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THESIS ABSTRACT 
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AND AROMATIC HYDROCARBONS ON METAL-ORGANIC FRAMEWORKS 

(MOFs) 

By JUN DAI 

Thesis Director: 

Professor ALEXANDER SAMOKHVALOV 

 

  

Metal-Organic Frameworks (MOFs) constitute a class of novel porous materials 

that have attracted significant interest due to their applications in separation, storage, 

catalysis and chemical sensing. Their large surface area and highly porous structure make 

these materials excellent absorbents with a huge uptake capacity for many adsorbates of 

interest. Using complementary spectroscopic methods, we studied the mechanisms of 

adsorption of representative fused-ring aromatic compounds, namely indole and 

naphthalene, on the following MOFs: Basolite F300, MIL-100(Fe) and Basolite A100. 

Fluorescence spectroscopy and near-UV/Visible diffuse reflectance spectroscopy (near-

UV-Vis DRS) studies demonstrate that naphthalene is confined within the mesocavity of 

F300 MOF. Moreover, we detected coordination bonds between adsorbed indole and 

F300 when indole was weakly electronically bound to Fe (III) CUS in F300 and MIL-

100(Fe). Direct spectroscopic proof of the formation of an adsorption complex of indole 

with F300 and MIL-100(Fe) MOFs was obtained by near-UV-Vis DRS, wavelength-
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dependent fluorescence spectroscopy, and complementary time-dependent fluorescence 

spectroscopy. 

We have also determined the origin of the UV-Vis fluorescence in A100 MOF. 

We show that this fluorescence comes from the 1,4-benzenedicarboxylic acid (BDC) 

linker. The A100 MOF forms stoichiometric adsorption complexes with both indole and 

naphthalene. In these adsorption complexes, quenching of the ligand-based fluorescence 

from the BDC linker by the indole adsorbate was found. Based on wavelength-dependent 

fluorescence spectroscopy, we propose the adsorption of indole and naphthalene onto 

A100 MOF occurs via ˊ-ˊ interactions with the BDC linker. 
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1 Introduction  

1.1 Metal Organic Frameworks (MOFs) 

Porous materials are being extensively studied and widely used in the science and 

engineering industry. Recently, a novel kind of porous material, Metal-Organic 

Frameworks (MOFs), has emerged. MOFs are crystalline hybrid inorganic-organic 

porous solids formed by metal cations connected to organic linkers 
1
. The MOFs 

constitute a class of novel porous materials that have attracted significant interest due to 

their application in separation 
2
, storage 

2
, catalyst 

2
, and chemical sensing 

3
. The use of 

MOFs as a stationary phase in high resolution gas chromatography (GC) separations of 

aromatic hydrocarbons has also gained significant attention 
4
. While the adsorption of 

gaseous molecules onto MOFs has been well-studied 
5ï8

, the adsorption of liquid phase 

molecules onto MOFs is poorly understood.  

MOFs have an extremely large surface area and porosity, and this makes them 

excellent adsorbents for many adsorbates that are academically and industrially important. 

MOFs have their cavity size between that of zeolites and mesoporous silica 
9
, and they 

can display either  two-dimensional or  three-dimensional structures depending on the 

organic linkers and metals present. It was also indicated by Karra and Walton that the 

relation between pore size and guest molecule size plays an essential role in the 

adsorption process 
10

. The MOFs investigated in this research were a group of 

representative mesoporous and microporous MOFs. For mesoporous MOFs, the 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 key parameter in adsorption onto MOFs due to the micropore 

filling mechanism 
4
, which suggests that adsorption capacity depends on molecular cross-
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sectional area rather than on the minimum molecular diameter. Many MOFs are 

structurally stable under ambient environment. It has been reported that certain MOFs 

remain stable under elevated temperatures in air or oxygen 
11ï13

. In this research, our 

investigation focuses on MIL -100(Fe) (MIL = Materials of Institute Lavoisier) and 

commercially available MOFs Basolite F300 and Basolite A100. Table 1 shows some 

basic physical information of the MOFs used in this research. 

 

Table 1. The MOFs used in this research and structural information. 

MOFs The BET surface 

area, m
2
 g

-1
 

Pore 

dimension, Å 

Pore 

dimensionality 

Ref. 

Basolite 

F300 

1300-1600 21.7 3D Thierry et al. 
12

, 

Amarajothi et al. 
14

 

Basolite 

A100 

1100-1500 7.3x7.7 1D Thierry et al. 
12

 

MIL -

100(Fe) 

2200 25, 29 3D Amarajothi et al. 
14

 

 

1.1.1 The MIL -100 family 

MIL -100(M) (M=Cr, Fe, Al) refers to a family of mesoporous MOFs built up 

from metal clusters and linkers of 1,3,5-benzenetricarboxylic acid (BTC). The 

coordinatively unsaturated metal sites (CUS) in these MOFs cause Lewis acid-base 

interactions between guest molecules and metal ions or clusters in MOFs. These CUS are 

very important in gas storage, separation, sensing, catalysts, and even in the applications 
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for biological systems 
15

. It was reported that Cu
2+

 CUS in HKUST-1 contribute 

significantly to the high acetylene storage capacity 
16

. Moreover, MOFs with CUS, such 

as HKUST-1, were used in chromatographic separations due to their specific ability to 

distinguish between strongly and weakly electron donating analytes 
6
. In addition, MIL-

100 (Fe
3+

, Cr
3+

, Al
3+

) have been shown to have a strong preference for N-heterocyclic 

compounds (that are Lewis bases) in solution 
17,18

. Hence, CUS can function as Lewis 

acid sites for adsorption, and the possible interactions between guest molecules and CUS 

metal sites will be examined and discussed further. 

In our research, MIL-100(Fe) will be used to investigate the adsorption 

mechanisms between benchmark fused-ring guest molecules, namely indole and 

naphthalene, and various MOFs. Besides MIL-100, there is a commercially made MOF 

termed Basolite F300, which has a similar chemical composition 
14

. Both Basolite F300 

and MIL-100(Fe) consist of iron sites and BTC linkers, although some details of the 

structure of F300 are still not known. The difference in iron content and carbon content in 

F300 and MIL-100 (Fe) was found by Amarajothi and co-workers 
14

. Specifically, the 

iron content in F300 and MIL-100 (Fe) is 25 wt. % and 21 wt. %, respectively. The 

carbon content in F300 and MIL-100 (Fe) is 32 wt. % and 29 wt. %, respectively. Pore 

dimensions in F300 and MIL-100 (Fe) are 21.7 Å, and 25 and 29 Å (two mesocavities), 

respectively 
14

. The structure of MIL-100 (Fe) is shown in the supplementary Figure 1. 

 

 

 

Figure 1: Structure of MIL-100(Fe) (see as S1 in the Supplementary) 
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1.1.2 The MIL -53 family 

There are many types of MOFs that undergo hydrolysis, while there are some MOFs 

that remain stable in liquid or gaseous water. The water stable MOFs have started to 

show various potential applications in water adsorption 
19

, drug delivery and imaging 
20

. 

Many MOFs containing Al as metal sites and amino acids as organic linkers are stable in 

aqueous solutions, and it is also possible to synthesize them in aqueous environment 
21

. 

