdakern hleifmreasoptg catriidvesf) ,each site -

sites centet2dk&at miehlibsi nidsi ncgo nesni esrtgeyn to fwi

i owhail c st silows~75% of 719 hatw e i kE snmdnlo alh &
Bites with a Hh1g hledwaebodn da bnsge revneedr,g yc lod
that a good fit to the data could be

t he model
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Fi gurgeui3.i bEri um excesssonpMPKkleret(wad828 | XAFPOdf O CH
bar fitte series of Ablindd Langmuir mo
(c) 3L, a 4L . For comparison, represent
mod el and nareedbowh. Goodness of fit (

Given thedststuggltey identify the presence
using a fAblindo, Ablind*o0o, or Al ooseo fitting

undertaken with eitOheorthhebbndidnggdedéexeided mp

t hei

]

known values as det et?mitheendc eb,y bpoatsht fciotntpi
empl oyed constrained versions of the 4L model
approaches-ewponeaenheddpridoacteamarch (site type. The:¢
to as AFightesfBEHs E8); the best fit paramet e

S3,. Slent erestingly, these methods both provi di
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ertheless, even when the binding site comp
clearly reveal ed. Only when the binding s

t computational studi es)t edriyd étghree er ewsi lht it rhg

tron diffraction results. The goodness of
hods, i mplying an bmindt hat cpeemat s@facrivi deb
h site type without incurring a significan
Finally, a Afixedo fitting approach was un
sured supercritical adsorption equilibria

ermined poap MOFitelse omum@ibler of binding site
their relative quantities (based on neutr
eri ments). Hence, inexxpenehi vad wemet ped mia
be | oose; the Fieguwrle s3fa,r eFiagusroe s$h8o,wnT aibnl e

di ng sTilt8e 9( ®iJ xweads| aatc c o mp ani e de xopyo me mtuicahl | foa

. 0OKOB#)Y t han found in any previous fitting e

ercritical adsorption equilibria could be
t reported properties -ehet pgg boyfmtetHMODFNever
tsetesp (detected by both neutron diffracti
ningfully be detected by any Langmuir mode

e type was known a priori

ting Par ameter Correl ation

cl

Owing to the similar quality of fits achie

ustered2akdamd|l vhen the distribution of bin
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broadened to include ~17% of strong sites and
the binding effxmpeinentarmd tflraea grrisu ratchreors se xad |l o rf
compensating correlatioan@@&@s gluoen&10), exwi $h h
rel at iCoknfsihi p:cp Py b +¢<AD P& X Equati oariSg)n dheth
relationship remains unknown, and wi |l be the
relationshipfbeéet waedmet ohebgevdness of fit was
fitting using asgwiadree svamiineitnyi zoaft iloena smmet hods a
energies OforJoiHKkMOOFmMoINdi cating a minimum in t

binding energies are centered around that val

Subcritical Adsorption Equilibria Fitting
To further investigate the relative quant.
sites -5,n aMFompl ement ary investigation was un:

(Fi gur2ds) 2wher e t hegbimadionrg tiyntoefr aCcHt i ons woul d |

type. The subcritical adsorption equilibria w
acceptabl-ti sepaodmébeets, as confirmed by stat
g and visual inspec¢dtiitoma(Rimeurea sS lulp)o nT hseu bbcersi

i n Table S5. Contrary to our hypothesis, the
wer e Qs ikklamablt he strong cup sites identified
18.9 RWI rmanai ned el usive. A comparison bet ween
supercritical adsorptilomwregsiuriebsuadcandi claée m

equilibria reveals that there i s excnetlsl,ent co
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t he

measuremeniB{onr &0812) .

