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THESIS ABSTRACT
MECHANISMS OF ADSRPTION OF AROMATIC NITROGEN COMPOUNDS
AND AROMATIC HYDROCARBONSON METAL-ORGANIC FRAMEWORKS

(MOFs)

By JUN DAI
ThesisDirector:

Professor ALEXANDER SAMOKHVALOV

MetalOrganic Frameworks (MOFs) constitute a class of novel paratsrials
that have attractedignificant interest due to their applicat®oim separation, storage,
catalysisandchemicalsensingTheir large surface area ahiyhly porous structurmake
these materialexcellent absorbents widnhuge upake capacity for many adsorbates of
interest Using complementary spectroscopic methods, sudied the mechanisms of
adsorption of representative fusethg aromatic compoungdsnamely indole and
naphthaleneon the following MOFs:Basolite F300, MIE10Q(Fe) and Basolite A100
Fluorescence spectroscopy and rg&iVisible diffuse reflectance speoscopy(near
UV-Vis DRS)studiesdemonstrate thataphthalene isonfined within the mesocaviyf
F300 MOF. Moreover we detecteccoordination bonsl betweenadsorbedindole and
F300 wha indole was weakly electronically bound to Fe (Ill) CUS in B8 and MIL-
100(Fe) Direct spectroscopic proof ¢fhe formation ofanadsorption complexf indole

with F300 and MIL-100(Fe) MOE was obtainedby nearUV-Vis DRS wavelength



dependentluorescence spectroscqpgnd complementary tirndependent fluorescence
spectroscopy

We havealsodetermined the origin of the UVis fluorescence in A1I0MOF.
We showthat this fluorescencecomesfrom the 1,4-benzenedicarboxyiacid (BDC)
linker. The A100 MOF forms stoichiometric adsorption complexes with both indole and
naphthalene. In tlse adsorption complexesugnching ofthe ligand-basedfluorescence
from the BDC linkeiby theindole adsorlatewas found.Based orwavelengthdependent
fluorescence spectroscqpye proposethe adsorptionof indole and naphthalene onto

A100MOFoccusvi a@ i nt swithatbheBDO Imker
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1 Introduction
1.1 Metal Organic Frameworks (MOFs)

Porous materials areeing extensivelystudied and widely used ithe science and
engineering industry Recently, a novel kind of porous material MetalOrganic
Frameworks (MOB), has emerged MOFs are crystalline hybrid inorgararganic
porous solid formed by metal cations connected to orgardiokers *. The MOFs
constitute a class of novel porous materiak have attracted significant interest due to
their application in separatich storage?, catalyst’, andchemicalsensing®. The use of
MOFs as a stationary phase ihigh resolutiongas chromatogiphy GC) separatios of
aromatic hydrocarbons has also gained significant attefitigvhile the adsorptionof
gaseous molecules anMOFs has beewell-studied® 8, the adsorptionof liquid phase
moleculesonto MOFsis poorly understoad

MOFs havean extrenely large surface area and psitg, and thismakes them
excellent adsorbentser many adsorbatebat areacademially and industridly importan.
MOFs have theicavity size betweenthat of zeolites and mesoporous silicha and they
can display eithertwo-dimensional or threedimensional structuredepenihg on the
organic linkersand metals presenit was also indicated by Karra and Walton that the
relation between pore size amliest moleculesize plays an essential role in the
adsorption process'®. The MOFs investigated in this researctvere a group of
representativenesoporous and microporous MOFs. For mesoporous MbBé-pore size
can vary from 2 nm to 50 nm, while for microporous MOFs the pore size is less than 2
nm. Pore size can be a kpgrameterin adsorption oto MOFs due tothe micropore

filling mechanism’, which suggestthatadsorption capacity depends on molecular eross



sectional area rather thaon the minimum molecular diameter. Many MOFs are
structurally stablaunder ambient environment. lias beerreported thatertain MOFs
remainstable undeelevaed temperaturg in air or oxygen "3, In this research, our
investigation focuses oMIL-100(Fe) (MIL = Materials of Institute Lavoisier) and
commercially availableMOFs Basolite F300and Basolite A100 Table 1 showssome

basic physical information of the MOFs used in this research.

Tablel. TheMOFs usd in this esearch and structurafformation

MOFs The BET sirface Pore Pore Ref.
aream?g* dimensionA | dimensiomlity
Basolite 13001600 21.7 3D Thierryet al. ™,
F300 Amarajothiet al.**
Basolite 11001500 7.3x7.7 1D Thierryet al. ™
A100
MIL - 2200 25, 29 3D Amarajothiet al.*
10Q(Fe)

1.1.1 TheMIL-100 family

MIL-100M) (M=Cr, Fe, Al) refers to a family of mesoporoOFs built up
from metal clustersand linkers of 1,3,5benzenetricarboxylicacid (BTC). The
coordinatively unsaturatedmetal sites (CUS)in these MOFs causelewis acidbase
interactiors between guest molecules and metal ions or clustevEOFs TheseCUS are

very important in gas storage, separation, sensing, catalysts, anuh ¢élverapplications



for biological systems™. It was reported that Cii CUS in HKUST-1 contribute
significantly to the high acetylene storage capaityloreover,MOFs with CUS such
as HKUST1, were used in chromatograplseparatioa due totheir specific ability to
distinguishbetweenstrondy and weakly electron donating analyfesn addition, MIL-
100 (F&*, Cr**, AI*") havebeen shown to hava strong preferencéor N-heterocyclic
compoundsg(that areLewis bass) in solution'"®, Hence,CUS can function akewis
acid sitedor adsorptionandthe possible interacins between guest molecules &1dS
metal sites will be examed and discussed further

In our research, MHL0Q(Fe) will be used to investigate the adsorption
mechanisms betweeenchmark fusedng guest molecules namely indole and
naphthaleneand variousMOFs. Besides MIL100, there is a commercially made MOF
termedBasolite F300, which has a similar chemicaimposition**. Both Basolite F300
and MIL-100(Fe)consist ofiron sitesand BTC linkers althoughsomedetails of the
structureof F300arestill not known. The dfference in iron content and carbon content in
F300 and MIL100 (Fe)was foundby Amarajothi and cavorkers®. Specifically, he
iron content in F300 and MHLOO (Fe)is 25 wt. % and 21wt. %, respectivelyThe
carbon content in F300 and MO0 (Fe)is 32 wt. % and 29wt. %, respectivelyPore
dimensios in F300 and MIL100 (Fe) are 21.A, and 25and29 A (two mesocavities)

respectively®. The sructure of MIL-100 (Fe)is shownin thesupplementanFigure 1

Figurel: Structure of MI-100(Fe) (see as S1 the Supplementary)



1.1.2 TheMIL-53 family

There are many types MOFs that undergo hydrolysis, while there aceneMOFs
that remain stable iliquid or gaseousvater. The water stable MOF#$ave stared to
showvariouspotential g@plications inwater adsorptiont®, drug deliveryand imaging®.
Many MOFs containing Al as metal sites and amino acids@eanic linkers are stable in
aqueous solutian ard it is also possible to synthesize them in aqueous envirorffhent
MIL -53(M) (with M = metalsuchas Al*? Cr?? Fe®, In'® andSc?* is awell-known
family of microporous MOFsand many MIE53 MOFs haven excellent water stability
2526 The threedimensional structure of MIL-53(Cr) illustrating diferent hydrated

structuress shown inthe Figure 2.

