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Linker substitution in ZIF-8 and its effect on the selective 
uptake of the greenhouse gases CH4, CO2 and SF6 
Daniel Hedbom 

In this master thesis project, attempts were made to synthesize, pore size tailor, and 
characterize ZIF-8 and several mixed-linker ZIF structures to improve capture of the 
greenhouse gasses CH4, CO2, and SF6. Three experimental linkers, 2-
methylbenzimidazole, 2-aminobenzimidazole, and 5-nitrobenzimidazole were chosen 
to gradually substitute 2-methylimidazole as the linker in ZIF-8.  This substitution was 
intended to gradually reduce pore sizes and possibly adding functionality to the 
apertures present in ZIF-8 (three different series). 

The methods of synthesis were first evaluated by performance and modified. Three 
series of ZIF-hybrids were then synthesized and characterized using PXRD, FTIR, 
1HNMR, SEM, extensive sorption measurements, and subsequent modeling to 
evaluate any success tailoring the hybrid ZIF apertures to increase gas sorption. After 
modifying synthesis conditions, the undertaking was deemed a success as all three 
linkers were possible to incorporate to some degree. 

Hybrid ZIFs were mostly XRD-crystalline. The cleaning process was deemed sufficient. 
Linker incorporation was not complete but increased with the added linker. Sodalite 
topology was confirmed in ZIF-8 samples and confirmed as modified in hybrid ZIFs. 
The hybrid ZIFs did indeed show altered sorption results and surprisingly promising 
results regarding gas selectivity (favoring sorption of one gas over that of another). 

 

 

 

 

 

 

 

 

 

 

Handledare: Ocean Cheung 

Ämnesgranskare: Maria Strömme 

Examinator: Peter Broqvist 

ISSN: 1650-8297, UPTECK20040 



Kan man modifiera kristallina, nanoporösa material för att fånga upp 
gaser som har negativ påverkan på växthuseffekten? 

 

En utav de största problemen mänskligheten tampas med under det tidiga 2000-talet är 
vetskapen att växthuseffekten påverkar vårt klimat. Bara vetskapen att växthuseffekten/ 
växthusgaser finns är svårt att tampas med, men kanske svårare ännu är det att komma på 
lösningar på problemet. Kan man ta bort en sorts gas ur något så stort som vår atmosfär? Eller 
kanske ta bort dem ur avgaserna, så de inte hamnar i atmosfären? 

Växthusgaser är gaser som reflekterar värme kommandes från jordens yta tillbaka, ned på 
jorden. Vilket innebär att värme som annars skulle stråla ut i rymden, istället blir kvar på 
jorden och bidrar till att jorden blir varmare och varmare. Koldioxid är en sådan gas som de 
flesta känner till, men det finns flera sådana gaser, och vissa påverkar uppvärmningen mycket 
mer än vad koldioxid gör.  Två sådana gaser är metan och svavelhexafluorid, 
svavelhexafluorid till exempel är nästan 23 000 gånger så skadlig som koldioxid och än värre 
är att den ej finns i naturen av sig självt- det är människor som hittat på och tillverkar denna. 
Vi hittar förstås inte på sådana gaser utav ondo, utan för att de behövs till något, men 
problemet kvarstår att de är farliga och att de behöver åtgärdas. Metan i sin tur, är inte 
avsiktligt tillverkad av människor, men förekommer naturligt på ett sätt som är oroande i 
samband med global uppvärmning. Det oroande är att stora mängder metan tros eventuellt 
kunna frigöras om jorden blir varmare, problemet med metan är alltså både att det är en 
växthusgas, och att den tros öka i naturen med ökade temperaturer.  

Atomer, avser en kärna och dess tillhörande elektroner. Om dessa elektroner reagerat och 
format något samarbete med en annan atom, kallas denna partikel en molekyl och den 
innehåller flera atomer som på något vis är bundna till varandra. En molekyl i sin tur, kan 
innehålla hur många atomer som helst. Nästan alla gaser som förekommer i atmosfären är 
molekyler, och i princip allt omkring oss går att beskriva som kombinationer av olika 
molekyler. Ibland kan man tillskriva molekyler namn som avser vart de återfinns i naturen, 
eller att de bara innehåller byggstenar som återfinns i organismer. När ett namn som en 
organisk molekyl används menas att denne består mestadels av en kombination utav kol och 
väte, med en minoritet andra atomer.  

När atom eller en molekyl landar på en yta kallas det för adsorption. Gas adsorption betyder 
alltså att en gas landat på en yta och sitter där. Hur gärna gasen sitter kvar på ytan, beror på 
hur bra ytan och gasen passar varandra. Och hur mycket gas som kan fastna beror ofta till stor 
del på hur stor ytan är. Porösa material är material där just porositeten är det som är intressant 
med materialet, och en egenskap sådana material har är att ju mer porösa de är ju större är 
materialens yta. Gaser så som de som undersöks i detta examensarbete är mycket små 
molekyler, kallas de nano-skaliga menas att deras storlekar lämpligen beskrivs med 
nanometrar (miljarddels meter).  Ett lämpligt material för att fånga gas på detta sätt skulle 
alltså vara nano-poröst, och gärna passa en viss gasmolekyls storlek riktigt väl.     

 

 



Anledningen att just kristallina material är attraktiva kandidater för att fånga växthusgas, är 
för att ordningen i dessa gör att en modifikation av deras sammanbindande molekyler skulle 
kunna ge ett ordnat modifierat ramverk där alla delar av materialet passar just en gasmolekyl. 
Eftersom intresset är att fånga en viss gas, vill man att materialet passar just den gasen 
överallt. Det vill säga att alla porer är lika stora, och passar den gasen man är ute efter. 

Ett exempel på kristallina porösa material så kallade metall-organiska ramverk (Eng: ”Metal 
Organic Frameworks”, eller ”MOFs”)1, i sådana är metallatomer sammanbundna med 
organiska molekyler. Dessa metall-centra och dess sammanbindande molekyler repeteras uti 
hela materialet, och detta blir då ett kristallint material. I ett specialfall av MOF, är den 
sammanbindande organiska molekylen en imidazol. Vinklarna, atomslagen och avstånden på 
imidazolen, tillsammans med metallatomerna i fråga gör att materialet får en topologi som är 
identiskt med en naturligt förekommande zeolit. Denna materialklass kallas därför för 
zeolitiska imidazol ramverk (Eng:” Zeolitic Imidazole Frameworks” eller ”ZIFs”)1. Dessa 
ZIF:ar namnges av de som upptäckt dem, och en tidigt upptäckt heter ZIF-8.      