Tabl|Bee$2i. t

gl obal

Langmui

r

presence

of gasd sroornpgt ibd m d

-Mm&d ¢ | t(pdalf) @ neei tteer sL af nog

model ssadfs oCHti ®&n uommdeMORK Dbl i ndo fitting
fixed).
o Lt N single DoubSie Thr8et Fosit:
fna{ MMo’) 36. 3 36. 3 36. 2 37.1
V. (mLY g 2.36 2.36 2. 34 2. 43
V) 1 0.935 0.418 0.522
A ( K'Bay 0.002( 0.002( 0.001% 0.001:
E(kJHmo 711. 2 T11. 2 112.0 112 . 4
g, - 0.065 0. 447 0.442
A, ( K'Ba'y - 0.002¢ 0.002: 0.003:
E,( kJ Hmo - 710. 5 710. 8 710, 2
g - - 0.135 0.026
A, ( K'Bay - - 0.004t 0.079
E,( kJ Hmo . . 9. 50 0. 423
U, - - - 0.010
A, ( K'Ba'y - - - 0.052
E,( kJ Hmo - - - 70. 418
RMSE (mjn 0. 032 0.032 0.032 0.032

condi ti
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TablBed3t.t gl obal Langmuir modegitpakbLamgmer s
of ,@Hdsor pti &n (avédh ed@F| , Onwkre fixed).
Fitting P ~F o_uSrj‘\t e ~F o_uSri‘\t e F~o tﬁri t e
NTi gbt NTi gebt AFi xed¢
Nma{ MMo’) 36. 1 36. 1 36. 1
V. (mLl) g 1. 47 1. 47 1. 47
V) 0.5 0.111 0.167
A ( K'BaYy 0.00096 7. 4B E 51 E-6
E,( kJ Hmol 113, 7 718. 9 718. 9
g, 0.167 0.4909 0.5
A, ( K'BaYy 0.0041¢ 0.0019! 0.2®0
E,( kJ Hmo | 710. 6 T12.1 i12.1
g, 0.083 0.168 0.25
A, ( K'BaYy 0.0046° 0.0081: 0.0D3
E,( kJ Hmo | 710. 5 19.0 79. 0
g, 0.25 0.222 0.083
A, ( K'BaYy 0.0048: 8. 16/ E 2. 2R E
E,(kJ Hmol 70. 503 12,1 72,1
RMSE ( mjna 0.0482 0.0470 05@7
|l sosteric Heat of Adsorption

The i shoesatte roifc g dosrar fOriisona (key

practi cal

fdt

me t

systemsg$ samedasur ementi sarektiemtsd ry@tGagmn &tajaduimeg nt e d

describes the quantity

transition from the bu
the surface occupancy

t wo possible reasons:

enthal py are obVf seé&tYHY

of heat

|l Kk gas

rel eased

m

supercritical

of urhfea caed soocrcbuepnatn.c yT hcec cdu

a varying

bi ndi

tbew Qoadt ngyg)

and

ener g

he
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Y 0cf which approaches zer@ra&tsshirgh Isupekirmgs tur

The temper at unRe sdenpoerned esnuchet loef and t3fe33t opi ¢ of

Regardl ess of its dependence on tleampea amaa U A
of binding strength is both universal and pra
the gener al definition:

L e RS N ¢ NERDVRR B B .

n "Yo Yy 0™ Y Y YT_"Yy V) YT_"Y v U Eq. 7
where the partial derivative is Wandar &yt hde

mol ar vol umes of the adsorbed phase and the b
given by t he?3hgdu avtoil ounmeo fo fs tt ahteie sa dnsoat r bpeods spi hbal see

measur e. For Eqounastiitsanefnéclyl toowitmghdef beenhi adopf e

e R >
U 'Y

5 Eqg. 8
The i sost egqaids olrepati -6onf @actHc M@K i ng t o Abl i ndo

Langmuir model s at superFagrgiuffheec dd.i rcdbinmdg ta menrsg y

di stribution for ¢dach smedelari ¢ halt se h®hacwm. ce

significant role in the resulting heatnnof ads
varied bk3 wlekunmdid2r all condifiensa gted cite d.el e
i ndependent quantity compared to the binding
magni t@wdel wds in the complete set).