Figure2: Structure of MI:53 MOF (Cr) (see as S2 ithe Supplementary)

The onedimensionalpore structure of MIL-53(Al) is made up ofchains of corner
sharing octahedralclusters AIQ(OH), linked by thedianioric form of benzend 4
dicarboxylic acid (BDC)MIL -53(Al) has rhombic channeté with dimensions of 7.8y
7.7 A A huge Langmuir surface area of 1606/gnmakes MIL53(Al) an efficient
adsorbent.MIL-53(Al) has an extraordinary thermal stability’ up to 23 K. The
structure of MIL53(Al) undergoes a reversible structural change dutivegprocess of
adsorbing/desorbing watemoleculesthat is t e r mierehthin® 2. This so-called

A br e a fprbcesscguses annterchange betweethe largepore (p) form of MIL-



53(Al), (Al(OH)[02C-CsHs-CO,]) andthe narrowpore? (np) form Al(OH)[O,C-CeHa-
CO,]-H,0. The(lp) form of MIL-53(Al) has aporedimension of 8.%y 8.5 A andit is
obtained wherMIL -53(Al) is activatedat high temperaturén the high vacuum, which
removesan excesf free BDC acid adsorbedxygenand water trapped in the cavities
from the synthesiof the MOFE The (Ip) form is capable of adsorbing water molecules in
vapor at room temperaturandas a resultMIL -53(Al) changedgo its (np) form.

The (np) form contains one trapped water molecpés every structuralunit or the
microcavity (Figure 2) Hydrogen bonslarefound to form betweenarboxylic groups of
the BDC linker and adsorbed water moleculéd Due tothe fi b r e a tfehtiray g o
applications ofselective adsorption of various compoumushe gas phase have already
gained interest andavebeing reported?. The (np) form of hydrated MIE53(Cr) is able
to selectively adsorb CQn the presence of CHin the gas phasé®. Uponthis selective
adsorption of C@ MIL-53(Cr) returns to itglp) form with an increased cavity volume
of 1522.5 A® compared to that ohp) form at1012.8 &.

In our research, we uddasolite A100 MOF which isommerciallyavailablefrom
the BASF and that is similar to MHR3(Al). A100 ismade out 0AlIO4(OH), octahedral
clusters conneetl by BDC linkers A100 hasa surface area of 1084%y and pore
volume of 0.51 crflg as was determined by B physcaladsorption at 77 K%
Additionally, the powdeXRD pattern of A10Gesemblsthat of MIL-53 (Al) 2%, Blanco
Brieva et al. have studiedan adsorptive removal of aromatic sulfur compounds from

model liquid fuels on thermally activated A1BBDF %,



1.2 Clean Fossil Fuels

Fossil fuel is a primary source of energy on the eanbdthe intensive use of fossil
fuels has raisedignificantenvironmental concern€ombustion of sulfur andromatic
N-heterocycliccompoundgpresentin fossil fuels bring adverseconsequence® public
health, environment and econoniany studies have showthat air pollutantscan be
carcinogenic and mutagenit®®: Beginning in 2006, the Environmental Protection
Agency (EPA)in the U.S.began an ambitious program &dat redudng the sulfur
content of diesel fuelAs of 2010, the EPAasrequired that the concentration of sulfur
content in diesl fuelsbe less tharl5 ppm®. For certain ultracleangasoline, diesel
fuels and jet fuels, sulfur leveheedto be lower thad ppm*,

The separation ofheterocyclic compounds from petcbemical feedstock has
become an important issuen the manufacture of clean liquid fossil fuels.
Hydrodesulfurization (HDS) of diesel fuel has become an essential interest, while the
presence ofaromatic Nheterocycliccompounds in middlglistillate oil inhibits ultra
deep HDS ***"_ In HDS, sulfur compounds areatalytically hydrogenated to
hydrocarbons and 43 *”. However, aromatitl-heterocycliccompoundsresenin crude
oil are found to compete for the active sites on these catadysishusthese aromatic
compoundsnhibit a deep HDS®*. This gives rig to the necessity for denitrogenation
of fossil fuelsby alternative methods

The combustion ofaromatic Nheterocycliccompoundspresentin fuels leads to
productionof nitrogenoxides that forma group of highly reactive and persistent species
and these speciesntribute directly to acid rain arttle greenhouse effect. The life time

of N,O in the atmosphere i€a. 120 years beford& is removed or destroyed through



chemical reactions’. The impact of 1 pound of N®n warming the atmosphere is over
300 times that of 1 pound of carbon dioxidée U.S.EPA established thérst standard
for NO, in 1971, setting both a primary standard (to protect health) and a secondary
standard (to protect the public welfare) at 0.053 parts per million (53 ppb) averaged
annually*’. Also, the presence of aromatit-heerocycliccompounds in fossil fuels can
lead tothe poisoning of catalystused at petroleum reénes and this poisoningan
eventually cause a decreasethe fuelyield. Thus, denitrogenation is necessarytfa
deep desulfurizatioand production of clean fuelandit has drawrsignificant interest
around the worldecause othe increasingly rigid regulations and fuel specifications in
many countries.
1.3 Aromatic N-heterocyclicCompounds inFossil fuels

Fossik are naturallyformeddepositsthat contairsignificantamountsof heterocyclic
aromatic contaminant®©ne usually considers thiepresentativaromaticS-heterocyclic
compoundspresent in fossils, e.goenzothiophene (BT) and dibenzothiophene (DBT),
and therepresentativaromaticN-heterocycliccompoundssuch asndole andquinoline.
The contentof aromaticN-heterocycliccompoundsn crude oil averageat ca.0.3 % *2.
Although the concentration caromatic Nheterocyclic compounds in crude oil is
relatively low, the concentratiorprogressively increaseshrough the petroleum
distillation and catalytic reformingprocess.The @mmon aromaticN-heterocyclic
compoundgpresenin fossil fuels are shown in FiguBs andtheir physical propertie®f
relevance tdahis researclareshown inTable2.

Aromatic N-heterocycliccompounds in fossil fuelselongto two major classes.

One isthe group ofmonbasicN-heterocycliccompoundsincluding indole and pyrrole,



where thepair of electrons onthe N at om <c ont r i-dlegttoesgstemhobant h e
aromatic ring Thus,this electron isnot available for interaction with acid¥he other
classis the set ofbasicN-heterocycliccompounds such ggridine, quinoline and their
derivatives, in which the lone pair of electrons oathimis availablefor the interactions
with Brensted or Lewis acids