MIL -53(M) (with M = metal such as Al 
12

, Cr 
22

, Fe 
23

, In 
19

, and Sc 
24

) is a well-known 

family of microporous MOFs, and many MIL-53 MOFs have an excellent water stability 

25,26
. The three-dimensional structure of MIL -53(Cr) illustrating different hydrated 

structures is shown in the Figure 2. 

 

 

 

 

Figure 2: Structure of MIL-53 MOF (Cr) (see as S2 in the Supplementary) 

 

The one-dimensional pore structure of MIL-53(Al) is made up of chains of corner-

sharing octahedral clusters AlO4(OH)2 linked by the dianionic form of benzene-1,4-

dicarboxylic acid (BDC). MIL -53(Al) has rhombic channels 
12

 with dimensions of 7.3 by 

7.7 Å. A huge Langmuir surface area of 1600 m
2
/g makes MIL-53(Al) an efficient 

adsorbent. MIL -53(Al) has an extraordinary thermal stability 
27

 up to 723 K. The 

structure of MIL-53(Al) undergoes a reversible structural change during the process of 

adsorbing/desorbing water molecules that is termed ñbreathingò 
12

. This so-called 

ñbreathingò process causes an interchange between the large-pore (lp) form of MIL -
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53(Al), (Al(OH)[O2C-C6H4-CO2]) and the narrow-pore 
12

 (np) form Al(OH)[O2C-C6H4-

CO2]·H2O. The (lp) form of MIL -53(Al) has a pore dimension of 8.5 by 8.5 Å, and it is 

obtained when MIL -53(Al) is activated at high temperature in the high vacuum, which 

removes an excess of free BDC acid, adsorbed oxygen and water trapped in the cavities 

from the synthesis of the MOF. The (lp) form is capable of adsorbing water molecules in 

vapor at room temperature, and as a result, MIL -53(Al) changes to its (np) form.  

The (np) form contains one trapped water molecule per every structural unit or the 

microcavity (Figure 2). Hydrogen bonds are found to form between carboxylic groups of 

the BDC linker and adsorbed water molecules 
12

. Due to the ñbreathingò feature, 

applications of selective adsorption of various compounds in the gas phase have already 

gained interest and have being reported 
22

. The (np) form of hydrated MIL-53(Cr) is able 

to selectively adsorb CO2 in the presence of CH4 in the gas phase 
22

. Upon this selective 

adsorption of CO2, MIL-53(Cr) returns to its (lp) form with an increased cavity volume 

of 1522.5 Å
3
 compared to that of (np) form at 1012.8 Å

3
.  

In our research, we used Basolite A100 MOF which is commercially available from 

the BASF and that is similar to MIL-53(Al) . A100 is made out of AlO4(OH)2 octahedral 

clusters connected by BDC linkers. A100 has a surface area of 1084 m
2
/g and pore 

volume of 0.51 cm
3
/g as was determined by N2 physical-adsorption at 77 K 

28
. 

Additionally, the powder XRD pattern of A100 resembles that of MIL-53 (Al) 
28

. Blanco-

Brieva et al. have studied an adsorptive removal of aromatic sulfur compounds from 

model liquid fuels on thermally activated A100 MOF 
29

. 
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1.2 Clean Fossil Fuels 

Fossil fuel is a primary source of energy on the earth, and the intensive use of fossil 

fuels has raised significant environmental concerns. Combustion of sulfur and aromatic 

N-heterocyclic compounds present in fossil fuels brings adverse consequences to public 

health, environment and economy. Many studies have shown that air pollutants can be 

carcinogenic and mutagenic 
30,31

. Beginning in 2006, the Environmental Protection 

Agency (EPA) in the U.S. began an ambitious program aimed at reducing the sulfur 

content of diesel fuel. As of 2010, the EPA has required that the concentration of sulfur 

content in diesel fuels be less than 15 ppm 
32

. For certain ultra-clean gasolines, diesel 

fuels and jet fuels, sulfur levels need to be lower than 1 ppm 
33

.  

The separation of heterocyclic compounds from petro-chemical feedstock has 

become an important issue in the manufacture of clean liquid fossil fuels. 

Hydrodesulfurization (HDS) of diesel fuel has become an essential interest, while the 

presence of aromatic N-heterocyclic compounds in middle-distillate oil inhibits ultra-

deep HDS 
34ï37

. In HDS, sulfur compounds are catalytically hydrogenated to 

hydrocarbons and H2S 
17

. However, aromatic N-heterocyclic compounds present in crude 

oil are found to compete for the active sites on these catalysts, and thus these aromatic 

compounds inhibit a deep HDS 
38,39

. This gives rise to the necessity for denitrogenation 

of fossil fuels by alternative methods. 

The combustion of aromatic N-heterocyclic compounds present in fuels leads to 

production of nitrogen oxides that form a group of highly reactive and persistent species, 

and these species contribute directly to acid rain and the greenhouse effect. The life time 

of N2O in the atmosphere is ca. 120 years before it is removed or destroyed through 
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chemical reactions 
40

. The impact of 1 pound of NOx on warming the atmosphere is over 

300 times that of 1 pound of carbon dioxide. The U.S. EPA established the first standard 

for NO2 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 
41

. Also, the presence of aromatic N-heterocyclic compounds in fossil fuels can 

lead to the poisoning of catalysts used at petroleum refineries, and this poisoning can 

eventually cause a decrease in the fuel yield. Thus, denitrogenation is necessary for the 

deep desulfurization and production of clean fuels, and it has drawn significant interest 

around the world because of the increasingly rigid regulations and fuel specifications in 

many countries. 

1.3 Aromatic  N-heterocyclic Compounds in Fossil fuels 

Fossils are naturally-formed deposits that contain significant amounts of heterocyclic 

aromatic contaminants. One usually considers the representative aromatic S-heterocyclic 

compounds present in fossils, e.g. benzothiophene (BT) and dibenzothiophene (DBT), 

and the representative aromatic N-heterocyclic compounds, such as indole and quinoline. 

The content of aromatic N-heterocyclic compounds in crude oil averages at ca. 0.3 % 
42

. 

Although the concentration of aromatic N-heterocyclic compounds in crude oil is 

relatively low, the concentration progressively increases through the petroleum 

distillation and catalytic reforming process. The common aromatic N-heterocyclic 

compounds present in fossil fuels are shown in Figure 3, and their physical properties of 

relevance to this research are shown in Table 2. 

Aromatic N-heterocyclic compounds in fossil fuels belong to two major classes. 

One is the group of non-basic N-heterocyclic compounds, including indole and pyrrole, 
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where the pair of electrons on the N atom contributes to the ˊ-electron system of an 

aromatic ring. Thus, this electron is not available for interaction with acids. The other 

class is the set of basic N-heterocyclic compounds such as pyridine, quinoline and their 

derivatives, in which the lone pair of electrons on N atom is available for the interactions 

with Brønsted or Lewis acids. 

Indole is one of the most common N-heterocyclic compounds present in fossil 

fuels. We have chosen indole for our research due to the fact that indole is a weakly basic 

N-heterocyclic compound, which means that it has a potential of being selective adsorbed 

compared to other aromatic compounds. Furthermore, its subsequent desorption is 

possible. 

 

Figure 3: Common aromatic N-heterocyclic compounds present in fossil fuels. 

 

Table 2. Physical properties of common N-heterocyclic compounds in fossil fuels. 