The consi sftreomc ynoodfel t o model i's even more cl e

results over all five fitting experGHnents <car
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sorpti&n acemc oMdfF ng to 15 different model s i

S

udy (Ri7QuKlegl b,mmf t he results exhibit a monot
sorption asupt 8kectoonsoff &8e occupancy), a:
e models (even those |Iike the Afixedod 4L mo
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adings across
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16 14 —SL Blind
i —2LBlind
14 135 | —3L Blind
12 . 4L Blind
T 13 [, - SL Almost Blind
10 TS : h _— ey [p— 2L Almost Blind
- 125 | =ed o 3L Almost Blind

4L Almost Blind

76t o[ ---SL Loose
o | i -=--2L Loose

B4 H (k) mol?)
[+ ]
B,4.H (k) mol?)

[}

115 | ---3L Loose

2 ¢ ---4L Loose
. S N , , , ] ——aLTighta
0 5 10 15 20 25 0 1 2 3 4 5 4L Tight E

CH, Uptake (mmol g) CH, Uptake (mmol g*) -----4L Fixed

Figureset®rilcsdeabCkub MOFS oa tKtazna®h 000 blaasreal lo n
itting exper iModretls tiympet mind dtiudy.ng met hod ar

Concl usi on

Met hane adsorption-qmad imegasuwcmregdtart la nhei gshan
organic fr amewaoacrkoagdMOFuper criti cal bul-kx12 1 ui d
K and3228 3K1 abtarel @ db&®r, respecti velwer eTheheands o
globally fitted to a series of -diamgmmumodelegu@$l
i ncreasi-sgteommdets (up to 4L), with standard
temperature dependencéeovot bemeLgnomuhr otohéta
and -gesaleffects on the isosteric heat of adsor
direct compfairti sprno pdr thieess such as &t he, tot al n
maxi mum vol ume of wthe addosbed phpeeafd bindi
( and between models across the temperature a

energy storage applications.
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I n this study, we determined that Langmuir
determining the bineiinngeg snatteereamdr gmheesn d fh ea mmua
supercritical temperatures and nupvhtemm hitgh cpreea

stricter constraints were enfbtcpdrawhmetbrshoo

previously established values (by other metho
chemi stry). Regar dl essealfed hae gnorderd g erh olsiemdi m
mojunl ess specifically constrained to do so. |

binding sites to exhi bwitt he nae rpgoisessi bolfe -~dle2t ekclt am
weaker sit®s Mehskil imgl and model ing the adsor

conditions al so diechemgty &l hitld draad dda lase ps haow ht he

di stribution of sites where there is angdi magul
single |l ow binding energy site. This brings i
computati onal results and how accurhatse stulggeeast

that researchers attempting to determine the
adsorption system should proceggdewmbtdetaungi ap
However, the isosteri bulseatanadf coadhsorspteindn arce

studied, affir mi-inguwentdse nrte Inaattiuweel.y mode/l
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Renewabl e Energy (EERE) wunder the Hydrogen an

Technol ogi es Of fi cesEEOMNMOeBr8 1AAwar d Number DE

Supporting I nformati on

Absolute vs. ETxhcee smsa XAidmwm pdaorornecti on term

mai n "tog xtwas determined to be significant and

For MOIFeused in thhisbhsaludpor MOFto€®H4wWnEeSs access
cal cul aa edlt aasd aagd s déo)wausei mp ctklnegee per i ment al
crystalaspmraltd uriaddcioursr eosfp o). di ag dmedls®OHgpds idNnN. T
pore vol umeo Wad 0f amld Hdlh.€4 7de ns e saf gnaest hpahmaes e
encountered under the supercriint itdadsa levoyplea ti ence n
usi ngR&fl SWa®.)OnBndo | *antL 243 K and 94. 17 bar

By combining themaxi womndcadarn nted ctr ilhd®n n8ri2dle
glwhi c-h5%od t he measured maxi maPm4Be Xcaslsh)is@pbal
correction term must be accounted for in al/l
Il n the subcritical experi ment al conditions, t
mLtat O0.811 bar and 112 K. The | argest possi bl
0.132 hwhdlchgis ~0.36% of the total uptake. TtF

with the measurement and is therefore negligi
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Ni trogen Adsorption Anal ysi s:
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Bedtit Par amet er s -4lorMoSueplesr:cr i ti cal SL