Indole is one of the most commaN-heterocycliccompoundspresentin fossil
fuels.We have chee indolefor our research due to the fact tiradoleis a weakly basic
N-heterocycliccompound, which meanbatit has a potential dieingselective adsted

compared to othearomatic compoundsFurthermore, t6 subsequentdesorption is

possible.
H X N N\
/ G F
Indole Isoquinoline Quinoline

Figure3: Commonaromatic Nheterocycliccompoundgresenin fossil fuels

Table2. Physical properties of commdtheterocycliccompounds in fossil fuels

Compound | Formula | Melting | Density, Dipole Acidity, | Maximum

Point, & | glcnt moment,D pKa diameter, A

Indole CgH7N 52-54 1.17 2.11 16.2 6.9

Quinoline CoH-N -15 1.093 0 4.85 7.2

Isoquinoline | CgH/N 26-28 1.099 0 5.14 7.2




1.4 Aromatic Compounds in Fossil Fuels

Fossil fuels containa significant amount ofhydrocarbons most of which are
polycyclic aromatic hydrocarbons (PAHS$h this researchwe chse naphthalene as
representativefusedring aromatic compoundIn order to investigate the adsorption
mechanismof naphthalenewe use fluorescence spectrospy andUV-Vis diffuse
reflectance spectroscogggearUV-Vis DRS) to investigateelectronic interactionsipon
adsorption onto MOFs Naphthalene is the most simple and common aromatic
compoundsamong thePAHs, andnaphthalenas abundantly presenn the streams of
petrdeum refnery and commercial liquid fuel¥hus, he sepration and purification of
fusedring PAHSs, e.g.naphthalengis of interestto the chemical industryNaphthalene
has a molecular length of 7.2 &g largest diameteas determined by ChemDraw 3D)
andis nonpolar.
1.5 Methods of Denitrogenation
1.5.1 Microbial Denitrogenation

Microbial processg is an alternative pathway for denitrogenatasriquid fuels

Microorganisms are known to consume natural organic compounds and ¢bawerhto
carbon and energy, and they aapable of metabolizing certain molecules including
aromatic Nheterocycliccompounds from fossil fuelSthe degradation of quinolinis
well-characterized, and the transformation pathways are elucidated by Behedik*
(shown in Figured). The degradation of isoquinoline is less understdod 1-oxo-1,2-
dihydroisoquinoline is suggested @ initial oxygenated product. According to the
finding of Claus*® indoleis readily degraded via catechol or transformed directly into

tryptophan, while carbazole is relatively more difficult to degrade. One possible



10

degradation pathway has beproposed byOuchiyama®. In this processcarbazoleis
first dioxygenated to form2Gaminopheny2,3-diol, then degrades throughmeta
cleavage of the diol ring to ford-hydroxy-6-oxo-6-(26aminophenyl)hex&,4-dienoic
acid After further hydrolysis, -hydroxy-4-pentenoate and anthranilic acid are formed
and finally entes the central metabolic pathwasicarboxylic acid cycle TCA cycle) *°.
The mechanisms for the degradation of otheheterocycliccompounds such as pyridine,
quinoline, acridine and their derivatives are reviewed in detail by K&iséfowever,
with respect tdheremoval and metabolism of organic compounds from th@@mment,
characterization of enmyeinvolving pathways is still under research. Indeed

microbial denitrogenatiohasnot beenappliedin industry yet.
N N OH
X X
—_—
F Z
quinoline 2-hydroxyquinoline

OH OH
N OH o) OH
X
Z =

2,8-hydroxyquinoline 2,8-hydroxycoumarin

OH

2,3-Dihydroxyphenylpropionic acid

Figure4. Pathways for the transformation of quinoline



11

1.5.2 Hydrodenitogenation (HDN)

Hydrodenitrogenation (HDN) is usually useddatalyticallyremovearomatic N
heterocycliccompoundsfrom fossil fuelsduring refinery processg, anda catalyst is
normally required *’. However, the HDNprocess isconductedby reactingrefinery
streans with hydrogen ahigh temperature and higiressure This procedurés energy
intensive hazardousind costly.Thus,a significant amount of resear¢tasbeen done on
theHDN in order to reach goal of beingecononic and environmentally friend§/'*°.
1.5.3 Adsorptive Denitrogenation (ADN)

Anotherpromising way to selectively remoweomatic Nheterocycliccompounds
present irfossil fuels isby adsorbing themonto a suitableporous materialSpecifically,
activated carbon®®, zeolites™, HCl-loaded silicaaluminas>®, ion-exchange resin¥,

mesaosilicas®"*8 Ti

-hexagonal mesoporous silicates-AMSs) *°, microporous carbon
% activated alumina¥', Ni-based adsorben?$, and NiMoS catalyst®? have been used
for the ADN. Due to the high capacityselectivity, economic importancend most
importantly, potentialenergy saving, research oMOF has gained significant interest
recently for theadsorption and separation of aromatic an@oetyclic compounds ithe
liquid phas€’®. Moreover, MOFsorbentsan be recycledandthis effectively reducethe
cost of the expected technological procegslsorptive separation vidhe ADN is
preferred over industrial catalytic HDRP. Specifically, selective adsorption of-N

heterocyclic compound¥ in the liquid phasein the presence of aromatic and aliphatic

hydrocarbon§is of interesin ourresearch
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1.6 Activation of Open Metal Sites of MetalOrganic Frameworks

The presencef CUS in MOFs is essential fohhe adsorptiomf chemicalcompounds
with Lewis basicity Thus,to fully utilize the CUSin MOF sorbentsactivation is needed
to 1) evacuate the water moleculbich are relatively weaklgoordinated orthe CUS
and 2) removeary excess of the linkeforming organic precursatemaining from the
synthesis of the MOFsBecause MOFdave a high adsorption capacitgr many
potential adsorbateshumidity can be cruciafor the availability of CUS in MOFs.
Specific treatmat is necessary in order to activdalee CUS, andhe protedion of the
sample against humidity is critial during the experiments.Interestingly, it was

discovered bySchlichteet al **

that uponthermalactivation the color of HKUST1
changs from light cyan to dark navyThis is confirmed byorfecchiaet al ” using U\
Vis DRS spectroscopyia the red shift of the edge of thd.igand to Metal Charge
Transfer LMCT) band,andtheappearance of a shouldertired-d band atbout600 nm
asexplained bythe removal of waterom the C4* CUS,

In addition tothe activation ofthe MOFs, partial reduction ofMIL -100(Fe) has been
repated by Leclercet al °°. Certain metal sites ithe MOFs can be reduced, for example,
Fe’ in MIL-100(Fe)can be reduced to €. According to the analysis of oxidation
statedoy theFourig Transform Infrared SpectroscoyTIR), outgassing at23 Kfor 12
hours gives rise toa higher proportion of Fé* sites, while theFe** sites are reduced.
However, outgassing &23 K resuls in the majority of Fe** being reduced The Fe**
sites areharder Lewis acidic sitesthan Fé&*, and thus it is easier for F& to form

coordination bonsl with aromatid\N-heterocycliccompoundswhich arethe strong_ewis

base 2.
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1.7 Adsorption of Aromatic Compounds and Aromatic N-heterocyclic Compounds

on mesoporous MOFs with CUS: MIL-100 (Fe) and F300

Although the adsorption of small organic molecules on MQOBsth in the liquid
phase and in vapohas been studied in recent years, the adsorption of -fusgd
aromatic hydrocarbons on MIL0O in the liquid phase has not been reported, to our
knowledge. Maeset al reportedanadsorption oindole from a heptane/toluene mixture
on the MOFs of theMIL-100 family *". However, themechanism of adsorption of
aromatic compounds versus aromatieh&terocyclic compoursd on MIL-100(Fe) or
F300 MOF has not been studiedccording to many studie$*”*® the formation of
adsorptioncomplexegduring adsorption in the liquid phaseusually assumed, but there
is a lack of direct spectrospic evidenceAdsorption of smairing aromatic compounds
(e.g., benzene andsomeric p-xylene molecules) on MH101 has been published by
Yanget al*. The presize filling mechanismvasdiscovered ath discussed in this paper
with the notionthat poresize andthe structure of the isomeric adsorbate affects the
adsorption capacityHowever, the mechanisof adsorptionis still not understooénd
hasnot beenproven spectroscopically