Med denna kunskap kan vi nu presentera att ZIF-8 är ett nanoporöst material med porer som 
nästan är tillräckligt små för att passa väl till växthusgaserna som undersöks i detta arbete, 
varvid det är en bra kandidat att modifiera så porerna passar perfekt för just en av de gaserna. 
Modifikation sker genom att ZIF-8 tillverkas med tre alternativa varianter av 
sammanbindande imidazol i ökande koncentration. Med ökad koncentration önskas alltså 
minskad porstorlek. Alla tre alternativa varianter sammanbindande imidazol är större, och två 
av de alternativa varianterna har så kallade funktionella grupper som kan tänkas främja 
adsorptionen av en gasmolekyl hellre än en annan.  

Sammanfattningsvis tillverkades det i detta examensarbete tre hybridserier med tre olika 
sammanbindande molekyler, en serie i rumstemperatur och en i ugn. Dessa analyserades med 
en serie olika vanligt förekommande analysmetoder, och det upptäcktes att det finns 
skillnader mellan hybriderna beroende på hur de tillverkas. En av de sammanbindande 
molekylerna gick ej att tillverka hybrider med på annat vis än i ugn, men både 
rumstemperatur och ugn gav intressanta resultat. En av hybridserierna hade ett 
anmärkningsvärt högt upptag av svavelhexafluorid, troligen på grund av den funktionella 
gruppen på den sammanbindande molekylen.  Slutligen fanns att upptaget av samtliga gaser 
påverkades av hybridiseringen, vissa hybrider mer än andra, och denna ojämnhet i upptag 
gjorde att ett fåtal av hybriderna har hög selektivitet av en gas över en annan. Det upptäcktes 
alltså att hybriderna kanske lämpar sig för separation av gasblandningar. Sådana blandningar 
förekommer vanligen som exempelvis avgaser och materialen lämpade sig alltså kanske för 
just separation av växthusgaser.  

 

                                                
1Översatt av författaren. 
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1. BACKGROUND 
1.1 Greenhouse Gasses 
Methane (CH4), carbon dioxide (CO2) and sulfur-hexafluoride (SF6) among others, fall under 
the definition of greenhouse gasses (GHGs). GHGs are defined by the Intergovernmental Panel 
on Climate Change (IPCC) as gaseous constituents of the atmosphere which contribute to 
global warming by absorbing and emitting radiation originating from earth’s surface 
(essentially infrared spectrum). As different GHGs have different life cycles in the atmosphere 
and absorb radiation differently, a global warming potential (GWP) index designed to compare 
the radiative properties of GHGs by mass and lifetime in the atmosphere with that of CO2 so 
as to both point out that there are gasses other than CO2 that are of concern, and that some of 
these GHGs are of greater impact than others. (1) 

Modern industry, and of increasing concern developing nations industry, produce large 
amounts of CO2. CH4 is a naturally occurring gas of no small concern to global warming, as it 
both in itself is a potent GHG, but also as it is believed that large amounts of trapped CH4 may 
be released globally as a direct result of global warming, making it a GHG of increasing 
concern. SF6 is in essence found as electrical insulation/arc suppression in high voltage 
transformers, as such it’s occurrence is not in itself what is of concern, instead, the same lack 
of reactivity that makes it a great insulator makes it a colossal threat as a GHG, as it doesn’t 
break down and is human-made (its global warming potential is over a period of 100 years 
22800 times that of CO2).(2) 

As these gasses are of such concern to our well-being, capture and storage from current 
emission sources of these GHGs is attractive. One such way of capture is by means of 
adsorption using porous materials (capture of a gas in this way can occasionally be referred to 
as scrubbing). Since the molecules in question are gaseous, what we are referring to is 
adsorption of GHGs onto the surface of porous materials. The name porous materials 
essentially refers to materials in which the porosity is the characteristic of interest. These 
materials are often of low density with high surface areas. Their pore sizes and even pore shapes 
may be of importance depending on the intended application. One such class of porous material, 
is the metal-organic framework (MOF), which has been previously established as a promising 
candidate for CO2-scrubbing.(3)(4) 
1.2 Metal-Organic Frameworks 
Metal-organic frameworks, MOFs is a material class that can be described as being composed 
of metal ions or oxo-metal clusters interlinked by organic molecules. MOFs are a wide class of 
materials in which topology of the framework itself, the metals involved, and the organic 
ligands can all be changed resulting in many different materials. In one such case, the metals 
are confined to ones which have tetrahedral symmetry (such as Zn2+ or Co2+) and the topology 
is the same as that of a zeolite, different ligands variations of imidazolate, hereon referred to as 
linkers, can be used to form zeolitic imidazolate frameworks (ZIFs). The tetrahedral (meaning 
triangular-pyramidal) imidazole-nitrogen-metal bonds in ZIFs forms a bond angle which is the 
same as that of the O-Si-O bonds in sodalite, a naturally occurring mineral which lends its 
name to the topology of certain ZIFs. ZIFs often have a very high surface area, much like the 
zeolites they lend their description from.  
1.3 Zeolitic Imidazolate Frameworks 
Zeolitic imidazolate frameworks (ZIFs) as mentioned, have a shared topology with that of a 
zeolite. Unlike zeolites however, the pore size/aperture-size, framework, flexibility, and 
functionalization of the ZIF can be tuned with relative ease. Gasses entering through this 
aperture gain access to the pores of the ZIF. If we characterize a gas molecule being an 
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uncharged physical object, the size of this aperture can effectively screen which gasses can 
enter the pores or not. A gas with a similar kinetic diameter as that of the aperture will have 
stronger van der Waals interaction with the aperture than a gas with a smaller diameter, and 
larger diameters of course will be physically blocked quite like the wrong block on a matching 
board.  