Tabl 8e$1t gl obal Langmuir -mMddelt(pldame tt er § ang
model sjaadfsoClti &n uomd eMORDbIl i nd* exp.o;mbfyi tting
pg8 ynL 'gas f i xed
Fittin
Par amet

p—

Singl e DoubSliegg Thr-8et FouSri t ¢

n.( mmo) 30.0 30.0 30.0 30.0
V. (mLY g 1.47 1. 47 1. 47 1. 47

U, 1 0.999 0.424 0.997
A ( K'Bay 0.001¢ 0.001¢ 0.001: O0.001:
E,(kJ Hmo 711.9 112.0 113. 1 112.0

v - 0.000 0.564 0.001
A, ( K'Bay - . 152 0.0027 0.011
E,( kJ Hmo - 71. 86 T11. 2 18. 05

, - - 0.012 0.001
A, ( K'Bay - - 0.006( 0.034.
E,( kJ Hmo - - 79. 48 15. 309

U, - - - 0.001
A, ( K'Bay - - - 0.0609
E,( kJ Hmo - - - 13.87

RMSEmmo_l) 0.040 0.040 0.040 0.040
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Table $2t Bé¢ otbal Langmuir -mddelt(pldamwme tt er £ ang
model sjaadfsoClpt i &n uord eMOR I oose exp. o0 &itti

c@®mmo ta ga p8 ymL 'ger e fi xed).

Fittin : . ) .
Par amet Singl e DoubSiegg Thr-8et FouSri t ¢
n_( mmo) 36. 1 36. 1 36.11 36. 1
V. (mLY) g 1. 47 1. 47 1.467 1. 47

U, 1 0.775 0.042 0.712
A ( K'Bay 0.002¢« 0.001¢ 0.0009 0.001F¢
E,(kJ Hmo 710.5 712. 2 T13. 6 712.5
V! - 0.225 0.735 0.063
A, ( K'Bay - 1.58E 0.001¢ 0.005:¢
E,( kJ Hmo - 70.533 i12.2 19. 72
g - - 0.223 0.002
/2 -1
A,( K'Ba'y - - 2. 1D E 0.037
E,( kJ Hmo - ; 70. 052 5. 33
U, - - - 0.223
/2 -1
A, ( KBay - - - 2. 0BE
E,( kJ Hmo - - - 70. 000 ¢

RMSE (mmn 0.095 0.046 0.046 0.046
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Tabl ees$t3.t Bl obal Langmfuo-gtr tmeo dled n gormau iarme(t &Lr)s mo
adsorptianuanmdevMOFy .i(ghteroe , amere fi x@edX)p,. Ati g

(wheéerew , Owkre faindedf | xedé exup. .0, ( mebrree
fixed) fitting conditions.
Fitting P ~F o_uSri.\t e ~F o_uSri.\t e F~o thri t e
NTi gbt NTi gebt AFi xed¢
n.( mmo) 36. 1 36. 1 36. 1
V. (mL) g 1.47 1.47 1.47
v} 0.5 0.111 0.167
A ( K'BaYy 0.00096 7. 4B E 8. 6 E
E,( kJ mo | 113. 7 718. 9 718. 9
g, 0.167 0.499 0.5
A, ( K'BaYy 0.0041¢ 0.0019! 0.0020:¢
E,( kJ mo | 710. 6 112, 1 712. 1
v 0.083 0.168 0.25
A, ( K'BaYy 0.0046 0.00817 0.00012
E,( kJ Hmo | 710. 5 19.0 79. 0
4, 0.25 0.222 0.083
A, ( K'BaYy 0.0048" 8. L& E 171
E,( kJ Hmol 70. 503 12,1 2.1

RMSE ( mjna 0.0482 0.0470 0.0493
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Tabl e $4.t obeadt Langmuir modEeS3L)pat{d infed w8IT § ef bAaNng
model spjadfsoChti &nummdeMORDbI i nd* com.oonkbyi tti ng c
p® ML *gwas fi xed).