Fluorescence spectroscopy is a straightforward method for studying the adsorption
mechanism betweedhe aromatic and heterocycliiguesd molecules and MOBorbents
Yet, there araarely papersthat reporthe characterization othe adsorption of aromati
compounds inthe liquid or solid systemusing fluorescence spectroscopBased on
fluorescence spectrat was assumethat a Lewis acidbase interaction promadhe

7
|6

adsorption of pyrene on AD3; from model fuel’". However,these fluorescence spectra

werecollectedusing a model sorbent aluminum chloride in metharather tharAl ;Os.
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Thus the adsorption mechanism with alumina sorbent wasdivettly studied. The
spectroscopic characterization of adsorption complexes formed by MOFs and aromatic
compounds or aromatN-heterocyclic compounds by fluorescence spectroshagyot
beenreportedio our knowledge.

Another useful characterization method is rgafvisible diffuse reflectance
spectroscopynearUV-Vis DRS), which is excellent at detecting the variation or shift in
the electronic statesnithe adsorptioncomplexes forrad by metal dies and guest
molecules.NearUV-Vis DRS was used to identify the interactions between aromatic
amines and MOF&, but it has not been used to explore therattions between metal
sites inthe MOFs and guest moleculdésat arearomatichydrocarbonor aromatic N
heterogclic compounds.

Thus, we aim to investigate the adsorption dhe representativearomatic N-
heterocyclic compounds and aromatic hydrocartwengOFswith and without the CUS,
using two complementaryspectroscopic methedfluorescence spectroscopy andar
UV /visible diffuse reflectance spectroscopy.

1.8 Adsorption of Aromatic Compounds and Aromatic N-heterocyclic compounds
on microporous MOFs without CUS: MIL -53 and A100

Maeset al studied the adsorption aidole and methysubstitutedndole present in
model fuel atan initial concentration of 0.15 M on thermally activated MBB (Al) *’.
The solvent wa a mixture of heptane/toluene at either 80 vol. @Al. % or 20
vol. %/80 vol. %, respectivelykhe amount of absorbaddole strongly decreaseith the
model fuel withthe higher content ofoluene, which indicates a possible competitive

adsorptiorof toluenewith indole There is naexperimentakvidenceof the mechanism of
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competitive adsorptionf aromdic hydrocarbons/s. N-heterocyclic compounds on any
MOFs

Similarly, alsorption of indole pyridine, pyrrole and quinale on thermally
activatedVIL -53(Al) wasstudiedrecently®®, andn-octane was useab solventHowever
no dataon theadsorpton capacity of MIE53(Al) for indole waseported Also, although
it wassuggested that-" interactionsarethe majormechanism of adsorption of indole or
quinoline onthe activated MIE53(Al), no experimentakvidence wagprovided ®°. At
presentno direct spectroscopic characterization of chemical bonds betivearomatic
or heteroaromatic adsorbate amborption sites in thellL -53 MOFs has been reported.
Furthermore,the adsorption of naphthalene dlOFs has not been reporietb our
knowledge

To investigate adsorption mechanismsnvolving MOFs using fluorescence
spectroscopy, it is essential to know the origin of the fluorescencetliBOF itself. It

was discussed in a review paper by Allendetf al

, that there are fivgossible
fluorescencanechanismsn the MOFs namely fluorescencg from thelinker, ii) from

metal ionsiii) due to thecharge transfer betwedine ligandand metglnamely Ligand to

Metal Chargelransfer and Metal to Ligand Charge TrangteMCT and MLCT), iv) due

to adsorbed lumophoresndv) due to theexcid ex f or-mat indmBd@ghtct i on)
F300 and MIL-100 (Fe) are weaklfluorescentMOFs. However, it waspeculatedhat

an emissiorfrom MIL -53(Al) at ca. 410 nnmay originatefrom theLMCT "*%. Yet, no
evidencewas providedo provewhetherthe LMCT is responsible for the fluorescenale

MIL-53(Al). Also, very fewreportson the characterization of adsorption of aromatic

compounds on metal oxide biye fluorescence spectroscogie availablé’. The drect
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experimental determination of the h e mi c a l bondigueg sdsaptiohn he fAh
complexes of the MOFs and aromatic compounds or aromdieté&tocyclic compounds
using thefluorescence spectroscopy or other spectroscopic methods has not yet been
reported.
1.9 Research Objective

The generalobjective of this researchvas to investigatethe mechanisms of
adsorption and desorption dhe representative fusethg aromatic Nheterocyclic
compoundand aromatic hydrocarbamn the representative microporous MOF (without
CUS) and mesoporous MOFs {WwiCUS).Our first specific objectivevasto investigate
the similarities and differences in chemical bonding of the simplest-fusgdromatic
N-heterocyclic compound indole and fus@uy aromatic hydrocarbon naphthalene to the
F300 MOF, which hasCUS. The ®cond specific objectivavas to investigate the
similarities and differences in chemical bonding of indole and naphthalene te MIL
100(Fe) and F300 MOFThe tird specific objectivewas to investigate chemical
interactionsof indole and naphthalernveith the microporous MOF A1Q@vhich does not

haveCUS.
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2 Experimental
2.1 Metal Organic Frameworks

Basolite F300 and Basolite A1®¢ereboughtfrom Sigma Aldrich and MIL-100(Fe)
was suppliedby our collaborator Dr. Jing Li from RutgérsNew Brunswick.
2.2 Solvents,aromatic compounds andaromatic N-heterocycliccompounds

The solvents used in this research dmmethylformamide (DMF),n-hexane,n-
heptanen-tetradecanepH 8.5 sodium phosphate buffer solutiand eicosane Organic
compainds used in thieesearch areaphthaleneindole 1,3 5-benzengicarboxylic acid
(BTC), and benzenel 4-dicarboxylic acid (BDC). EicosanepH 8.5 buffer solutionp-
hexane,indolg berzenel,35-tricarboxylic acidandbenzenel 4-dicarboxylicacid were
bought from SigmaAldrich and used as receivetllaphthaleneand rheptanewere
bought fromAcros Organics and used as receivieinethylformamide andetradecane
werefrom TCl Inc.
2.3 Activation and Hydration of Metal-Organic Frameworks

All MOFs wereboughtin their assynthesizedorm, i.e. in the noractivated form,
with water and free organitigand remaining from thesynthesisof the MOF An
activation ofthe MOFs is necessary befostudying theadsorption ofiguest moleculas
The activation ofthe MOFs ismostly desorption of water, oxygen and otherpurities
suchas free organic ligands remainiing the framework.The dfferent MOFs require
different activation process

The recommended activatigmocedurs for both Basolite F304* and A100°’ have
beenreported Moreover, he A100 MOF was shownd remainstructurallystable a603

K for 72 hours?®’. Based on findingpy Schlichte!, activation of Basolite F300 and
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Basolite A100 in this researchas conducted undehigh vacuum(<1 x 102 Torr) at
temperature o423 Kfor 24 rours.