Compound Formula Melting 

Point,  ↔C 

Density, 

g/cm
3
 

Dipole 

moment, D 

Acidity, 

pKa 

Maximum 

diameter,  ↔A 

Indole C8H7N 52-54 1.17 2.11 16.2 6.9 

Quinoline C9H7N -15 1.093 0 4.85 7.2 

Isoquinoline C9H7N 26-28 1.099 0 5.14 7.2 
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1.4 Aromatic Compounds in Fossil Fuels 

Fossil fuels contain a significant amount of hydrocarbons, most of which are 

polycyclic aromatic hydrocarbons (PAHs). In this research, we chose naphthalene as a 

representative fused-ring aromatic compound. In order to investigate the adsorption 

mechanism of naphthalene, we used fluorescence spectroscopy and UV-Vis diffuse 

reflectance spectroscopy (near-UV-Vis DRS) to investigate electronic interactions upon 

adsorption onto MOFs. Naphthalene is the most simple and common aromatic 

compounds among the PAHs, and naphthalene is abundantly present in the streams of 

petroleum refinery and commercial liquid fuels. Thus, the separation and purification of 

fused-ring PAHs, e.g., naphthalene, is of interest to the chemical industry. Naphthalene 

has a molecular length of 7.2 Å (the largest diameter as determined by ChemDraw 3D), 

and is non-polar. 

1.5 Methods of Denitrogenation 

1.5.1 Microbial Denitrogenation 

Microbial processing is an alternative pathway for denitrogenation of liquid fuels. 

Microorganisms are known to consume natural organic compounds and convert them into 

carbon and energy, and they are capable of metabolizing certain molecules including 

aromatic N-heterocyclic compounds from fossil fuels. The degradation of quinoline is 

well-characterized, and the transformation pathways are elucidated by Benedik et al. 
42

 

(shown in Figure 4). The degradation of isoquinoline is less understood, but 1-oxo-1,2-

dihydroisoquinoline is suggested as the initial oxygenated product 
43

. According to the 

finding of Claus 
43

, indole is readily degraded via catechol or transformed directly into 

tryptophan, while carbazole is relatively more difficult to degrade. One possible 
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degradation pathway has been proposed by Ouchiyama 
44

. In this process, carbazole is 

first dioxygenated to form 2ô-aminophenyl-2,3,-diol, then degrades through meta 

cleavage of the diol ring to form 2-hydroxy-6-oxo-6-(2ô-aminophenyl)hexa-2,4-dienoic 

acid. After further hydrolysis, 2-hydroxy-4-pentenoate and anthranilic acid are formed , 

and finally enters the central metabolic pathway tricarboxylic acid cycle (TCA cycle) 
45

. 

The mechanisms for the degradation of other N-heterocyclic compounds such as pyridine, 

quinoline, acridine and their derivatives are reviewed in detail by Kaiser 
46

. However, 

with respect to the removal and metabolism of organic compounds from the environment, 

characterization of enzyme-involving pathways is still under research 
42

. Indeed, 

microbial denitrogenation has not been applied in industry yet. 

 

Figure 4. Pathways for the transformation of quinoline. 
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1.5.2 Hydrodenitrogenation (HDN) 

Hydrodenitrogenation (HDN) is usually used to catalytically remove aromatic N-

heterocyclic compounds from fossil fuels during refinery processing, and a catalyst is 

normally required 
47

. However, the HDN process is conducted by reacting refinery 

streams with hydrogen at high temperature and high pressure. This procedure is energy-

intensive, hazardous and costly. Thus, a significant amount of research has been done on 

the HDN in order to reach a goal of being economic and environmentally friendly 
47ï49

. 

1.5.3 Adsorptive Denitrogenation (ADN) 

Another promising way to selectively remove aromatic N-heterocyclic compounds 

present in fossil fuels is by adsorbing them onto a suitable porous material. Specifically, 

activated carbon 
50ï53

, zeolites 
54

, HCl-loaded silica-aluminas 
55

, ion-exchange resins 
56

, 

meso-silicas 
57,58

, Ti-hexagonal mesoporous silicates (Ti-HMSs) 
59

, microporous carbon 

60
, activated aluminas 

61
, Ni-based adsorbents 

61
, and NiMoS catalyst 

62
 have been used 

for the ADN. Due to the  high capacity, selectivity, economic importance, and most 

importantly, potential energy savings, research on MOF has gained significant interest 

recently for the adsorption and separation of aromatic and heterocyclic compounds in the 

liquid phase 
63

. Moreover, MOF sorbents can be recycled, and this effectively reduces the 

cost of the expected technological process. Adsorptive separation via the ADN is 

preferred over industrial catalytic HDN 
18

. Specifically, selective adsorption of N-

heterocyclic compounds 
64

 in the liquid phase in the presence of aromatic and aliphatic 

hydrocarbons 
65

 is of interest in our research. 
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1.6 Activation of Open Metal Sites of Metal-Organic Frameworks 

The presence of CUS in MOFs is essential for the adsorption of chemical compounds 

with Lewis basicity. Thus, to fully utilize the CUS in MOF sorbents, activation is needed 

to 1) evacuate the water molecules which are relatively weakly coordinated on the CUS 

and 2) remove any excess of the linker-forming organic precursor remaining from the 

synthesis of the MOFs. Because MOFs have a high adsorption capacity for many 

potential adsorbates, humidity can be crucial for the availability of CUS in MOFs. 

Specific treatment is necessary in order to activate the CUS, and the protection of the 

sample against humidity is critical during the experiments. Interestingly, it was 

discovered by Schlichte et al. 
11

 that upon thermal activation, the color of HKUST-1 

changes from light cyan to dark navy. This is confirmed by Borfecchia et al. 
7
 using UV-

Vis DRS spectroscopy via the red shift of the edge of the Ligand to Metal Charge 

Transfer (LMCT) band, and the appearance of a shoulder in the d-d band at about 600 nm, 

as explained by the removal of water from the Cu
2+

 CUS.  

In addition to the activation of the MOFs, partial reduction of MIL -100(Fe) has been 

reported by Leclerc et al. 
66

. Certain metal sites in the MOFs can be reduced, for example, 

Fe
3+

 in MIL -100(Fe) can be reduced to Fe
2+ 2

. According to the analysis of oxidation 

states by the Fourier Transform Infrared Spectroscopy (FTIR), outgassing at 423 K for 12 

hours gives rise to a higher proportion of Fe
2+

 sites, while the Fe
3+

 sites are reduced. 

However, outgassing at 523 K results in the majority of Fe
3+

 being reduced. The Fe
3+

 

sites are harder Lewis acidic sites than Fe
2+

, and thus it is easier for Fe
3+

 to form 

coordination bonds with aromatic N-heterocyclic compounds, which are the strong Lewis 

bases 
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 MOFs, both in the liquid 

phase and in vapor, has been studied in recent years, the adsorption of fused-ring 

aromatic hydrocarbons on MIL-100 in the liquid phase has not been reported, to our 

knowledge.  Maes et al. reported an adsorption of indole from a heptane/toluene mixture 

on the MOFs of the MIL -100 family 
17

. However, the mechanism of adsorption of 

aromatic compounds versus aromatic N-heterocyclic compounds on MIL -100(Fe) or 

F300 MOF has not been studied. According to many studies 
2,17,18

, the formation of 

adsorption complexes during adsorption in the liquid phase is usually assumed, but there 

is a lack of direct spectroscopic evidence. Adsorption of small-ring aromatic compounds 

(e.g., benzene and isomeric p-xylene molecules) on MIL-101 has been published by 

Yang et al 
4
. The pore-size filling mechanism was discovered and discussed in this paper 

with the notion that pore size and the structure of the isomeric adsorbate affects the 

adsorption capacity. However, the mechanism of adsorption is still not understood and 

has not been proven spectroscopically. 