P';ir tatmie;‘ Sin§le DoubSia Thr-8et Foust
n_( mmo) 28. 9 28. 9 28. 9 28. 9
vV _(mLl) g 1.30 1.30 1.30 1.30

U, 1 0.917 0.999 0.975
A ( K'Bay 0.001¢ 0.0017 0.001¢ 0.001"
E(kJHmo 712.1 112. 2 712. 1 712. 1

v - 0.083 0.000 0.023
A, ( K'Bay - 0.003<« 0.014 0.004,
E,( kJ Hmo : 710. 8 7. 73 710. 0

g, - - 0.000 0.001
A, ( K'Bay - - 0.228 0.023
E,( kJ Hmo - - T1. 41 6. 509

g, - - - 0.000
A, ( K'Bay ; . . 0.073
E,( kJ Hmo - - - 13. 73

RMSE (rﬁlyn 0.043 0. 043 0.043 0.043
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-mddeli(pld)awe tt er £ afng
ittt

Table $5t Bé¢ otbal Langmuir
model ssaadfsoClpti &n uomd eMOR I oose com. O
c®mmo ta ga p& ML 'gere fi xed).

Fittin . . .
Par amet n-§l € DoubSie Thr-8ket FouSri t ¢
n_( mmo) 31.2 31. 2 31. 2 31.2
vV (mLl) g .30 1.30 1.30 1.30

vl 1 0.908 0.793 0.9009
A ( K'Bay 0.002( 0.001¢ 0.0017 0.001c¢€
E,(kJHmo 711.5 712. 2 712. 2 T12. 2

v - 0.092 0.116 0.000
A, ( K'Bay ; 6.8%E 0.002: 0.002.
E,( kJ Hmo - 70. 505 111. 7 70. 171

g - 0.091 0.053

/2 -1

A,( K'Ba'y - 3.6BE 2.35E

E,( kJ Hmo - 70. 004 10.060
0, ] 0.036
/2 -1

A, ( K'Bay - 1. 99 E

E,( kJ Hmo - 0.031
RMSE (mjn 0.005¢ 0.004f 0.004f 0.004E¢
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Tabl e $6.t Bdotbanlodledn prauiasmettee rLsa nfgomuuri r 4( 4L) mo
adsorpti®n uomdeWMOBIWM. QWHerwe , amwkere fixe@d), dati
com. (wherwe, Owkre fainxedYf, xedécagm. ¢ ,( wibnedr e
were fixed) fitting conditions.

Fitting P ~Fo_uSri.\t e ~Fo_uSri.\t e F~o thri t e
NTi gbt NTi gebt AFi xed¢
n.( mmo) 31. 2 31. 2 31. 2
V. (mL) g 130 130 130
v} 0.5 0.4B 0.167
A ( K'BaYy 0.09D9 75 B85 6.5%

E,( kJ mo | 1135, 718. 9 718. 9
g, 025 0498 0.5
A, ( K'BaYy 0.3D0 0.D®3 0.DD6
E,( kJ mo | 711 . 0 112, 1 712. 1
v 0167 026 4 0.25
A, ( K'BaYy 0.9D7 0.0®D2 0.9®8
E,( kJ Hmo | 79. 91 19.0 79. 0
4, 0083 0089 0.083
A, ( K'BaYy 4. 1QE 7.BD 8. 9B E
E,( kJ Hmol 7000046 12,1 2.1

RMSE ( mjna 0.46 1 0.®Hu 0.4® 1
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Bedi t Par ameters for Subcritical SL Model

Tabl 8e8i.t baodpmuir model p-drSdmetsene fLamgsiungl
CHadsorpti ®&n uomdeMOB ubcritical conditions