For MIL-100, it wasreported® thata variety of activation conditions care adopted
to givethedifferent activaed MOFs, and evera different ratioof F&* /F€** CUS. In our
research, wactivatel MIL -100(Fe)under high vacuumat423 Kfor 12 hours. According
to the reference procedure, our activation process shoulc gigh total amount ofFe®
CUSanda small fraction ofFe* CUS.

The hydration of thermally activated MOFswas conducted inwater vapor ina
desiccator filled withliquid water,the MOF powderswere placed on a tray above the
water level and thedesiccatorwas closed The hydration process tak@sor 7 days
depending on different hydration levedfter which theMOF was taken out ofthe
desiccator and placed in&csealed bottlevith water vaporsn order to maintaithe same
hydration conditios. The change in mass of the MOF after the hydration was determined
gravimetrically
2.4 Fluorescence Spectroscopy

Fluorescence Spectroscopyas conductedusing a Cary Eclipse Fluorescence
Spectrophotometeirom Agilent Technologiednc. The ample holderwas a custom
made temperatureontrolled cuvette holdefTLC) from Quantum Northwesthat was
designed tavoid spetral distortions caused by primary and secondagdsorption of
light " In order to improve the monochronwty of the excitation light,narrow
bandpasg5 or 10 nm)optical filters centeredat differentwavelengtls (260, 280, 300,
310and372 nm) weraused.The bandwidths of excitation and emission shtre5 nm

and5 nm, 10nm and 5nm, or 20nm and5 nm, respectivelyandwere chosen based on
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the intensity of the fluorescend@/henthe bandwidth of 2.5 nm for both slitsagused,
the betteresolved spectrum with same shape but much lower intensity was obt&sned
expected.

For datases with multiple peaks, mmeric curvefitting of the fluorescence spectra
wasconducted usinghe Microcal Origin program The builtin Local Maximum method
was used to identify the peaks automatically with a straight baseline at .
Multiple-Gaussiarfit option in Origins peak analyzewas applied to fit the datasets into
multiple peaks.

2.5 Near UV-Vis Diffuse Reflectance Spectroscopfnear UV-Vis DRS)

Diffuse Reflectane Spectra wereneasured using UV-Vis spectrometerwith a
xenon (LS-1) lamp as light sourcea fiber-optic reflection probe, anc Diffuse
Reflectance StandafivS-1) from Ocean Optics.

2.6 Model Fuels

In this research, we used 0.08 M smntof indole(IND) in n-heptane and 0.08 M
solution of naphthalendNAP) in nheptane Each solution was prepared by the
sonication of a calculated amount of aromatic compound in neat solvent at room
temperature until complete dissolution. The concentration of 0.@8adchoseri) due
to the fact thatt is close to the maximum solubilityf indole and 2)n orderto achieve
the maximum adsorption capacity on the MOFs. Moredvés concentrations close to
the total content of nitrogen present as aromiticeterocycliccompounds in certain

petroleunrefinery stream&’,
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2.7 Solid Mixture of Aromatic and Aromatic N-heterocycliccompounds with MOFs

We preparedhe solid mixture inthe 0.5 cc quartz cuvetter 1.5 cc quartz cuvette.
For the nonactivated MOFsthe MOF was weighed irthe cuvette, andhe calculated
amount ofmelted organic compound was addétie cuvette was closed with a PTFE
stopper After addingmelted substances inte cuvette the cuvette wawell mixed until
it slowly solidified while being continuously shaken at 298 Kis method was used
achieve areffective mixing of the MOF with the organic compoundand to obtaina
uniform solid mixture. Fothe activated MOFsthe MOF was first activated anthen
mixed with melted substances undeg@n, and the cuvette with thmixture was sealed
The sample wereoptically uniform and had a typicaolor of the MOE used Two sets
of molar rati® were applied, which are;R n(naphthalene)/n(F300) = n(indole)/n(F300)
=50 and R= n(naphthalene)/n(F300) = n(indole)/n(F300) =wifere n is the number of
moles
2.8 The doichiometric adsorption complex of F300 and naphthalene in eicosane

matrix

First, 85 mg of F300 was activatedari.5 cc quartz cuvetteandapproximately 1.4
cc solution of 0.08 M naphthalene in eicosanggz,) was addedwhen meltedunder
argon.The cuvette was closed with a PTFE stopper and mixed well until fully solidified
at 298 K The solid solution of 0.08 M naphthalene in eicosane was prepared by adding
the calculated amount of solid naphthalene into meftece eicosane. Then the mixture
was heated at 313 K on a sonic bath until complete dissolution. The solution was allowed
to cool to room temperatuduring which itsolidified. The sample with F300 MOF and

naphthalene in eicosane matdgntained 0.11 mmataphthalene and 0.33 mmol F300
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(M.W. 263 g/molfor the Hill formula GHsFe(;) and, as a result, molar ratio of one
moleculeof naphthalene per three Fe cations in F300 was obtained.
2.9 Kinetics of adsorption of liquid indole on Basolite F300n liquid phase

To investigate théormationof the complexof indole with F300 with F&" CUS, we
conducteda time dependent adsorptictudy of liquid indole on F300MOF. We usel
time-dependenfluorescence spectroscopy to examine the adsorption kinétidgst,
200 mg F300wasweighedin a 3.5 cc quartz cuvettand activated under vacuum43
K. After 24 hours, the cuvettgasvented and mixed withh.334 gmeltedindole under
argon Then the mixturavasallowed tosolidify immediatelyandwasmounted ontdhe
TLC accessory of Carfclipsewhich can rotate the PTF&bated mini magnetic stir bar
inside the cuvetteThe cuvettawith the mixturewasheated up t@onstantemperature of
333 Kthat caused melting indole inghmixture to form a suspensiah F300 MOFin
melted indole,and was kept under stirring with amini stir bar. The time-dependent
fluorescence spectfeom the suspension at 333were collectecevery 7minutesa tex: &
=310 nm.
2.10 The goichiometric adsorption complexes ofindole/naphthalene with MOFs

To investigate the formationofh e st oi ch-goeet 06i addbopti on
with the MOFs, weattemptedto p r e p a rpered adbogptioficomplexes ofndole or
naphthalene with F300, MHLOO and A100Thesefi p u complexesveremade through
the activation, mixing, adsorptigrand evaporationf the solventand any noradsorbed
compoundsAt the beginningwe weighedthe calculatechamount of MOFs irthe 0.5 cc
guartz cuvetteo reach an equimolar rataf indole or raphthalene (one guest malée

peronemetal sitein the MOF. For F300with indole or naphthalene, 28.mg F300 was
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weighed For A100with indole or naphthalene, 24.3 mg A100 wasighed and for
MIL-100, 340 mg MIL-100 wasweighed The non-activated MOFs, activated MOIfes
hydrated MOFs were used as needgaproximately0.4 cc of solution was added to the
cuvette of the nominal volume of 0.5 caender argon, the cuvette was nearly fiall
exclude air or moistureandwas closed with a PTFE stoppéfter mixing with 0.4 cc
0.08 M solution ofindole or naphthalengthe cuvette was mounted ttma mechanical
shaker(Roto ShakeGenie from Scientific Industriegnd shakn a the maximum speed
for 1 hour. After 1 hourthe cuvette wagsemovedfrom the shaker anglacedin a vessel
which wasconnected through a valve to thigh vacuum systenilhe valvewas slowly
opened to maintain theacuum<1 x 10" Torr until the completeevaporation ofthe
solvent wasachieved Then, the turbo pumpwas turned on andoperateduntil the
pressuredecreasedbelow 1 x 10° Torr to remove anynonadsorbedindole or
naphthalene Afterwards, he vacuum system was vented witihgan to prevent any
contamination of the obtained pure adsorption compléresambienthumidity or other
impurities. Finally, the pure complexasere obtainedas dry powdein the cuvette that
was sealedThe nitial weight of the substanceand the MOFsandthe final weight of
t he domplexed were determinedisingan analytic balancérom Fisher Scientific
Preparation of the samples and measuring their spectra were repeated three times.
2.11 Fluorescence under the UV lamp