Fluorescence spectroscopy is a straightforward method for studying the adsorption 

mechanism between the aromatic and heterocyclic ñguestò molecules and MOF sorbents. 

Yet, there are rarely papers that report the characterization of the adsorption of aromatic 

compounds in the liquid or solid system using fluorescence spectroscopy. Based on 

fluorescence spectra, it was assumed that a Lewis acid-base interaction promotes the 

adsorption of pyrene on Al2O3 from model fuel 
67

. However, these fluorescence spectra 

were collected using a model sorbent aluminum chloride in methanol, rather than Al 2O3. 
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Thus, the adsorption mechanism with alumina sorbent was not directly studied. The 

spectroscopic characterization of adsorption complexes formed by MOFs and aromatic 

compounds or aromatic N-heterocyclic compounds by fluorescence spectroscopy has not 

been reported, to our knowledge. 

Another useful characterization method is near-UV/visible diffuse reflectance 

spectroscopy (near-UV-Vis DRS), which is excellent at detecting the variation or shift in 

the electronic states in the adsorption complexes formed by metal sites and guest 

molecules. Near-UV-Vis DRS was used to identify the interactions between aromatic 

amines and MOFs 
68

, but it has not been used to explore the interactions between metal 

sites in the MOFs and guest molecules that are aromatic hydrocarbons or aromatic N-

heterocyclic compounds. 

Thus, we aim to investigate the adsorption of the representative aromatic N-

heterocyclic compounds and aromatic hydrocarbons on MOFs with and without the CUS, 

using two complementary spectroscopic methods: fluorescence spectroscopy and near-

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 

Maes et al. studied the adsorption of indole and methyl-substituted indole present in 

model fuel at an initial concentration of 0.15 M on thermally activated MIL-53 (Al) 
17

. 

The solvent was a mixture of heptane/toluene at either 80 vol. %/20 vol. % or 20 

vol. %/80 vol. %, respectively. The amount of absorbed indole strongly decreased in the 

model fuel with the higher content of toluene, which indicates a possible competitive 

adsorption of toluene with indole. There is no experimental evidence of the mechanism of 
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competitive adsorption of aromatic hydrocarbons vs. N-heterocyclic compounds on any 

MOFs.  

Similarly, adsorption of indole, pyridine, pyrrole and quinoline on thermally 

activated MIL -53(Al) was studied recently 
69

, and n-octane was used as solvent. However, 

no data on the adsorption capacity of MIL-53(Al) for indole was reported. Also, although 

it was suggested that ́-  ́interactions are the major mechanism of adsorption of indole or 

quinoline on the activated MIL-53(Al) , no experimental evidence was provided 
69

. At 

present, no direct spectroscopic characterization of chemical bonds between the aromatic 

or heteroaromatic adsorbate and adsorption sites in the MIL -53 MOFs has been reported. 

Furthermore, the adsorption of naphthalene on MOFs has not been reported, to our 

knowledge. 

To investigate adsorption mechanisms involving MOFs using fluorescence 

spectroscopy, it is essential to know the origin of the fluorescence from the MOF itself. It 

was discussed in a review paper by Allendorf et al. 
70

, that there are five possible 

fluorescence mechanisms in the MOFs, namely fluorescence i) from the linker, ii) from 

metal ions, iii) due to the charge transfer between the ligand and metal, namely Ligand to 

Metal Charge Transfer and Metal to Ligand Charge Transfer (LMCT and MLCT), iv) due 

to adsorbed lumophores, and v) due to the exciplex formation (ˊ-ˊ interaction). Both 

F300 and MIL-100 (Fe) are weakly fluorescent MOFs. However, it was speculated that 

an emission from MIL -53(Al) at ca. 410 nm may originate from the LMCT 
71,25

. Yet, no 

evidence was provided to prove whether the LMCT is responsible for the fluorescence of 

MIL -53(Al). Also, very few reports on the characterization of adsorption of aromatic 

compounds on metal oxide by the fluorescence spectroscopy are available 
67

. The direct 
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experimental determination of the chemical bonding in the ñhost-guestò adsorption 

complexes of the MOFs and aromatic compounds or aromatic N-heterocyclic compounds 

using the fluorescence spectroscopy or other spectroscopic methods has not yet been 

reported. 

1.9 Research Objective 

The general objective of this research was to investigate the mechanisms of 

adsorption and desorption of the representative fused-ring aromatic N-heterocyclic 

compound and aromatic hydrocarbon on the representative microporous MOF (without 

CUS) and mesoporous MOFs (with CUS). Our first specific objective was to investigate 

the similarities and differences in chemical bonding of the simplest fused-ring aromatic 

N-heterocyclic compound indole and fused-ring aromatic hydrocarbon naphthalene to the 

F300 MOF, which has CUS. The second specific objective was to investigate the 

similarities and differences in chemical bonding of indole and naphthalene to MIL-

100(Fe) and F300 MOF. The third specific objective was to investigate chemical 

interactions of indole and naphthalene with the microporous MOF A100, which does not 

have CUS. 
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2 Experimental 

2.1 Metal Organic Frameworks 

Basolite F300 and Basolite A100 were bought from Sigma Aldrich, and MIL-100(Fe) 

was supplied by our collaborator Dr. Jing Li from Rutgers ï New Brunswick. 

2.2 Solvents, aromatic compounds and aromatic N-heterocyclic compounds 

The solvents used in this research are dimethylformamide (DMF), n-hexane, n-

heptane, n-tetradecane, pH 8.5 sodium phosphate buffer solution and eicosane. Organic 

compounds used in this research are naphthalene, indole, 1,3,5-benzenetricarboxylic acid 

(BTC), and benzene-1,4-dicarboxylic acid (BDC). Eicosane, pH 8.5 buffer solution, n-

hexane, indole, benzene-1,3,5-tricarboxylic acid and benzene-1,4-dicarboxylic acid were 

bought from Sigma-Aldrich and used as received. Naphthalene and n-heptane were 

bought from Acros Organics and used as received. Dimethylformamide and tetradecane 

were from TCI Inc. 

2.3 Activation and Hydration of Metal-Organic Frameworks 

All MOFs were bought in their as-synthesized form, i.e. in the non-activated form, 

with water and free organic ligand remaining from the synthesis of the MOF. An 

activation of the MOFs is necessary before studying the adsorption of ñguest moleculesò. 

The activation of the MOFs is mostly desorption of water, oxygen and other impurities,  

such as free organic ligands remaining in the framework. The different MOFs require 

different activation processes. 

The recommended activation procedures for both Basolite F300 
14

 and A100 
27

 have 

been reported. Moreover, the A100 MOF was shown to remain structurally stable at 603 

K for 72 hours 
27

. Based on finding by Schlichte 
11

, activation of Basolite F300 and 
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Basolite A100 in this research was conducted under high vacuum (<1 × 10
-3

 Torr) at 

temperature of 423 K for 24 hours. 