Fitting P Si n§l ee

.. { mmo’) 9.98
vV (mLl) g 0.0001
U, 1
A ( K'Bay 0.D63
E,(kJ Hmol 112 . 1

RMSEmmo) 0.1®7
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Abstract

nsification, storage, and del i aeefy of me
cal i nterest dlarckemdr goyr yaspt pahh pl ci ansee dmast aei r bi L
avents simple cal cul apricomesr tainedsuyaptd r slt tain

sper fWhimaemcger avi metric capacity and vol ur

al metrics of performance, the ther modyn
ption, a me a shuarnaeb Ibe npdR enxgy efnees wgtyh e matv e s
sively microporous carbons with a tailor
eric heat wupon methane | oading, | ending

ery. Two di ftfheer eonrti ghiynp ootfh etsheiss aesf fteoct e x i
confinement), but no controlled investig
wwe kpr es entprae ssseurriee smeotfh ahnieg haed smoa dodali omma rsh
|l ocally defined structures and a corresp
sti c 1 négciagrhatosd ommémmeneatripemmei ng | nteracti ons
t haime ndiamteaemreacei ohsarly | inkedihg bhaedpn
in optimized confinement enviimemmarstes , r

eric heat as a function of | oading

Il ntroducti on

thane adsorption has been an intense top
tational research over the past few deca

onomical fuel. Nativdmd @gacsocwomns af os ~3306 %
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used i n the United States, with ~40% of t hat

remaining used for residential and commerci al
for trarWipiolr ¢ amatomr al gas is | ower in cost, vy
mass, and results in | ess greenhouse gas emis
i's significantly | ower than | iqutiidndgryidrocarbo
applicability @aastadpof makgmpranspompressed na
and |l iquified natural gas (at 112 K) e*hibit
respectively, while gasoline and diesel exhib

37.3IMIrdspectively. A strategy to increase t|
conditions -psesouusesetankifghl !l ed with a high s
the density of fuel whilei tadi 8gatues| Depart me
( DOE) specifies a t9rdeotr afdsd6ded Viaturdal MYy als
and 65 bar, hence achieving the s’ame density

Two main classifications of porous materi a
densi fication of methane needed to meet the D
avoid a prohibitive gravimetri cogamiad tfyr aime \gd !
( MOFs). While porous carbons are derived from
wedebkt abl i ssicead ,e Ifeent gheondasj,or i ty of carbon mater.i
ordering to their sthbrounc tsutrreuc tQornet riosl ao ft gppoirco u
sever al promi nent’, srteataitcewli ars 2o rtgeanpylmeetciinnegmt is o m
structur allandoramédros, zat i ont%fA sstnmaulclt unruanhb enmo noc

mat eri als exhibit both high surface area and



for me

sur f atle MNottaeb)l e

por ous
a pore
| ocat e
extens
over ¢
rel at e

porous

preci s

134

thane storagesholl®cyl, epepeni tpopreqg wiwdt ICH

aromatic framMéwdmok hr enffag remre ch | tso eaxsh i A Ft

Size ofst-ak.kd ngmofandcdena aromatic frag
d -ait dachgacemse bl e surface) . Il n particul
inveetlhyarmes sat or dgenomsdirami ng exceptionall
ompressed met hafWeahaambaesnor pelmp(erarnadt u d

d materials) are fewer but also demonst

materi al st empt ht sdcdared otnlyd 41

r

~

C

netwoirk afl iPAIFti ng factor???-@h itthe detph o

MOFs are highly tunabl e -por aounsordieasber i al

ely connected by organic Andkexbtr emerl mi

surfaé®enteereastingly, the orisgrmeamlai MOF a( t ®fperco

for hy
and th

met hod

drogen storage owing 1°%D8&ttesr nreixrtirregnetl hye e

ermodynamic properties of each binding

s, especial®ryd neamp wtna td3i’d fwahla d ceh emxipsetrri yme

ng of the sites relying exclusi®Fdry on

madrelry atlhse | atter is strictly possibl e,

ties of methane adsorption on carbon s

u

i sosteric enthalpy FoiO filhe aa 69 o mrho raldy o

that i s a proxy for the average bindi

in energy upon adsor®Pii on by the chang

~

Y 'O Y Y VY 00 Eq. 1
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whe®ies (mol afY) sembhahpy,tinst eprrneasbs erndemgdyrad ) v ol