To visualize the neadV and visiblefluorescencdrom the adsorption complexe$
A100 MOF, we usd a UV lamp (from Spectronicsto illuminateour samplest 254 nm

or 312nm. Thesampleswere placed ona white paperagainst the black background in
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the dark roomand digital photographs were takewo digital image processing was

performed.
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3 Results
3.1 Spectroscopicstudies of adsorption of naphthalene and indole on mesoporous

F300 and MIL-100 (Fe) with CUS
3.1.1 Solid Mixtures of MOFs and organic aromatic compounds

To exclude possible artifactdubrescence spectra werellected froml) the empty
guartz fluorescence cuvette usitig angular acessory an@) the cuvette filled with n
heptane. In both caseas expectedno fluorescencevas detectedThe adsorption
spectrum of 5.4 x 18 M of naphthalene in-4hexanewas reported* to haveadsorption
peaks at 218, 22286 and 320 nmThose electronic transitions wecenfirmed bythe
adsorptionand fluorescence spectras well asby quantum chemical calculatior§ In
our casethe fluorescence peaks at 218 and 222 nm would be rather difficolbtédn
with the MOFs samples, due tihe optical properties ofhe BTC linker andhe quartz
cuvette.In ratherdiluted 0.08 M solution of naphthalene irheptane, one naphthalene
molecule is calculated to be surrounded by 82 molecules-hwptane, on average.
Therefore, naphthalene molecules are isol&taoh each other irthis solution. Figure5
shows the fluorescencgpectrum ofthe 0.08 Msolution of naphthalene in-meptane
obt ai n ek 280inin(bothexcitation and emission slitgere5 nm). There are 39
vibrational bands observed by O. Schnepp and D. S. McElimetheir measurement of
naphthalenesapor. In our fluorescence measurement of naphthalene in liquid solution,
five adsorption peakare present in the spectrum, and their assignments to the vibronic
componergin the fluorescence spectra are shoar812 nm (@0 transitior), 323 nm (0
1), 335 nm (€r), 350 nm (€3), 368 nm (&4 transitior). This could be due to a rather

diluted concentration in our experiment, and a higtesolution inthe vapor phase
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measurementhan liquid phase measuremeAnd our spectruntorrespondsvell with
the fluorescence data of naphthalene in cycloheX&ni the reported fluorescence
spectrumof naphthalene in solutioff, a weak band at 315 nm was assignethé-0
transition,consistent with th8uorescence spectrum afilute soldion of naphthalene in
n-pentane at crytemperature measuredn Shpolskii matrix. In our case, we assigned
the small shoulder at 312 nm ifigure 5 to the G0 transitionbased on the study by
Privalovaet al. " and references thereiThe deviation of 3im from published valu&’
can be due to an error in the determinatiothefpeak center or instrument error. Also,

our assignment of 312 nm peak is confirngda reportedanalysis of thdluorescence

77
l.

spectrum oihaphthalene vaparnder room temperatutgy Behlenet al. '* in which the

originof & N § transitionwasfoundat32018.5 crit (312nm).

A 9 4, NAP / C7
monomer

0-3

Fluorescence, a.u.

0-0 0-4

300 320 340 360 380 400 420 440
Wavelength, nm

B 91 o2 NAP / C7
monomer
A(0-2) / A(O-1) = 1.65

Fluorescence, a.u.

300 320 340 360 380 400 420
Wavelength, nm

Figure5: Fluorescence spectd (A) 0.08 Mliquid solution of naphthalene (NAP) in
n-heptaneat asxc. = 280 nm (B) 0.08 M liquid solution of NAP in #meptaneand itsmulti-
Gaussian curve fitting
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The nextadsorption peak at 323 n(figure 5) was alsodetected at 323 nm in the
reported spectrum ofaphthalene in 4mexane solution®. The peak at 323 nm was

assignedy Privalovaet al. ™

to theO-1 transition coupled to the vibration of naphthalene
at 506 crit ( @ = g i 506 cm'). Therefore, we assignelet peak at 323 nm the same
0-1 vibronic transitionFurther, the peakat 336 nm was assignedttee 0-2 transition in
the reported spectrufft coupled with vibratiosat 506 and 1,380 ot of =ggo i 1,380

- 506 cm'). Moreover,we notice that the vibration at 506 ci (in our measurement in
solution, Figure 5js intramolecular vibratiorratherthan the inter-molecular vibration
(e.g. vibrations in aolid crystalof naphthalené®). Hence, it is reasonable to believe that
this specific vibronic component in the fluorescence spectrum of naphthatene be
present in botltheliquid and solid phase.

Furthermore, a shoulder at 350 nmHigure 5 is corsistent with the reported-8
transition coupl ed ¢y% gih50620<1,38@ant) (“ e band br at i
at 368 nm inFigure5 is a weak component andadsent irthe fluorescence spectrum of
solution of naphthalene intmexan€’®. This weakness in intensity jsobablybecause the
solution was very dilute. Nonetheless, the shoulder at 368 nmFigure 5 can be
interpreted ashe next member of the vibronic multiplef the fluorescencespectrum of
naphthaleneNo spectralsubbands are founid the range of 40850 nm inFigure 5,
which is similar to thereported spectrum of naphthalene in both solutfaand in vapor
>, A reported spectrum containirige weak band at 312 nm, two peaks at 320 and 335
nm, and shoulders at 348 and 360 Tiis very similar to our spectrum Figure5. Since

our measwe me nt S =a280 ren coincides well with that of naphthalene in

cyclohexane measured &E270onums i thgmp ehrea tsutraen dv
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ande "

, we therefore conclude that our measurement usithg angular accessory
delivers the correct determination thfe main vibronic transitions irthe spectrum of
naphthalene, without giving rise &my spectral distortion’. The advantages of angular
excitation of fluorescence are applicable even for strongly fluorescent compounds as
naphthalene, with a reported quantum yield of 0.23 when excited at 270 nm

We alsoperformednumeric fitting of the peaks irthe spectrumin Figure5 via a
multi Gaussian functior’®. Figure 5B shows the numeric curve fitting and peak
assignmergtfor naphthalene. All five peak812 nm 323 nm 335 nm 350 nmand 368
nm) were fitted with multiple Gaussian pealksdthe sixth broad curve corresponds to
the spectl background. The area ehchpeak is indicativeof the intensityof the given
vibronic transition. Whereas, it ibard to exactly fit the small shoulddue b the 0-0
transition in Figure 5B, we compared the relative ratio of areas (A) of two major
transitions (61 and 62), and thisratio appearso be A(G2)/A(0-1) = 1.65.Since the
spectrum is wellesolved and naphthaleneasstrongly fluorescentolecule we used
naphthalene molecule asflaorescentprobeto study how the adsorption ahe MOFs
would affect its molecular environment. We hypothesized that tpéame vibronic 61
and 02 transitiongn naphthalene molecukre sensitive to thchanges ats molecular
environment. We investigadel) pure naphthalene2) the solvent effect ina solid
solution of eicosaneand 3)the effect of metal sites or linkersurroundingnaphthalene

whenit is locatedinsidethe MOF cavity.