For MIL-100, it was reported 
2
 that a variety of activation conditions can be adopted 

to give the different activated MOFs, and even a different ratio of Fe
2+

 /Fe
3+

 CUS. In our 

research, we activated MIL -100(Fe) under high vacuum at 423 K for 12 hours. According 

to the reference procedure, our activation process should give a high total amount of Fe
3+

 

CUS and a small fraction of Fe
2+

 CUS.  

The hydration of thermally activated MOFs was conducted in water vapor in a 

desiccator filled with liquid water, the MOF powders were placed on a tray above the 

water level, and the desiccator was closed. The hydration process takes 2 or 7 days 

depending on different hydration level, after which the MOF was taken out of the 

desiccator and placed into a sealed bottle with water vapors in order to maintain the same 

hydration conditions. The change in mass of the MOF after the hydration was determined 

gravimetrically. 

2.4 Fluorescence Spectroscopy 

Fluorescence Spectroscopy was conducted using a Cary Eclipse Fluorescence 

Spectrophotometer from Agilent Technologies Inc. The sample holder was a custom-

made temperature-controlled cuvette holder (TLC) from Quantum Northwest that was 

designed to avoid spectral distortions caused by primary and secondary re-adsorption of 

light 
72

. In order to improve the monochromaticity of the excitation light, narrow 

bandpass (5 or 10 nm) optical filters centered at different wavelengths (260, 280, 300, 

310 and 372 nm) were used. The bandwidths of excitation and emission slits were 5 nm 

and 5 nm, 10 nm and 5 nm, or 20 nm and 5 nm, respectively, and were chosen based on 
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the intensity of the fluorescence. When the bandwidth of 2.5 nm for both slits was used, 

the better resolved spectrum with same shape but much lower intensity was obtained, as 

expected.  

For datasets with multiple peaks, numeric curve-fitting of the fluorescence spectra 

was conducted using the Microcal Origin program. The built-in Local Maximum method 

was used to identify the peaks automatically with a straight baseline at Y=0. The 

Multiple-Gaussian fit option in Originôs peak analyzer was applied to fit the datasets into 

multiple peaks. 

2.5 Near UV-Vis Diffuse Reflectance Spectroscopy (near UV-Vis DRS) 

Diffuse Reflectance Spectra were measured using a UV-Vis spectrometer, with a 

xenon (LS-1) lamp as light source, a fiber-optic reflection probe, and a Diffuse 

Reflectance Standard (WS-1) from Ocean Optics. 

2.6 Model Fuels 

In this research, we used 0.08 M solution of indole (IND) in n-heptane and 0.08 M 

solution of naphthalene (NAP) in n-heptane. 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 0.08 M was chosen 1) due 

to the fact that it is close to the maximum solubility of indole and 2) in order to achieve 

the maximum adsorption capacity on the MOFs. Moreover, this concentration is close to 

the total content of nitrogen present as aromatic N-heterocyclic compounds in certain 

petroleum refinery streams 
73

. 
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2.7 Solid Mixture of Aromatic  and Aromatic N-heterocyclic compounds with MOFs 

We prepared the solid mixture in the 0.5 cc quartz cuvette or 1.5 cc quartz cuvette. 

For the non-activated MOFs, the MOF was weighed in the cuvette, and the calculated 

amount of melted organic compound was added. The cuvette was closed with a PTFE 

stopper. After adding melted substances into the cuvette, the cuvette was well mixed until 

it slowly solidified while being continuously shaken at 298 K. This method was used to 

achieve an effective mixing of the MOF with the organic compound and to obtain a 

uniform solid mixture. For the activated MOFs, the MOF was first activated and then 

mixed with melted substances under argon, and the cuvette with the mixture was sealed. 

The samples were optically uniform and had a typical color of the MOFs used. Two sets 

of molar ratios were applied, which are R1 = n(naphthalene)/n(F300) = n(indole)/n(F300) 

= 50 and R2 = n(naphthalene)/n(F300) = n(indole)/n(F300) = 15 where n is the number of 

moles. 

2.8 The stoichiometric adsorption complex of F300 and naphthalene in eicosane 

matrix  

First, 85 mg of F300 was activated in a 1.5 cc quartz cuvette, and approximately 1.4 

cc solution of 0.08 M naphthalene in eicosane (C20H42) was added when melted under 

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 melted pure eicosane. Then the mixture 

was heated at 313 K on a sonic bath until complete dissolution. The solution was allowed 

to cool to room temperature during which it solidified. The sample with F300 MOF and 

naphthalene in eicosane matrix contained 0.11 mmol naphthalene and 0.33 mmol F300 
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(M.W. 263 g/mol for the Hill formula C9H3FeO6) and, as a result, molar ratio of one 

molecule of naphthalene per three Fe cations in F300 was obtained. 

2.9 Kinetics of adsorption of liquid indole on Basolite F300 in liquid phase 

To investigate the formation of the complex of indole with F300 with Fe
3+

 CUS, we 

conducted a time dependent adsorption study of liquid indole on F300 MOF. We used 

time-dependent fluorescence spectroscopy to examine the adsorption kinetics. At first, 

200 mg F300 was weighed in a 3.5 cc quartz cuvette and activated under vacuum at 423 

K. After 24 hours, the cuvette was vented and mixed with 1.334 g melted indole under 

argon. Then the mixture was allowed to solidify immediately and was mounted onto the 

TLC accessory of Cary Eclipse which can rotate the PTFE-coated mini magnetic stir bar 

inside the cuvette. The cuvette with the mixture was heated up to constant temperature of 

333 K that caused melting indole in the mixture to form a suspension of F300 MOF in 

melted indole, and was kept under stirring with a mini stir bar. The time-dependent 

fluorescence spectra from the suspension at 333 K were collected every 7 minutes at ɚexc 

= 310 nm. 

2.10 The stoichiometric adsorption complexes of indole/naphthalene with MOFs 

To investigate the formation of the stoichiometric ñhost-guestò adsorption complexes 

with the MOFs, we attempted to prepare the ñpureò adsorption complexes of indole or 

naphthalene with F300, MIL-100 and A100. These ñpureò complexes were made through 

the activation, mixing, adsorption, and evaporation of the solvent and any non-adsorbed 

compounds. At the beginning, we weighed the calculated amount of MOFs in the 0.5 cc 

quartz cuvette to reach an equimolar ratio of indole or naphthalene (one guest molecule 

per one metal site in the MOF). For F300 with indole or naphthalene, 28.6 mg F300 was 
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weighed. For A100 with indole or naphthalene, 24.3 mg A100 was weighed, and for 

MIL -100, 34.0 mg MIL-100 was weighed. The non-activated MOFs, activated MOFs or 

hydrated MOFs were used as needed. Approximately 0.4 cc of solution was added to the 

cuvette of the nominal volume of 0.5 cc under argon, the cuvette was nearly full to 

exclude air or moisture, and was closed with a PTFE stopper. After mixing with 0.4 cc 

0.08 M solution of indole or naphthalene, the cuvette was mounted onto a mechanical 

shaker (Roto Shake Genie from Scientific Industries) and shaken at the maximum speed 

for 1 hour. After 1 hour, the cuvette was removed from the shaker and placed in a vessel 

which was connected through a valve to the high vacuum system. The valve was slowly 

opened to maintain the vacuum <1 × 10
-1

 Torr until the complete evaporation of the 

solvent was achieved. Then, the turbo pump was turned on and operated until the 

pressure decreased below 1 × 10
-3

 Torr to remove any non-adsorbed indole or 

naphthalene. Afterwards, the vacuum system was vented with argon to prevent any 

contamination of the obtained pure adsorption complexes from ambient humidity or other 

impurities. Finally, the pure complexes were obtained as dry powder in the cuvette that 

was sealed. The initial weights of the substances and the MOFs, and the final weight of 

the ñpure complexesò were determined using an analytic balance from Fisher Scientific. 