One of the most well studied ZIFs, as well as the chosen subject for this thesis is ZIF-8. The 
metal ion is Zn2+, the imidazole used is 2-methylimidazole (2mlm), and the topology used to 
describe it is that of sodalite. ZIF-8 is known to have two apertures, one of which is 
crystallographically defined to be  3.4Å (0.340 nm), and effectively ~4Å Placing this aperture 
of ZIF-8 in its pristine state just between the kinetic diameter of CO2 and SF6(see Table 1).(5) 
(6)  

Table 1, Kinetic diameters of select GHGs(6), sorted by increasing size 
Gas Kinetic 

Diameter (nm) 
CO2

 0.330 
N2 0.364 

CH4 0.380 
SF6 0.550 

An aperture is another word for an opening, while we may refer to it as a ring it is polygonal, 
meaning it is a closed shape with combinations of straight sides. So, an aperture consisting of 
a six membered ring would mean a polygonal opening with six corners, much like a benzene 
ring. A four membered ring, a four cornered polygonal shape. As mentioned ZIF-8 has two 
kinds of aperture, one is a six-membered ring and the other a four membered ring (both with a 
Zn-imidazole-nitrogen cluster in each corner). Each repeating 2D pattern forms a 2D pattern 
where each four membered ring shares its sides with four six membered rings that themselves 
join at the next side, to then join with the next four membered ring. Thus, forming what can be 
described as a ball-like 3D- structure known as a sodalite cage Figure 1), which in turn is 
organized four-ring to four ring, in fours to form what is known as a sodalite topology. 
Important characteristics that follow from this is, the atoms have a defined crystallographic 
location and as an extension that ZIF-8 has a clearly defined X-Ray diffractogram spectrum. 
That is to say, it is XRD-crystalline. 

Figure 1. A Silicone Oxygen sodalite cage rendered in 3D. Note the six- and four mem-
bered apertures. Found naturally in the zeolite-like mineral named sodalite.  
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While choosing to describe this structure as a rigid structure while acknowledging that these 
apertures are in fact not (ZIF8 is known to display a varying flexibility in the framework), these 
apertures can vary in size to some degree allowing larger gasses than theoretically possible 
access. The linkers can “flip” during high pressure adsorption, to an alternative high pressure 
structure that effectively has the larger aperture of 4Å. (5),(6) So, while the concept of aperture 
size in ZIF-8 presented here is a somewhat idealized one, the largest contribution to its size 
remains the actual linker used (and the hybrid ZIFs are no longer ZIF-8).  
1.4 Gas Separation 
For purposes of molecular sieving, or gas separation, gasses interacting with the apertures in a 
ZIF is regarded as a physical effect governed by electrostatic forces which is largely dependent 
on the size of the aperture and, by extension, the size of the linkers. Pristine ZIF-8 has a methyl-
group added to the imidazole linker but no additional functionality, so no other interactions 
need to be considered when describing the ZIF as a physical object. 

Gas separation in this case refers to industrial processes such as gas-sweetening (the removal 
of hydrogen sulfide from natural gas), where a gas-mixture is separated into components often 
by selective capture of one of its components. Naturally occurring CH4, as mentioned above is 
one such naturally occurring gas that is commonly in need of separation as it occurs in a mixed 
state. This gives rise to one additional desirable property, that of differences in sorption of 
gasses at certain discreet pressures. A higher affinity toward molecule A, and a lower affinity 
for gas B, could prove very efficient at separating a mixture of gas A from gas -B. Both a high 
affinity toward sorption of a certain gas and a large enough difference between gasses in 
mixture can both be industrially interesting.  

 
Figure 2 From left to right, 2-methylimidazole(2mlm), 2-metyhlbenzimidazole(2mblm), 

2-aminobenzimidazole(2ablm), 5-nitrobenzimidazole (5nblm) 
This thesis project will investigate three alternative (the original being 2-methylimidazole), 
larger linkers (Figure 2). One larger linker, 2-methylbenzimidazole (2mblm). One with an 
amino group, 2-aminobenzimidazole, and one with a nitro-group, 5-nitrobenzimidazole. 
Amines as functional groups are known to enable hydrogen bonding, are nucleophiles and able 
to chemically interact with acidic gasses (such as CO2). Nitro groups are strongly 
electronegative, that is to say, they attract the electrons of other molecules-more strongly than 
most. And finally, benzene rings, in which among other bonds are bulky aromatic ones. In short, 
these three groups are one benzene-ring larger than 2mlm, and two have additional functional 
groups that may interact with any gasses quite differently than a methyl group would. Any 
substitution of these into the place of 2mlm in a ZIF-8 structure should in in other words 
decrease the effective size of its apertures, and perhaps add additional interactions.  

1.5 Published Work on ZIFs  
ZIF-8 is, as mentioned, a well-studied ZIF. As such, its uses seem many. Safaei et.al., have 
studied the field of MOFs (which includes ZIFs). Safaei et al. concluded among other things 
that mechanochemically synthesized “ZIF-8 @ alginate”-nanoparticles can be of use in drug 
delivery.(7)  
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In another article, Chen et.al. mention ZIF-8 for use in gas separation membranes intended 
for use in various gas mixtures, even as post-synthesis altered ZIF-8 for use as structural 
support in catalytic applications.(8) Both these articles suggest that ZIF-8 is well studied, and 
that it is indeed a versatile material. 

Hillman, et.al. wrote about one-pot microwave synthesized mixed linker hybrid ZIFs for use 
as gas separating aluminum oxide membranes. Their hybrids were between that of ZIF-8 and 
ZIF-7(a benzimidazolate ZIF) and leaned heavily toward incorporating them into a membrane. 
They looked at hydrogen/CH4 and CO2/CH4-separation. Among other results, they reached the 
conclusion that the characteristics of the mixed linker ZIF quite elegantly ended up between 
the characteristics of its two constituents. This suggests that there may be a tuneability of the 
hybrid materials molecular sieving properties.(5) 

MOFs have previously been investigated for use in gas storage and separation. Li et.al. wrote 
a paper that looked primarily at CO2 or O2 affinity of several MOFs, for purposes of CO2/N2 
O2/N2 separation. In short this literature study confirms MOFs have indeed been investigated 
for use in gas separation/capture.(4)  

1.6 Aim 
The aim of this thesis is to answer a series of questions.  

 Granted that the well-studied robust framework of ZIF-8 can incorporate a different 
linker, how much of it can be substituted before the framework collapses or becomes 
something else entirely?  