28

3.1.2 Fluorescence spectruof pure naphthalene

We excited pureolid naphthalen€Figure § usingthe samesetting ( & = 280nm,
excitation and emission slits ofrbn) that we used for the excitation admission from
naphthalene in solutionFigure 5). Also, a fluorescence spectrum withe higher
resolutionat axxc = 280 nm(data not shown)ut with a narrower bandwidth (excitation

andemission slits changed B5 nm)gavea similarspectrakshape

A o pure NAP

excimer

Fluorescence, a.u.

300 320 340 360 380 400 420 440 460 480
Wavelength, nm

B o2 pure NAP

monomer
A(0-2) / A(0-1) = 3.39

excimer

Fluorescence, a.u.

300 320 340 360 380 400 420 440 460 480
Wavelength, nm

Figure6: Fluorescencsepecta of (A) pure naphthalene (NAR) & = 280 nm (B)
pure NAPwith its multi-Gaussian curve fitting
As expectedthe intensity ofthe fluorescence from pure naphthalgifrégure 6A) is
much higher than that of naphthalene in dilute solution dfeptane(Figure 5A). The
emission at 31880 nmin Figure 6A resembles that of naphthalene in dilute solution.
However,the new vibronicsequenceat 386480 nm(Figure6A) occurs and thismay be

because eadhaphthalenenolecule isnow associaté with other naphthalene molecules.
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These new fluorescence peaks are found at 386, 409, 434 and 468 faut, the
fluorescence from excimers (dimers) in pure naphthalene iskweWn.Our peak at 386
nm is in agreement witthe published Frankondon G0 transition forthe naphthalene
excimer of 3.167 eV at 391 nm?®" and 3.129eV at 396 nm %2 There area few
discrepanies in the assignment of spectral maxigagd these inconsistencies dikely
due to red shifts caused by-adsorption artifactsvhenusingt he st a n deamr d
the published report$®% The spectrum irFigure 6A also matches the fluorescence
spectrum of pure naphthalene at room temperature reported Eamiecording to Patil
et al "%, the bandsat 360-450 nm in the spectrum of pure naphthalene were dtieeto
exdmer fluorescence. Thus, vassignour fluorescencéandsat 380-480 nm inFigure
6A to the Q0 transition and vibronic transitions dfie emission from naphthalene
excimers.

The gudy on the molecular environment of adised naphthalene molecules hagn
reportedusingthe fluorescence spectrum of naphthalene exciffeSpecifically, withn
the hydrophilic inner surface dfie nanopores in theellulose sorbenthe formation of
the adsorbedhaphthalene excimens favored due to hydrophobity of naphthalene
molecule®. Hence, we need to compahe fluorescence emission at 3880 nm forthe
naphthalene monomewith the 380480 nm forthe naphthaleneexcimerin different
samplesi.e., differentmolecular environments.

Specifically, looking at the spectrum for pure rdpalenehere are five fluorescence
peaksin theemission range of 36880 nm(Figure &): at 315 nm, 325 nm, 338 nm, 354
nm, and 368 nm. The positions of these peaks are in good agreeithethiose obtained

with 0.08 M solution of naphthalene irheptane Figure5A), and they correspond to the

90e



30

emission from naphthalene monomer the fluorescence spectrunof pure naphthalene
(Figure6A), we assign the peak at 315 nnthe 0-0 transition, the peak at 325 nmtha
0-1 vibronic transition, the peak at 338 nm t@ @ibronic transition, the peak at 354 nm
to 0-3 vibronic transition,and the peak at 368 nm to-4 vibronic transition.The
assignment othe 0-0 transition is also consistent with the publishe@d @nergyof 1A;
Y 3 fluorescence transition at 315 nm in solid naphthaféne

Comparing the spectrum ¢fie monomer in pure naphthalenéigure 6A) with that
of naphthalene monomer in solutidagure5A), we noticed that the-0 transition oftthe
naphthalene monomer in pure sahdphthalenes much lower in intensityhan that of
the 0-2 transition. We applied numeric muBiaussian fittingto the spectrum of pure
naphthaleneRigure6B). The relative atio of area of two peaks representiriggo major
vibronictransitionsin pure naphthalene is A(®)/A(0-1) = 3.39 This ratioturns out to be
significantly higher than te same ratidor the naphthalene monomer in solutidfigure
5B), whereA(0-2)/A(0-1) = 1.65 Thus, we disovered a significant difference dfe
relative intensity ofthe 0-2 transition versus-Q transition in pure naphthalene. This
indicates that coupling ofhe in-plane vibrationof naphthaleneat 1,380 crit with
vibronic states othe neighbornaphthalenanolecule is preferred in pure naphthalene.
This ficoupling effect of naphthalene molecules in pure naphthalene is in agreement with
the observation ahe excimer fluorescenc@~igure6A) whichis absentn the spectrum
of naphthatne in solutionKigure5A). Consequently, we hypothesize that we could use
the relative ratio of the areas AR)/A(0-1) as anquantitativeparametetto learn about

themolecular environment of adsorbed naphthalerntkesolid phase.
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3.1.3 Fluorescence spectruof the stoichiometric complex of F300 and naphthalene in
eicosane

After the analysis of thdluorescencespectraof pure naphthalene anthphthalene
moleculesin solution, we proceeded withthe fluorescence analysis of naphthalene
molecules adsorbed © F300 MOF. First, neat solid eicosanedoes not haveany
fluorescencegas wasconfirmed by our reference experimeritss alsobelieved that only
adsorptioncomplexes othe MOFs with CUSof the d® or d'® metallic elementsvould
emit the linkerfluorescene "°. With a F€** electronic configuratiorf [Ar] 3d>, strong
fluorescenceemittedeither from BTC linker orfrom Fe** cations in F30(MOF is not
expectedIn fact, pure F300 and F300 in eicosanatrix show no fluorescence emission
peaks between 280 and 800 ,res was determined by us ithe reference experiments
(data not shown)n order to compare the fluorescence spectrum of F30@socdmplex
with naphthalene, we prepartk stoichiometriccomplex of F300 MOF andaphthalene
in a matrix of the nonfluorescent eicosane, which is solid at room temperature.
According to our reference experiments, both F300 and eicosane dexhibit
detectablefluorescenceemissionsignals under our excitatioconditions and thus this
allows us toanalyze the fluorescence spectrum of naphthalerseesimple containing