Il n

a simple adsorption system consisting of a

where the bul k adsorbate fluid is an ideal ga

o

y 0 - Y'Y Eq. 2

whe-ries t he (mol ar) bi ¥WMids ntghe nea W car shtea it e, mpaerr d

di

n

P

c

e

S

tbe i sosteric heat of adsorption is a func
endence is strong for a simplified homogen
hange in isosteric heabcwiuphnpygessbred{inge
erogeneity and adsorbate adsorbate i nterac

rly evieriynanadckirnglporous carbons and MOFs,

t with increasing site occupancy. The | att
I's usually negligible and, i fMaptreersieanlts, wciot
h degree of homogeneity can in principle e
orption as a function of site occupancy, b

es and a homogeneounseregnioeusg ht od irsetarliibzuet itohn so
orted the increasing htandosubssguent oyn ex%

erlying reasoasendélondithgstledfedomogeneity of

ving property of i mportance. No MOF has ev
presence of multiple site types inoeach p
tant to participate in adsorkbatefadscrkeate

|l sosteric heat with the atomic precision of a



136
never before achieved, but the guiding princi

or MOFs is | acking.

Whil e homogeneity of Dbinding site energy i
adsorption, it remains an open question as to
necessary. I n other wor dsi,t eomgrgindbtodn-pmeece ®d s
nei ghbor in order to realize maxi mum adsor bat
i ncr eqfawinlg |l oading? I n this work, we explore
Il ncreasing isosteric heat on porous carbons b
confinement, and homogenei ty.

Five different model porous carbons were ¢

these properties: a disordededhporymgteoaef(pl
ordered framewor k based )on at edtirsaop hdeentye am e (t G ev
30), a -lgirkaep hneanteer i al wi th no microporosity ref
and ordered microporous ZTC. The first two ma
singilrerg (phenyl ) primarg ohimet panei bit nchignegxopt
under confinement. The | at trerngt,h rdeaiek ghaitmear g nael ns

with mini-snaaclkirngo permitting expl orartiimogns of

sites undedi botdeoeredeceddi ti ons as wel |l as un
Hi gpr essure met hane adsorption equilibria were
together with computational i nvesti gagteisgns t o
relative homogeneity, and confinement in ~1 n

Sever al guiding principles were discovered, n
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reali zing an increasing isosteric heat of met
research i n adsorptive natur al gas storage ap
Experi ment al Met hods

Mat eri als Synthesis

Five porous carbon materials were obtained
or by <c¢hemiAmale xstyemtsh evseill sy®%ccht ai rvaactteedr iczaeedb on  ( Ma
30, Kansai Coke & Chemicals Co.) was chosen a
with high surface area and umntsyppeec iZfTiCc wsatsr wlso/tnu
at Montana StateoUniheempsievy oact’@vs iewapsrt ed met
synthesized at Tohoku Uni veorrstietdy “riestfhoomd s ng t o
synthesized at North Texas Universtdtgstkygordi
pDCX was synthesized at Monash Univer%@dAltly acc
materials werefdegasvsa€thbmny ©a0oil BOr iecCr ftoda 012
analysis. ZTG30 GWé&raecakn do oMIIE-1 swasvxhechal PAFwhi t e

pDCX was burnt orange in col or.

Materials Characterizati on

PowderayX di { XR@pasi mpasudrreyhbuedér condi ti ons
benchtap ¥iffractometer (D2 Phasémti Bmuker r@d
geometry.

Nitrogen (99.999%) adsorption/ desorption wu

Si everts apparatus (3Flex, Micromeritics Corp



138
(the boil i ngzitsenmpber9a tKurien dfozMN man, Mont ana) .
using t h-EmBeTuenlalueerr ( BET) model , empl oyi g the