 Can the degree of incorporation be used to tune ZIF-8’s apertures to fit the kinetic 
radius of these GHGs better? 

 Will this fit have a significant effect on gas sorption into its pores? 
 If more than one method of synthesis is required, are there any significant differences 

in the product? 
 Lastly, how will answers to these questions be found? 

2. EXPERIMENTAL OUTLINE 
This thesis project will investigate three alternative larger linkers (the original being 2-
methylimidazole). In short, these three groups are firstly one benzene-ring larger than 2mlm, 
and also, two have different functional groups that may interact with any gasses quite 
differently than a methyl group would. Any substitution of these into the place of 2mlm in a 
ZIF-8 structure should, in other words, decrease the effective size of its apertures and perhaps 
add additional interactions. 

2-Methylimidazole-The linker used in ZIF-8 is 2-methylimidazole (2mlm) (Figure 2). As 
all ZIFs involve some matter of Imidazole, a methyl group (one hydrocarbon) is one of the 
simplest additions possible and 2mlm is the only linker used in pristine ZIF-8.  

2-Methylbenzimidazole-Larger in size than the original 2mlm, 2-methyl benzimidazole 
(mblm) has one additional benzene-ring in addition to the by definition required imidazole-
group (Figure 2). Benzene rings have, among other bonds, bulky carbon p-orbital hybridized 
bonds. 

2-Aminobenzimidazole-As visible in Figure 2 above, 2-aminobenzimidazole is very 
similar in structure to 2-methylbenzimidazole. The difference is that the methyl-group 
previously presented in 2metyhlimidazole- is replaced with a primary amino group. Amines as 
functional groups are known to enable hydrogen bonding are nucleophiles and able to interact 
with acidic gasses (such as CO2) chemically. 

5-Nitrobenzimidazole-In 5-nitrobenzimidazole, the experimental linker molecule is 
changed another step (Figure 2). The methyl-group present in 2-methyl imidazole is now only 
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a hydrogen atom, and in place of the fifth position-hydrogen on the benzene ring is now a nitro 
group. Nitro groups are strongly electronegative; that is to say, they attract other molecules' 
electrons more strongly than most. This electronegativity also means they are polar and should 
interact less attractively with completely nonpolar gasses such as SF6. 
2.1 Synthesis 
Two different methods of synthesis will be employed. Both solvochemical but with different 
solvents, one using ambient temperature and pressure, the other elevated pressure and 
temperature. As the synthesis of these hybrid ZIFs, to the best of our knowledge, has never 
been attempted, there is no established standard method of synthesis for any one of them. 
Therefore, one fast synthesis method is considered our primary synthesis method, one slower 
and perhaps more reliable method is chosen as a backup method. It is worth mentioning that 
both our methods may require calibration to yield any useable product reliably. 

Initially, four samples will be attempted per experimental linker. These samples will be at 
25, 50, 75 and 100mol% concentration (and intended incorporation) of the experimental linker. 
Also, we plan to synthesize one pristine ZIF-8 per synthesis method (see 2.1.1 and 2.1.2, 
respectively) as a base for comparing. Two aims are to incorporate as high a mol% of linker as 
possible and find any limits of incorporation these synthesis methods may have. After the initial 
investigation of our primary method of synthesis, one or both methods will be employed to 
create the planned samples. Results from these initial inquiries will not be included in this 
thesis, as it would add additionally 3x the data (they will however be available per inquiry 
should the need arise). 
2.1.1 Non-solvent induced crystallization  
Non-solvent-induced crystallization NSIC (9), performed in the same manner as Rashidi F. et 
al. (10) , involves preparing the synthesis in two different solvents. One which is lacking in the 
sense that the solute does not readily enter solution, and one solvent in which all solutes are 
easily solved. The two solutions are then combined into one under vigorous stirring, and it is 
given time to react. As the product forms, crystals will grow, resulting in an increasingly turbid 
solution. When turbidity is deemed sufficient (signifying that enough crystal growth has 
occurred), the product is separated, cleaned, and dried for storage.  

This method is considered fast, taking place over hours; this is our primary method of 
synthesis. This speed comes from the method lowering precursor formation to crystallite 
nucleation time, reducing the time for crystalization. 
2.1.2 Solvothermal synthesis 
Solvothermal synthesis, performed in the same way as Dong et al. (11), is considered a 
traditional, more dependable synthesis method, one which is common in ZIF-synthesis. In this 
method, reactants are added to and dissolved in a volume of solvent. This solution is then sealed 
into an autoclave. The autoclave is then entered into a preheated oven and is left for a pre-
planned time. The autoclave is taken out of the oven, ambiently cooled in a fume-hood, 
unsealed; any product therein is poured/scraped out to be cleaned and dried for storage. This 
method commonly involves days or even weeks of oven time per batch. 
2.1.3 Washing and drying 
The suspension is centrifuged to separate any solids into what is known as cake, the remaining 
liquid (known as centrate) is discarded, and a new solvent is added. The sample is vortexed to 
disperse the cake in the fresh solvent, and the same process is repeated. In this case, this process 
is repeated until the sample has changed solvent three times. The sample tube is then left ajar 
in an oven overnight to dry. The dry sample is then sealed into a sample tube and is ready for 
prolonged storage or analysis in any analysis methods. 
2.2 Methods of Characterization  
Several characterization methods are planned to adequately characterize both the material we 
are modifying (ZIF-8) and any hybrid ZIFs created along the way. The characterization will be 
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performed in the order of the availability of any machines involved, with one exception 
originating from this master's thesis's time constraints. That exception is that all samples are 
initially analyzed with Powder X-Ray diffraction (PXRD), samples that are found to be XRD-
amorphous are deemed failures, and no additional time is spent attempting to characterize them 
with any other method. 
2.2.1 Powder X-Ray diffraction  
X-ray diffraction (XRD) is a powerful, standard method that uses Bragg-diffraction of X-rays 
upon a sample to yield a signal that is highly dependent on sample crystallinity and unit cell-
size. Volumes of knowledge are available regarding this method. We will not delve further 
into the theoretical background of X-ray diffraction but mention how it will be used in this 
thesis and why. 