Preparation of the samples and measuring their spectra were repeated three times. 

2.11 Fluorescence under the UV lamp 

To visualize the near-UV and visible fluorescence from the adsorption complexes of 

A100 MOF, we used a UV lamp (from Spectronics) to illuminate our samples at 254 nm 

or 312 nm. The samples were placed on a white paper against the black background in 
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the dark room, and digital photographs were taken. No digital image processing was 

performed. 
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3 Results 

3.1 Spectroscopic studies 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 artifacts, fluorescence spectra were collected from 1) the empty 

quartz fluorescence cuvette using the angular accessory and 2) the cuvette filled with n-

heptane. In both cases, as expected, no fluorescence was detected. The adsorption 

spectrum of 5.4 × 10
-4

 M of naphthalene in n-hexane was reported 
74

 to have adsorption 

peaks at 218, 222, 286 and 320 nm. Those electronic transitions were confirmed by the 

adsorption and fluorescence spectra, as well as by quantum chemical calculations 
74

. In 

our case, the fluorescence peaks at 218 and 222 nm would be rather difficult to obtain 

with the MOFs samples, due to the optical properties of the BTC linker and the quartz 

cuvette. In rather diluted 0.08 M solution of naphthalene in n-heptane, one naphthalene 

molecule is calculated to be surrounded by 82 molecules of n-heptane, on average. 

Therefore, naphthalene molecules are isolated from each other in this solution. Figure 5 

shows the fluorescence spectrum of the 0.08 M solution of naphthalene in n-heptane 

obtained with ɚexc = 280 nm (both excitation and emission slits were 5 nm). There are 39 

vibrational bands observed by O. Schnepp and D. S. Mcclure 
75

 in their measurement of 

naphthalene vapor. In our fluorescence measurement of naphthalene in liquid solution, 

five adsorption peaks are present in the spectrum, and their assignments to the vibronic 

components in the fluorescence spectra are shown: at 312 nm (0-0 transition), 323 nm (0-

1), 335 nm (0-2), 350 nm (0-3), 368 nm (0-4 transition). This could be due to a rather 

diluted concentration in our experiment, and a higher resolution in the vapor phase 
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measurement than liquid phase measurement. And our spectrum corresponds well with 

the fluorescence data of naphthalene in cyclohexane 
76

. In the reported fluorescence 

spectrum of naphthalene in solution 
74

, a weak band at 315 nm was assigned to the 0-0 

transition, consistent with the fluorescence spectrum of a dilute solution of naphthalene in 

n-pentane at cryo-temperatures measured in Shpolskii matrix. In our case, we assigned 

the small shoulder at 312 nm in Figure 5 to the 0-0 transition based on the study by 

Privalova et al. 
74

 and references therein. The deviation of 3 nm from published value 
74

 

can be due to an error in the determination of the peak center or instrument error. Also, 

our assignment of 312 nm peak is confirmed by a reported analysis of the fluorescence 

spectrum of naphthalene vapor under room temperature by Behlen et al. 
77

 in which the 

origin of ὄ ᴺ ὃ  transition was found at 32018.5 cm
-1 

(312
 
nm). 

 

Figure 5: Fluorescence spectra of (A) 0.08 M liquid solution of naphthalene (NAP) in 

n-heptane at ɚexc = 280 nm; (B) 0.08 M liquid solution of NAP in n-heptane and its multi-

Gaussian curve fitting. 
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The next adsorption peak at 323 nm (Figure 5) was also detected at 323 nm in the 

reported spectrum of naphthalene in n-hexane solution 
74

. The peak at 323 nm was 

assigned by Privalova et al. 
74

 to the 0-1 transition coupled to the vibration of naphthalene 

at 506 cm
-1

 (ɡ01 =ɡ00 ï 506 cm
-1

). Therefore, we assigned the peak at 323 nm to the same 

0-1 vibronic transition. Further, the peak at 336 nm was assigned to the 0-2 transition in 

the reported spectrum 
74

 coupled with vibrations at 506 and 1,380 cm-1 (ɡ02 =ɡ00 ï 1,380 

- 506 cm
-1

). Moreover, we notice that the vibration at 506 cm
-1

 (in our measurement in 

solution, Figure 5) is intra-molecular vibration rather than the inter-molecular vibration 

(e.g. vibrations in a solid crystal of naphthalene 
78

). Hence, it is reasonable to believe that 

this specific vibronic component in the fluorescence spectrum of naphthalene would be 

present in both the liquid and solid phase. 

Furthermore, a shoulder at 350 nm in Figure 5 is consistent with the reported 0-3 

transition coupled with collective vibrations (ɡ03 =ɡ00 ï 506-2 × 1,380 cm
-1

) 
74

. The band 

at 368 nm in Figure 5 is a weak component and is absent in the fluorescence spectrum of 

solution of naphthalene in n-hexane 
74

. This weakness in intensity is probably because the 

solution was very dilute. Nonetheless, the shoulder at 368 nm in Figure 5 can be 

interpreted as the next member of the vibronic multiplet of the fluorescence spectrum of 

naphthalene. No spectral subbands are found in the range of 400-450 nm in Figure 5, 

which is similar to the reported spectrum of naphthalene in both solution 
74

 and in vapor 

75
. A reported spectrum containing the weak band at 312 nm, two peaks at 320 and 335 

nm, and shoulders at 348 and 360 nm 
79

 is very similar to our spectrum in Figure 5. Since 

our measurements at ɚexc = 280 nm coincides well with that of naphthalene in 

cyclohexane measured at room temperature with ɚexc = 270 nm using the standard 90ę 
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angle 
79

, we therefore conclude that our measurement using the angular accessory 

delivers the correct determination of the main vibronic transitions in the spectrum of 

naphthalene, without giving rise to any spectral distortions 
72

. 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 
79

. 