F300 and eicosane.
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Figure7. Fluorescence speatof (A) 0.08 M solid solution of naphthalene (NAP) in

eicosanata-e x ¢ = ardBsOnultRGaussian curve fittindB) stoichiometric
adsorption complex of F300 withAP in 0.08 M solideicosanend itsmulti-Gaussian

curve fitting

To analyze the fluorescence spectod naphthalenewith and without F300 in
eicosanematrix, we obtained the spectrum of naphthalenarnreicosanematrix as a
blank spectrumkigure7A shows the fluorescence spectrumra® 08 M solid solution of
naphthalene in eicosanphotexcited at 280 nm.The fluorescence spectrum of
naphthalene ireicosane resembles that of pure naphthalene in thepectsFirst, the
positiors of the 0-0 transition and vibronic transitions of naphthalene monomer (between
300 and 380 nm) aréhe same as those of pure naphthaleR@ure 6A). This is

predictable dea to the expectedweak interactions between isolated naphthalene

molecules in dilute solutioff* andthe nonpolarsolventmolecules Second, the relative
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intensities of each vibronic transition of ndpdlene monomer correspond well to those
of naphthalene mmmers in puresolid naphthalene. §pecially, the 0-2 transition is
higher in intensity compared the 0-1 transition.Third, thelow-intensityemission bands
from naphthalene excimeeppearat 386460 nm, which suggests a phase separation of
naphthalene from eicosane.

The phase separation of naphthalene from eicosausessome naphthalene
moleculesto aggregate intalusterseven in a dilutesolid solution As a resultit gives
rise toa small amount ohaphthalene excimerzesent in eicosane matriRgain, we
appliedthe nineGaussian numeric fitting to the spectrumiglre 7A), and the relative
ratio of area A(2)/A(0-1) is equal to 3.35, which is closettatcalculatedby usfor the
pure naphthaleneFigure 6B). On the other hand, this ratio is different from that of
naphthalene in liquid solution otmeptangeA(0-2)/A(0-1) = 1.65 Figure5B. Therefore,
given theabove values of theatio A(0-2)/A(0-1), we are able to determine the molecular
environment of naphthalene ia solid eicosanematrix. Naphthalene molecules in
eicosane are phase separatedthndform the excimeas, while naphthalene molecules in
0.08 M liquid solution of rheptane are isolated and exastelyas monomers.

We have obtained the fluorescence spectrumttierstoichiometric complex of
naphthalene andctivatedF300 in eicosane matrigFigure 7B). A significant change is
noticed in comparison witthe spectrum ofaphthalene in eicosaii€igure7A). That is,
the spectrum of stoichiometric complexiqure 7B) is reminisceniof naphthalene ira
liquid 0.08 M solutionin n-heptane Figure 5A). First, the positions ofall vibronic
transitions arehe sameasthose ofnaphthalene monomershis meanghat no spectral

shift took place in the spectrum thfe stoichiometricadsorptioncomplex of naphthalene
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with F300MOF in a matrix of eicosandt is known thatared shift is likely to happen in
the fluorescence spectrum when there is secondary adsorption causedtiongly
adsorption substance (F300 tinis case)Since no suclsecondary adsorption artifact
exists in our fluorescence spectrag conclude thaho significant electronic interaction
between naphthalene molecules and F&&furs

Moreover, the @ transition in the spectrum dhe stoichiometric complex of
naphthalene and F300 is about the same intensitylasabsition which isalso noticed
in the spectrum of 0.08 M naphthalesautionin n-heptangFigure 5A) We appliecthe
five-Gaussian numeric fitting to the spectruRigire 7B) and obtained the relative ratio
of area A(G2)/A(0-1) = 1.86, which is also close tine A(0-2)/A(0-1) = 1.65 for
naphthalene in dilute solution offreptane. In addition, no emission bands at880 nm
from naphthalene excimers are observed in the spectrtime stoichiometric complex of
naphthaleneand F300 Figure 7B). This indicates thatalthough the complex of
naphthalene and F300 is a sohdphthalene molecules axell dispersd in this sample.
In comparison with the spectrum of 0.08 M solid solution of naphthalene in eicosane, the
molecular environment of the adsorbegbimialenen sample with F300 is differerdand
it strongly affects th&ibronically-coupled vibrations chdsorbedaphthalene molecules.
Furthemore we havemeasuredhe fluorescence spectrum @0.08 M solid solution of
naphthalene in eicosane (Figur8A$ and he stoichiometric complex of naphthalene
with F300 in eicosane (Figure8B)  a«d= 3@ nm. For this datanumeric fitting was
not effective due to large overlapped area of Raleigh peak at 300 nm and emission
spectrum of naphthalene at 3260 nm.Qualitatively, however,the same conclusions

are obtained as f@kx. = 280 nm (Figure 7.
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After a detailed analysis of the fluorescence of naphthalene in various molecular
environments usingrmondelt h avlee roEserasoris®oati snalj fo r
the stoichiometric complex of naphthalene and F300: 1) the absence of excimer emission
and 2) 02 transition with a comparable intensity that ofO-1 transition. We explain
these effects as @nsequencef confinement of naphthalene molecuéatsorbedn the
mesoporougavity of F300.Confinement of aromatic molecules itihe nangores of the
sorbent was observed via the change of relative intensity of emission bands from
monomers and excimef8. This is to say, naphthalene molecules exist as monomers
when adsorbeth the cavity of F300, like those in the liquid solution dheptane. These
findings also suggest a hydrophobic environment ircévity of F300 MOF that is a part
of the adsorption complexvith naphthalenedue tothe surroundinghonpolar BTC
linkers. Essentially, the cavity siz€1 A) of F300is definitely large enough to trap
naphthalene molecule with kinetic diameter of 6.57Tdfurtherstudythis phenomenon,
as well as the orientation of naphthalene in the adsorption complezomnaeictedour
experimend usingnearUV/Vis DRS to study theelectronic interactions of indole &n
adsorption complex with F300
3.1.4 NearUV/Vis DRS ofadsorption complexes 300 with naphthalene or indole

Thetraditional way of measurinthe nearUV/Vis DRS spectrumis to mixthe solid
sample with BaS© powder and to use BaSQ@ powder as a spectroscopiceference.
However, in our caseur MOFs are highly sensitive to the moisture or oxygen in air.
Thus, we conductetthe nearUV/Vis DRS measurements in a closqdartzfluorescence
cuvette to protect our sample from ambient air. LikewlsenearUV/Vis DRS spectrum

of adsorption complex of HKUST was measured in eosedquartz vessel. It was
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suggested by Méssbauer spectroscdpihat in both aprepared and activated F300, iron
existsas F&". The adsorption of light bife’* yields a lightbrown color of the sanie,

and the color dichot changevhenthe adsorption of naphthalenr F300took place

Figure8. The rear UV/Vis DRSof (A) NAP with nonactivated F300s. NAP with
activated F300(B) NAP with nonactivated F30®s IND with nonractivated F300(C)
NAP with activated F300s IND with activated=30Q

Based on our previous findings, naphthalene has rather weak intesagtior-30Q
Therefore, we increade¢he amount of naphthalene moleculeshi@a sample witl300 to
promote thdormation of theadsorption complerf naphthalenevith F300.As shown in

Figure 8A, we comparedthe nearUV/Vis DRS spectrum ofthe solid mixtue of

excessive naphthalerand nonactivated F300 @#@F300) with that of themixture of


















































































