In powder XRD (PXRD), the XRD device is fitted with rotating holders and additional 
parts that enable better signals from thinner samples and powder samples. Perhaps the 
simplest of its functions is that it can readily grant clear information whether or not a sample 
is XRD-crystalline or not. ZIFs, being materials of fixed coordination and topology, should, 
in theory, be XRD-crystalline since they have short-range order, and to some degree, long-
range order. 

When mentioning XRD-crystallinity, the topic, in this case, is that: while clear slim peaks 
are a clear indication of crystallinity short, broad peaks are not necessarily an indication that a 
sample is non-crystalline. As peak intensity is dependent on periodicity, long-range order is 
dependent to some degree on the physical size of each crystal (nanocrystals can be so small 
that the unit cell of the crystal does not repeat that many times. Which means there is no 
definite long-range order, which means no XRD-crystallinity). We differentiate, in other 
words, between the term crystallinity and XRD-crystallinity. 

When analyzing XRD data, peak position is a function of the radiation's wavelength and the 
interplanar distance (commonly denoted d). Signal intensity is a function of the periodicity of 
the unit cells' scattering, which can be affected by porosity (in the general case, ZIF-porosity 
is, in theory, wholly ordered). Meaning its relative peak height and position can identify a 
crystal. However, that overall intensity can be limited by increased porosity and, depending on 
which kind of unit cell the crystal has (cubic, orthorhombic, Etc.), or in a polycrystalline sample, 
even preferred growth orientation of the crystals.(12)  

Lastly, a note for the uninitiated, as Bragg scattered photons originate from the bulk of a 
material, the unit it yields is reciprocal. A reciprocal increase comes from a real 
space decrease and vice versa. This relationship warrants mention as it can be a source of 
confusion when discussing results. 

A further characterization that would have been interesting and is common when using 
diffraction methods is a computational method known as Rietveld refinement. This method 
can be used with XRD-data to determine the crystal's actual measurements to describe it 
explicitly in three dimensions. However, the method requires, among other things, single-
phase samples, which we are not expecting.  
2.2.2 Fourier-transform infrared spectroscopy  
Fourier-transform infrared spectroscopy, or FTIR, is a version of the classic IR-spectrometer 
that has been adapted with the intent of use on solids. As our ZIFs are solids, traditional IR is 
of little use. FTIR, however, employs a vibrating diamond tip that is pushed into the sample. 
As the sample hampers the diamond’s vibrations, the signal is recorded and converted into a 
wavenumber spectrum through Fourier transform (a mathematical method). The yielded IR-
spectrum reads like a regular IR-spectrum. Band positions are dependent on functional groups, 
and absorbance is dependent on the concentration of said groups. 
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In short, this can act as supplementary information to that of 1HNMR in giving insight into 
relative quantitative linker incorporation and granting insight into whether or not any chemical 
reaction has taken place at all. 
2.2.3 Thermogravimetric analysis 
Thermogravimetric analysis (TGA) is a method in which a sample is placed on a sensitive scale 
and slowly heated in an atmosphere of choice. As the sample is heated, constituents are 
decomposed, phases change, and as constituents are vaporized in the order of their thermal 
stability, the weight of the sample changes.  

As previously mentioned, ZIF-8 is a well-studied ZIF, and one of its characteristics is that 
it is thermally stable. In addition to granting insight into the efficiency of the cleaning step of 
the synthesis (both solvents and reactants will evaporate separately from the ZIF itself), we can 
learn whether or not the hybridization has led to any reduction in thermal stability. 

The downside of this is that TGA often includes long analysis times (as it relies on gradual 
heat increase). It will only be employed if there is sufficient time within the project and 
sufficient time in actually available hours on the instrument in question. 
2.2.4 1H nuclear magnetic resonance  
1H nuclear magnetic resonance (1HNMR) is a method in which magnetic field measures 
changes in quantum vibrational states of 1H-atoms. These vibrational states change not only 
depending on which atom the 1H is bound to but which environment that atom is in—making 
it a sensitive quantitative and qualitative method for analysis of hydrocarbons. 

In practice, this involves exchanging the hydrogens present on the linkers with deuterium, 
which is performed using a deuterated solvent. An internal standard is used for quantitative 
analysis. The intention is that this will reveal the actual amount of incorporated experimental 
linker. 
2.2.5 Gas sorption 
In this method, an amount of sample is prepared and degassed in a pressure-resistant test tube. 
The sample tube is then fastened into the machine and degassed under a dynamic vacuum and 
heating for a predetermined amount of time. Data regarding the sample's weight is entered, test 
parameters such as gas type, temperature, test resolution Etc. A dewar flask containing a 
medium at the desired temperature is then raised to cover the sample to maintain the desired 
temperature. Once the test parameters are confirmed (temperature, pressure, weight), the 
machine doses the sample with gas at a predefined pressure. As the pressure changes, the 
machine waits until the pressure change is less than a specific value. At this point, the sample 
is regarded as being in equilibrium, and the uptake is calculated. This method can take a long 
time, as this equilibrium can take both significant pressures and great times to reach. 

The process is repeated throughout many discreet pressures, and the data can be used to 
calculate characteristics such as surface area, pore size, pore-volume, and gas uptake. 

Pores, that is to say, depressions in the surface of the materials measured, will both 
significantly add to the surface area but also change the mechanism of desorption of the sorbate, 
or gas, in this case. In addition to the increase in the actual surface, one can imagine that 
monolayer coverage on one wall may be very close to the layer on the other side of the pore-
wall in a very narrow pore. This proximity lowers the energy required to form a surface 
significantly. After formation, this now liquid surface will evaporate differently than gas not 
adsorbed into a pore. At even narrower pore sizes, the probe-molecule/gas used may not even 
be able to enter the pores, yielding data where surface area explicitly decreases while no longer 
representing the material's porosity. 