We also performed numeric fitting of the peaks in the spectrum in Figure 5 via a 

multi Gaussian function 
80

. Figure 5B shows the numeric curve fitting and peak 

assignments for naphthalene. All five peaks (312 nm, 323 nm, 335 nm, 350 nm and 368 

nm) were fitted with multiple Gaussian peaks, and the sixth broad curve corresponds to 

the spectral background. The area of each peak is indicative of the intensity of the given 

vibronic transition. Whereas, it is hard to exactly fit the small shoulder due to the 0-0 

transition in Figure 5B, we compared the relative ratio of areas (A) of two major 

transitions (0-1 and 0-2), and this ratio appears to be A(0-2)/A(0-1) = 1.65. Since the 

spectrum is well-resolved and naphthalene is a strongly fluorescent molecule, we used 

naphthalene molecule as a fluorescent probe to study how the adsorption on the MOFs 

would affect its molecular environment. We hypothesized that the in-plane vibronic 0-1 

and 0-2 transitions in naphthalene molecule are sensitive to the changes of its molecular 

environment. We investigated 1) pure naphthalene, 2) the solvent effect in a solid 

solution of eicosane, and 3) the effect of metal sites or linkers surrounding naphthalene 

when it is located inside the MOF cavity. 
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3.1.2 Fluorescence spectrum of pure naphthalene 

We excited pure solid naphthalene (Figure 6) using the same settings (ɚexc = 280 nm, 

excitation and emission slits of 5 nm) that we used for the excitation of emission from 

naphthalene in solution (Figure 5). Also, a fluorescence spectrum with the higher 

resolution at ɚexc = 280 nm (data not shown), but with a narrower bandwidth (excitation 

and emission slits changed to 2.5 nm) gave a similar spectral shape. 

 

Figure 6: Fluorescence spectra of (A) pure naphthalene (NAP) at ɚexc = 280 nm; (B) 

pure NAP with its multi-Gaussian curve fitting. 

 

As expected, the intensity of the fluorescence from pure naphthalene (Figure 6A) is 

much higher than that of naphthalene in dilute solution of n-heptane (Figure 5A). The 

emission at 310-380 nm in Figure 6A resembles that of naphthalene in dilute solution. 

However, the new vibronic sequence at 380-480 nm (Figure 6A) occurs, and this may be 

because each naphthalene molecule is now associated with other naphthalene molecules. 
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These new fluorescence peaks are found at 386, 409, 434 and 462 nm. In fact, the 

fluorescence from excimers (dimers) in pure naphthalene is well-known. Our peak at 386 

nm is in agreement with the published Frank-Condon 0-0 transition for the naphthalene 

excimer of 3.167 eV at 391 nm 
81

 and 3.129 eV at 396 nm 
82

. There are a few 

discrepancies in the assignment of spectral maxima, and these inconsistencies are likely 

due to red shifts caused by re-adsorption artifacts when using the standard 90ę angle in 

the published reports 
75,82

. The spectrum in Figure 6A also matches the fluorescence 

spectrum of pure naphthalene at room temperature reported earlier 
71

. According to Patil 

et al. 
71

, the bands at 360-450 nm in the spectrum of pure naphthalene were due to the 

excimer fluorescence. Thus, we assign our fluorescence bands at 380-480 nm in Figure 

6A to the 0-0 transition and vibronic transitions of the emission from naphthalene 

excimers.  

The study on the molecular environment of adsorbed naphthalene molecules has been 

reported using the fluorescence spectrum of naphthalene excimers 
83

. Specifically, within 

the hydrophilic inner surface of the nanopores in the cellulose sorbent, the formation of 

the adsorbed naphthalene excimers is favored due to hydrophobicity of naphthalene 

molecule 
83

. Hence, we need to compare the fluorescence emission at 300-380 nm for the 

naphthalene monomer with the 380-480 nm for the naphthalene excimer in different 

samples, i.e., different molecular environments. 

Specifically, looking at the spectrum for pure naphthalene there are five fluorescence 

peaks in the emission range of 300-380 nm (Figure 6a): at 315 nm, 325 nm, 338 nm, 354 

nm, and 368 nm. The positions of these peaks are in good agreement with those obtained 

with 0.08 M solution of naphthalene in n-heptane (Figure 5A), and they correspond to the 
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emission from naphthalene monomer. In the fluorescence spectrum of pure naphthalene 

(Figure 6A), we assign the peak at 315 nm to the 0-0 transition, the peak at 325 nm to the 

0-1 vibronic transition, the peak at 338 nm to 0-2 vibronic transition, the peak at 354 nm 

to 0-3 vibronic transition, and the peak at 368 nm to 0-4 vibronic transition. The 

assignment of the 0-0 transition is also consistent with the published 0-0 energy of 1A1 

Ÿ 1Lb fluorescence transition at 315 nm in solid naphthalene 
82

. 

Comparing the spectrum of the monomer in pure naphthalene (Figure 6A) with that 

of naphthalene monomer in solution (Figure 5A), we noticed that the 0-1 transition of the 

naphthalene monomer in pure solid naphthalene is much lower in intensity than that of 

the 0-2 transition. We applied numeric multi-Gaussian fitting to the spectrum of pure 

naphthalene (Figure 6B). The relative ratio of areas of two peaks representing two major 

vibronic transitions in pure naphthalene is A(0-2)/A(0-1) = 3.39. This ratio turns out to be 

significantly higher than the same ratio for the naphthalene monomer in solution (Figure 

5B), where A(0-2)/A(0-1) = 1.65. Thus, we discovered a significant difference of the 

relative intensity of the 0-2 transition versus 0-1 transition in pure naphthalene. This 

indicates that coupling of the in-plane vibration of naphthalene at 1,380 cm
-1

 with 

vibronic states of the neighbor naphthalene molecule is preferred in pure naphthalene. 

This ñcouplingò effect of naphthalene molecules in pure naphthalene is in agreement with 

the observation of the excimer fluorescence (Figure 6A) which is absent in the spectrum 

of naphthalene in solution (Figure 5A). Consequently, we hypothesize that we could use 

the relative ratio of the areas A(0-2)/A(0-1) as an quantitative parameter to learn about 

the molecular environment of adsorbed naphthalene in the solid phase. 
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3.1.3 Fluorescence spectrum of the stoichiometric complex of F300 and naphthalene in 

eicosane 

After the analysis of the fluorescence spectra of pure naphthalene and naphthalene 

molecules in solution, we proceeded with the fluorescence analysis of naphthalene 

molecules adsorbed on F300 MOF. First, neat solid eicosane does not have any 

fluorescence, as was confirmed by our reference experiments. It is also believed that only 

adsorption complexes of the MOFs with CUS of the d
0
 or d

10
 metallic elements would 

emit the linker fluorescence 
70

. With a Fe
3+

 electronic configuration of [Ar] 3d
5
, strong 

fluorescence emitted either from BTC linker or from Fe
3+

 cations in F300 MOF is not 

expected. In fact, pure F300 and F300 in eicosane matrix show no fluorescence emission 

peaks between 280 and 800 nm, as was determined by us in the reference experiments 

(data not shown). In order to compare the fluorescence spectrum of F300 and its complex 

with naphthalene, we prepared the stoichiometric complex of F300 MOF and naphthalene 

in a matrix of the non-fluorescent eicosane, which is solid at room temperature. 