The pore size distribuidiocalwaendettegr miumed i wWNis

slit pore model (i mpl emented using Micromeri:t
Adsorption Modelling
Prior to modeling, the experi ment al adsorp

significance of the conversion between excess
adsorption i sotadeuvi$ ¢twerlre@modadud @edntiong for exc
adsorption,sawricneg RNt mprenpackdgd8l8REARAI S@mper
dependent, global fitting metbhpdndascempleyed
referr &d 5tdoq aass e s c¥OThbee dr d ont pneesarno wsog(uRaM SeHl)  wa ¢
evaluated between the fitted (excess) uptake

mini mi zed usi nghRoweglrlobs mdt tdhee. fi tting parar

cal cul ated for al | the model s and wil |l not be
Computati onal Met hods
A previously benchmarked | evel of density fun

the MN15 f un®&Bilamabashii‘st hs eth.e

Results and Discussions

Mo d e |l System Sel ecti on

To investigate the effects of primary carb

environments), pore confinement, and binding
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thane adsorption, five model porous carbon
ructures were explored which contain distin
Il eti es t hatricnognttayipne obnilnyd ianngey r1s al i lekesen emmod embu letsi

Nt ai Minmpm tsa t3es permitting the met hlasmggend | e c
nder o interacti on“*>deTsocriistod catienr ipnrge vsifdtuess tvsotra
del mat er i al sf iwesrte, speDGXc,t eids. aT hpeor opds pol y me

chl oroxyl ene monomeric units (Figure 1a). T

amor phous (Figure 1f) and hence the binding s

and centered at a birndignd nd ree ragcnei hoynasi. g aAn a é&rpid
PAR, which is characterized by an ordered arrtr
subunits (Figure 1b, 1f)-1 ahe mepbabhedbiodbeg
dits i buted around the same binding energy as p
(Figure 1g), with pDCX containing an array of
di stribution of bi#lndcionng ae nnesr gai ehdo unohgi@lmee @RUASFH~ 5
pores.

Three additional materi als based on pri mar
grapheke moieties were sel-echgdsystemeamgascsDD
The f i r350t,, iMSHGarweltler i zed acti vatleyd hciagrhb osnu rwia
area of?2gh30m@imating that it is-spdedomirmaamhtlny
fragments (Figure 1c). l'ts featureless diffra
centered at d = 3.-8t acikse mpgraelsse ntth,atwintihninnoall ong

wi de distribution of pore sizes (F30gurse 1g)



140
expected rongefbhandeee, but with a broad di st
of pore sizes. A complementary material 1 s GM:
the outer surfaces of al upadrnas intaynoiparex cll lesi ¥
(~58 | wide, eff@oporious]l at makipegcirti th'eml condi
Accordingly, its structure drangmbapmoosderihg
characteristic pfegsaphegec@Bi pumelt hgepsi tes b
confinement (Figure 1g). Hence, GMS is expect
di stribution cenrtienrgedi laan dehra,to owi tah tthhreeeaddi t i
nesinei ghbor met hane met hane interactions. L a
i's synthesized by templ atiypg wieohimnet hanpgohes
exclusivesiydefl doalbheree frrialghheemt sdicmemsica red afr
removing the t &mpéd ap@eoé Eiguderiley.i s confir me
and is consistent with a homogeneous pore siz
primary methane interiacgi @haondeZd Ct ypet hbut hu
met hane aZdBOrdrea mpeo i it m&pdo mee amest hane met hane
that coul éiltcel sntee rg hibeoxt i nt eractions. The text

summari zed in Tabl e 1.

Met hane Adsorption Uptake

Excess methane adsorption equilibria were
bet weedn2823K8 and up taonl®iMRa&,e -éBsciadimoawh r egi on
bul k adsorbate fluid, the molar density of th

causing the excess adsorption isotherms to re
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pressures. The adsorption equil i bisiida ewedrae gtmauhb

equation with a temperature dépendence of the

o ‘ v 0 YD) 0 Y
¢ Yo € YO Jw p | R 2 | o 0 YD Eg. 3
. (o QN . .

whees t he t®impetrtad upreessur e oft itshet hbeu | akmoaudnsto r
adsorbed Y § ni snmohe gt ot al number of adsorption
adsor bed YJ|jins mmod fgracti on "Qfg, t@&md teo tcdald | eiat e s
Langmuir Aconstantso forveamhbesideritweodek.i Mhsee
from first principledaiepgndédde gafical 2Met ha

moddl was employed for aifli tmptaermaimeiterEabeend.i’
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