Pore size is not consistent data. Most materials will have some distribution of pore sizes, 
but in our case zeolites, and zeolitic materials should have a narrowly distributed pore size. In 
general, the average pore size affects this to the degree that the shape of an isotherm can identify 
the magnitude of pore size (a graph of uptake (mmol/g) vs. relative pressure (P/P0). 
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Micro/nanoporous, mesoporous, and microporous materials all have well known characteristic 
isotherm shapes.(13)  
2.2.6 Sorption Analysis  
The data gathered from the gas sorption measurements can, in turn, be analyzed according to a 
variety of different models, all of which involve some modeling of the system involved. As 
this project will heavily rely on these analysis methods, we also present more of its background. 
Two of the most common models employed to model sorption are the Langmuir model and the 
Brunauer-Emmett-Teller (BET) model. In order to calculate the sorbates coverage of the 
surface. These isotherms have different fundamental assumptions, 

Langmuir  
 The adsorbate behaves as an ideal gas in the gas phase 
 The adsorption cannot proceed past a monolayer coverage 
 The surface is uniform, and all sites are equivalent 
 The molecule’s ability to adsorb onto a given site is independent of 

occupation; there are no interactions between the adsorbed molecules 
next to the site 

 The adsorbed molecules are immobile 
BET 

 The surface is uniform, and all sites are equivalent 
 Adsorbed molecules on the surface are all localized 
 The molecules adsorbed on the monolayer provide sites for additional  
 molecules from later layers to adsorb onto 
 There is no interaction between these layers 
 The first layer is held to the surface by different forces than the later 

layers. The later layers are held by forces originating in the bulk liquid 
(several layers of gas will form precipitate cease to be gas) 

The primary difference between the two is that one (Langmuir) only considers monolayer 
coverage, and the other (BET) does not. Which model is more realistic depends on whether or 
not monolayer adsorption is likely to occur. In addition to the points mentioned above, the BET 
model is considered unsuitable in cases where the pore size is equal to or smaller than 2 nm, 
which coincides with the definition of micro-porosity (micro< 2 nm< meso<50 nm<macro). 

Commonly, the Langmuir method is first employed to calculate monolayer coverage. 
Granted that it is suitable, the BET-model can then be employed (as its results are considered 
more accurate if it is suitable to use). In ZIF-8, the pores we intend to reduce should be 
microporous and unsuitable for the BET-model.  
2.2.7 Mathematical modeling 
Sorption values are explicit values in a sorption isotherm, but the selectivity is to say whether 
the material would show preference to a particular gas species in a binary gas mixture- is not 
an exact value, but one computed by curve fitting and mathematical models. 

Outside a laboratory environment where gasses used commonly have been purified and are 
mostly pure, gasses often occur in a mixture. In such a mixture, the mixture itself would 
commonly be described as having pressure and its constituent gasses as having partial pressures, 
the sum of which is equal to the total pressure. 

When presented, selectivity as a value compares the constituents' partial pressures at which 
the computation has been performed and the simulated sorption amounts of those gasses at 
each respective partial pressure. The partial pressure values are decided upon at levels that are 
relevant for applications, and the gas uptake (q) at those pressures (x) are modeled using the 
most suitable of the following equations (where and are constants yielded from the modeling): 𝑆𝑖𝑛𝑔𝑙𝑒 𝑠𝑖𝑡𝑒 𝐿𝑎𝑛𝑔𝑚𝑢𝑖𝑟: 𝑞(𝑥) = 𝑞 ∙ ∙   (1) 
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 𝐷𝑢𝑎𝑙 𝑠𝑖𝑡𝑒 𝐿𝑎𝑛𝑔𝑚𝑢𝑖𝑟: 𝑞(𝑥) = 𝑞 ∙ ∙ + 𝑞 ∙ ∙  (2) 
 𝑇𝑜𝑡ℎ: 𝑞(𝑥) = 𝑞 ∙∙  (3) 

 𝐹𝑟𝑒𝑢𝑛𝑑𝑖𝑐ℎ: 𝑞(𝑥) = 𝑘 ∙ 𝑥  (4) 

 𝑘 , 𝑘 , 𝑏 , 𝑞 , 𝑞 , 𝑎 ∈ ℝ 

 

As is common in curve fitting, the model (equations 1-4, above) which produces the closest fit, 
is chosen and used to simulate gas sorption (q) for gas a, at partial pressure pa, and gas b at 
partial pressure pb. these values are then used to calculate selectivity, or S (below). 𝑆 = 𝑞(𝑝𝒂)/𝑞(𝑝 )𝑝 /𝑝  

2.2.8 Scanning electron microscopy 
Scanning electron microscopy (SEM) is a contemporarily common microscopy technique in 
which an electron beam, derived from what is known as a beam source, is focused by a series 
of electromagnets into a volume in the surface of a sample. Brightness, or beam intensity, and 
how thin the beam is to a great degree dependent on which such source is used. How much 
these electrons are accelerated into the surface is measured by accelerating voltage. The 
magnitude of which significantly affects which reactions these electrons have when penetrating 
the surface. 

The volume of the sample in which the incoming electron interacts with the sample is known 
as the activated volume. In every such electron-activated volume, the electrons can interact in 
various ways with the sample, and this reaction is then measured using a variety of detectors. 
This characteristic is an anecdotally interesting one, as this means SEM is a microscope without 
a lens on the instrument's analytical side. The sample chamber is under vacuum, as is the 
electromagnet-lens containing column the beam travels in. 

The electron beam is swept in a raster pattern over the sample, resulting in many discrete 
points, the signal from which can then be organized into an image. 

As mentioned, many interactions are possible to cause as the electrons enter the sample, 
even outright transmission, but our interest in this method lies in describing 
topology/morphology. Secondary electrons (SE) (originating from the sample post electron 
collision), escaping from the activated volume outwards, as well as primary electrons, 
elastically backscattered (BSE) originating from the electron beam itself, are what interest us. 

Both these types of electron are very dependent on the topology and spatial orientation of 
the surface. Because they have low acceleration, secondary electrons cannot escape very far 
from the bulk of the sample. BSE because the trajectory of these electrons is affected by the 
surface's orientation toward the detector. Both these electron types are commonly combined to 
form topological contrast in a way that is easily interpretable. 