According to our reference experiments, both F300 and eicosane do not exhibit 

detectable fluorescence emission signals under our excitation conditions, and thus this 

allows us to analyze the fluorescence spectrum of naphthalene in a sample containing 

F300 and eicosane. 
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Figure 7. Fluorescence spectra of (A) 0.08 M solid solution of naphthalene (NAP) in 

eicosane at ɚexc = 280 nm and its multi-Gaussian curve fitting; (B) stoichiometric 

adsorption complex of F300 with NAP in 0.08 M solid eicosane and its multi-Gaussian 

curve fitting 

 

To analyze the fluorescence spectra of naphthalene with and without F300 in 

eicosane matrix, we obtained the spectrum of naphthalene in an eicosane matrix as a 

blank spectrum. Figure 7A shows the fluorescence spectrum of a 0.08 M solid solution of 

naphthalene in eicosane photoexcited at 280 nm. The fluorescence spectrum of 

naphthalene in eicosane resembles that of pure naphthalene in three respects. First, the 

positions of the 0-0 transition and vibronic transitions of naphthalene monomer (between 

300 and 380 nm) are the same as those of pure naphthalene (Figure 6A). This is 

predictable due to the expected weak interactions between isolated naphthalene 

molecules in dilute solution 
84

 and the nonpolar solvent molecules. Second, the relative 
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intensities of each vibronic transition of naphthalene monomer correspond well to those 

of naphthalene monomers in pure solid naphthalene. Especially, the 0-2 transition is 

higher in intensity compared to the 0-1 transition. Third, the low-intensity emission bands 

from naphthalene excimers appear at 380-460 nm, which suggests a phase separation of 

naphthalene from eicosane.  

The phase separation of naphthalene from eicosane causes some naphthalene 

molecules to aggregate into clusters even in a dilute solid solution. As a result, it gives 

rise to a small amount of naphthalene excimers present in eicosane matrix. Again, we 

applied the nine-Gaussian numeric fitting to the spectrum (Figure 7A), and the relative 

ratio of area A(0-2)/A(0-1) is equal to 3.35, which is close to that calculated by us for the 

pure naphthalene (Figure 6B). On the other hand, this ratio is different from that of 

naphthalene in liquid solution of n-heptane, A(0-2)/A(0-1) = 1.65, Figure 5B. Therefore, 

given the above values of the ratio A(0-2)/A(0-1), we are able to determine the molecular 

environment of naphthalene in a solid eicosane matrix. Naphthalene molecules in 

eicosane are phase separated and thus form the excimers, while naphthalene molecules in 

0.08 M liquid solution of n-heptane are isolated and exist solely as monomers. 

We have obtained the fluorescence spectrum for the stoichiometric complex of 

naphthalene and activated F300 in eicosane matrix (Figure 7B). A significant change is 

noticed in comparison with the spectrum of naphthalene in eicosane (Figure 7A). That is, 

the spectrum of stoichiometric complex (Figure 7B) is reminiscent of naphthalene in a 

liquid 0.08 M solution in n-heptane (Figure 5A). First, the positions of all vibronic 

transitions are the same as those of naphthalene monomers. This means that no spectral 

shift took place in the spectrum of the stoichiometric adsorption complex of naphthalene 
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with F300 MOF in a matrix of eicosane. It is known that a red shift is likely to happen in 

the fluorescence spectrum when there is secondary adsorption caused by a strongly 

adsorption substance (F300 in this case).Since no such secondary adsorption artifact 

exists in our fluorescence spectra, we conclude that no significant electronic interaction 

between naphthalene molecules and F300 occurs. 

Moreover, the 0-2 transition in the spectrum of the stoichiometric complex of 

naphthalene and F300 is about the same intensity as 0-1 transition, which is also noticed 

in the spectrum of 0.08 M naphthalene solution in n-heptane (Figure 5A). We applied the 

five-Gaussian numeric fitting to the spectrum (Figure 7B) and obtained the relative ratio 

of area A(0-2)/A(0-1) = 1.86, which is also close to the A(0-2)/A(0-1) = 1.65 for 

naphthalene in dilute solution of n-heptane. In addition, no emission bands at 380-460 nm 

from naphthalene excimers are observed in the spectrum of the stoichiometric complex of 

naphthalene and F300 (Figure 7B). This indicates that, although the complex of 

naphthalene and F300 is a solid, naphthalene molecules are well dispersed in this sample. 

In comparison with the spectrum of 0.08 M solid solution of naphthalene in eicosane, the 

molecular environment of the adsorbed naphthalene in sample with F300 is different, and 

it strongly affects the vibronically-coupled vibrations of adsorbed naphthalene molecules. 

Furthermore, we have measured the fluorescence spectrum of a 0.08 M solid solution of 

naphthalene in eicosane (Figure S3A) and the stoichiometric complex of naphthalene 

with F300 in eicosane (Figure S3B) at ɚexc = 300 nm. For this data, numeric fitting was 

not effective due to large overlapped area of Raleigh peak at 300 nm and emission 

spectrum of naphthalene at 310-460 nm. Qualitatively, however, the same conclusions 

are obtained as for ɚexc = 280 nm (Figure 7). 
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After a detailed analysis of the fluorescence of naphthalene in various molecular 

environments using naphthalene as a ñself-probeò, we have two major observations about 

the stoichiometric complex of naphthalene and F300: 1) the absence of excimer emission 

and 2) 0-2 transition with a comparable intensity to that of 0-1 transition. We explain 

these effects as a consequence of confinement of naphthalene molecules adsorbed in the 

mesoporous cavity of F300. Confinement of aromatic molecules in the nanopores of the 

sorbent was observed via the change of relative intensity of emission bands from 

monomers and excimers 
83

. This is to say, naphthalene molecules exist as monomers 

when adsorbed in the cavity of F300, like those in the liquid solution of n-heptane. These 

findings also suggest a hydrophobic environment in the cavity of F300 MOF that is a part 

of the adsorption complex with naphthalene, due to the surrounding non-polar BTC 

linkers. Essentially, the cavity size (21 Å) of F300 is definitely large enough to trap 

naphthalene molecule with kinetic diameter of 6.57 Å. To further study this phenomenon, 

as well as the orientation of naphthalene in the adsorption complex, we conducted our 

experiments using near-UV/Vis DRS to study the electronic interactions of indole in an 

adsorption complex with F300. 

3.1.4 Near-UV/Vis DRS of adsorption complexes of F300 with naphthalene or indole 

The traditional way of measuring the near-UV/Vis DRS spectrum is to mix the solid 

sample with BaSO4 powder and to use BaSO4 powder as a spectroscopic reference. 

However, in our case, our MOFs are highly sensitive to the moisture or oxygen in air. 

Thus, we conducted the near-UV/Vis DRS measurements in a closed quartz fluorescence 

cuvette to protect our sample from ambient air. Likewise, the near-UV/Vis DRS spectrum 

of adsorption complex of HKUST-1 was measured in a closed quartz vessel 
7
. It was 
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suggested by Mössbauer spectroscopy 
14

 that in both as-prepared and activated F300, iron 

exists as Fe
3+

. The adsorption of light by Fe
3+

 yields a light-brown color of the sample, 

and the color did not change when the adsorption of naphthalene on F300 took place. 

 

Figure 8. The near UV/Vis DRS of (A) NAP with non-activated F300 vs. NAP with 

activated F300; (B) NAP with non-activated F300 vs. IND with non-activated F300; (C) 

NAP with activated F300 vs. IND with activated F300. 

 

Based on our previous findings, naphthalene has rather weak interactions with F300. 

Therefore, we increased the amount of naphthalene molecules in the sample with F300 to 

promote the formation of the adsorption complex of naphthalene with F300. As shown in 

Figure 8A, we compared the near-UV/Vis DRS spectrum of the solid mixture of 

excessive naphthalene and non-activated F300 (n-a-F300) with that of the mixture of 












































