ZIF-8, with its sodalite topology, should have a characteristic crystal shape. Any deviation 
from this topology presenting in hybridized ZIFs should be immediately visible in any images 
captured with such contrast. 
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3. EXPERIMENTAL 
3.0 Materials 
The chemicals used were: ZnN∙6H2O (Alfa Aesar, X13C005,2018-01-03,99%). 2-
methylimidazole (Sigma Aldrich, #0000064576,2019-06-19,99%). 2-mehylbenzimidazole 
(Sigma Aldrich, #MKCF0323,2019-12-13,98%). 2-aminobenzimidazole (Sigma Aldrich, 
#MKCF3404,2020-09-25,97%). 5-nitrobenzimidazole (Alfa Aesar,10161836,2019-12-
13,98%+). 
3.1 Synthesis 
3.1.1 NSIC 
5mmol ZnN∙6H2O was added to 50 ml of dimethylformamide. For ZIF-8, 20 mmol of 2-
methylimidazole was added to 50 ml MeOH. For the hybrid ZIFs 20-x mmol 2-
methylimidazole and x mmol experimental linker was added to 50 ml MeOH. The non-solvent 
solution (MeOH) was added to the solvent containing ZnN∙6H2O in DMF under vigorous 
magnetic stirring. The resulting product was cleaned and dried as per specification in  
2.1.3 Washing and drying.  
3.1.2 Solvothermal  
For ZIF-8 0,7 mmol ZnN∙6H2Oand 1,6 mmol 2-methylimidazole, the other samples 1,6-x 
mmol 2mlm and x-mmol experimental linker was used. The ZnN was solved in 10 ml DMF. 
The linkers in 15 ml DMF. The two solutions were combined and sealed in an autoclave and 
left in a pre-heated oven at 120°C and 24 h. The resulting product was cleaned and dried as per 
specification in 2.1.3 Washing and drying. 
3.2 Powder X-ray diffraction 
Samples were dispersed in ethanol and dried under an IR lamp before analysis using a Bruker 
D8 Advanced TWIN/TWIN powder diffractometer (Billerica, WIS, USA) operated at 40 kV 
and 40 mA, using Cu kα radiation (λ = 1.5418 Å), step-size 0.02˚ and a measuring time of 0.5 
seconds per step. (22 min program). 
3.3 Fourier-transform infrared spectroscopy  
The machine used was a Brucker Tensor 27 FTIR spectrometer. The tip was withdrawn, the 
plate wiped off with ethanol, a background sample was recorded. A small sample was added 
to the sample holder, and the tip lowered into the sample. The sample plate was cleaned 
thoroughly in between samples. 
3.4 Thermogravimetric analysis 
A Mettler Toledo Stare System TGA/DSC 3+, with a program of 35–900°C, 10 K/min, was 
used. 

Several sample holders were added to the automated sample revolver. The holders were 
tared for weight. An amount of sample was added to each sample holder, and the program was 
set to run, in air, overnight. 
3.5 1H nuclear magnetic resonance  
Samples were dissolved at 14g/l in d4 acetic acid (opened 20/11/05) and left to digest for 1-
2days. Samples were analyzed using a 400MHz JEOL solution NMR, standard quantitative 1H 
setup, d-4 acetic acid internal standard at 2.04 ppm.  
3.6 Gas sorption 
The machines used were two Micromeritics ASAP 2020 Surface Area and Porosity Analyzer 
(Norcross, GA, USA) units, calibrated 2020-08-01. 

Samples were degassed at 423 K,10 K/min, and 5mmhg/s, for 4 h under dynamic vacuum 
(1 × 10-4 Pa) using a Micromeritics Smart VacPrep sample preparation unit (Norcross, GA, 
USA) before analysis. 

Ambient temperature measurements were submerged inside a dewar flask containing 
20±0.1°C de-ionized water for the measurement duration. 
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For surface area measurements/BET/Langmuir isotherms, the sample was submerged inside 
a dewar containing N2(Liq.) from the FREIA laboratory. Analysis times proved dependent on 
the surface area of the samples and varied from 2-3 h to 24-72 h. 
3.7 Scanning electron microscopy 
Samples were prepared on pre-numbered metallic SEM-sample holders, where they were 
smeared on carbon-tape, and the excess removed. 

The analysis took place in the Angstrom laboratory, using the Zeiss Merlin (AS05) scanning 
electron microscope equipped with a Schottky field emission gun (FEG). The acceleration 
voltage was between 1.50-2.50 kV. 

Some, but not much, trouble with sample charging occurred. In need, samples were sputter-
coated with Pd/Au.  
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4. RESULTS 
As the number of samples in this thesis is vast, herein is a presentation of trends and a choice 
of materials, followed by a table containing select numbers. Stacked individual PXRD-
diffractograms are available per request.  
4.1 Synthesis 

Table 2. NSIC series 1-2 sample mol% compositions, 2mlm-2methylimidazole,2mblm-
2methylbenzimidazole,2ablm-2aminobenzimidazole 

 
4.1.1 NSIC 
The reaction was instant, and immediately the solutions began turning turbid (milky, white, or 
opaque). Total reaction time varied from 1-3 hours for ZIF-8 and sample-concentrations of up 
to 50 mol%, samples of 75mol% and higher were left for up to seven days to react satisfyingly. 

Initially series molar % compositions were ZIF-8 and 25-100mol% in steps of 25% (25, 50, 
75% etc.). 

PXRD-deemed successful samples were synthesized twice and analyzed using PXRD, TGA, 
FTIR, and gas sorption (data available per request). These steps yielded the final series 
compositions (Table 2) and confirmed the need for solvothermal synthesis to evaluate all three 
experimental linkers. The total time of synthesis for the initial evaluation of NSIC was 14 days. 

Series 1 and 2 samples were NSIC synthesized using stock solutions and analyzed 
according to plan (14 days of synthesis again). 

 
4.1.2 Solvothermal  

Table 3. Solvothermal series 1-3 sample mol% compositions, 2mlm-2methylimid-
azole,2mblm-2methylbenzimidazole,2ablm-2aminobenzimidazole, 5nblm- 

Initially, ZIF-8 0,7mmol (29mM) ZnN∙6H2Oand 1,8mmol (71mM) 2-methylimidazole, for the 
other samples 1,6-x mmol 2mlm and x-mmol of the experimental linker was used. The ZnN 

Series Sample
mlm 

[mol%]
2mblm 
[mol%]

2ablm  
[mol%]

5nblm 
[mol%]

1 1 75 25
2 50 50
3 25 75
4 6 94

2 1 75 25
2 50 50
3 25 75
4 6 94

3 1 75 25
2 50 50
3 25 75

1 

2 

Series Sample
mlm 

[mol%]
2mblm 
[mol%]

2ablm  
[mol%]

1 1 75 25
2 50 50
3 25 75
4 6 94

2 1 75 25
2 50 50
3 25 75
4 19 81
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was dissolved in 10 ml DMF. The linkers in 15 ml DMF. The two solutions were combined 
and sealed in an autoclave and left in a pre-heated oven at 120°C and 24h. The results of this 
synthesis were unsuccessful. 

A calibration run using 5-nitrobenzimidazole was performed. After 27 days’ worth of oven 
hours, optimal synthesis conditions were found to be 140°C and 72 h, ZnN concentration 
remained 0,7 mmol (29 mM), total linker concentration was increased to 4,3mM or 10.7 mmol. 

At these conditions, it was found that the sample compositions displayed above in Table 3 
were optimal. 

These samples were synthesized during 15 days’ worth of oven hours, the aim being for 
each sample to have a mass of more than 100 mg. 

This target was deemed a moderate success as many samples weighed in at much less even 
after two batches were synthesized and pooled. One last effort was made to synthesize masses 
of solvothermal series three and ZIF-8. Twice the previous concentrations were added to 25 ml 
DMF and sonicated into solution. The solution was seeded with minute amounts of the previous 
samples of the linker distribution intended. The synthesis ran at 140°C, and 72 h. The product 
was deemed a success. 
4.2 Powder X-ray diffraction 
Below is a selection of highlighted PXRD-diffractograms of interest. Full, un-scaled, unstacked 
diffractograms are available per request. The author encourages the reader to “zoom in” if the 
need arises, the images are high resolution. 

Figure 3. X-Ray diffractogram, ZIF-8 reference(14) 

 
 

Figure 4. X-Ray diffractogram, solvothermally 
synthesized ZIF-8 

Figure 5. X-Ray diffractogram, NSIC 
synthesized ZIF-8 
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4.2.1 NSIC 

Figure 6. PXRD-diffractogram of NSIC series 1 (2-methylbenzimidazole), samples 1-3 
and NSIC ZIF-8 as a reference-point 

Figure 4 and 5 show PXRD diffractograms of ZIF-8 from both NSIC and solvothermal 
synthesis. While the reference ZIF-8 (Figure 3)(14) is indeed a match in terms of relative peak 
intensity, the relative peak position (2θ°) does vary minutely. Maximum intensity varies 
significantly between both the reference and the samples and between the samples.  

Series 1-As visible in Figure 6, all samples bar sample 4 (1.75) are XRD-crystalline. Sample 
2 has a similar spectrum to that of unmodified ZIF-8, with a slight drift in peak-position. This 
drift is likely due to the apertures becoming smaller, thus reducing the unit size of the hybrid 
ZIF compared to that of ZIF-8.  

Series 2-In Figure 7 is the stacked PXRD- spectrums of series 2. Samples 1-2 appear XRD-
crystalline, sample 3 has small, broadened peaks- this is attributed to a nanoscale particle size 
instead of being XRD-amorphous. Additionally, a slight peak drift is visible as linker 
percentage is increased (higher sample numbers). 

Figure 7. PXRD-diffractogram of NSIC series 2 (2-amino- benzimidazole), samples 1-4 
and NSIC ZIF-8 as a reference-point 
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4.2.2 Solvothermal  

Figure 8. PXRD-diffractogram of solvothermal series 1 (2-amino- benzimidazole), 
samples 1-4 and solvothermal ZIF-8 as a reference-point 

Series 1-Figure 8 displays stacked PXRD-diffractograms of series one samples 1-4. A similar 
change in peak position is again visible in the hybrid ZIFs. The peaks between ~12-17(2θ°) 
seem to decline and later increase with sample linker molar percentage. This change could 
mean that linker incorporation is not complete; that is to say, all of the linker added to the 
synthesis is not incorporated into the framework. Additionally, we can see that higher linker 
incorporation with clearly XRD-crystalline results seems possible with a solvothermal 
synthesis method (compared to sample XRD-crystallinity in NSIC-synthesized ZIF-hybrids 
with the same linker). 
Series 2-Series two stacked PXRD (Figure 9) shows similar results as the previous series. Peak 
positions shift with increased molar% linker. Additionally, some peaks seem to change in 
relative intensity-. Higher molar%-samples in this case, like others before it display a lower 
degree of XRD-crystallinity/ less ordered samples than the lower molar%-samples.  

 
Figure 9. PXRD-diffractogram of solvothermal series 2 (2-amino- benzimidazole), 

samples 1-3 and solvothermal ZIF-8 as a reference-point 
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Figure 10. PXRD-diffractogram of solvothermal series 3 (5-nitro- benzimidazole), 

samples 1-3 and solvothermal ZIF-8 as a reference-point 
Series 3- In Figure 10, is an image of the XRD-diffractogram of solvothermal series three, a 
ZIF-hybrid we could not successfully synthesize using an ambient-temperature synthesis 
(NSIC)XRD-crystallinity is lost at the last sample. Crystal growth seems to act much as in 
series 1 in this case. Mid-level molar%-samples seem to be more prominent at these synthesis 
conditions. 
4.3 Fourier-transform infrared spectroscopy  

Figure 11. IR-bands for Series 1 NSIC samples 1-4 and linkers 2mblm (2methylbenzimida-
zole) and 2mlm(2metylimidazole). 2mblm concentration increases with sample number 

4.3.1 Series 1 
NSIC- Above, in Figure 11 IR-bands of sample one and two from series one is visible. 
Additionally, the bands for each of the linkers. It is clear that a reaction has occurred, as the 
entire 2000-3500(cm-1) area is gone in the samples. In theory, a change post-synthesis should 
be that there are no more N-H bonds at all. This N-H bend is at 1560-1650 cm-1, which is also 
a visible change in the spectrum. Aromatic CH-bends around 750 cm-1 are still visible post-
synthesis but at much lower absorbance as 2-methylbenzimidazole levels increase from sample 
1 to 2 the previously mentioned band at 750 cm-1 increases, which is visible in Figure 11 (A 
significant difference between 2-methylimidazole and 2-methylbenzimidazole are the amounts 
of aromatic CH-bends so this conforms with increased incorporation of 2-methylbenzimidazole. 
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Figure 12. IR-bands for Series 1 solvothermal samples 1-4 and linkers 2mblm(2-methylbe-

nzimidazole) and 2mlm(2-metylimidazole). 2mblm concentration increases with sample 
number 

Solvothermal- In Figure 12, we can see that little has changed from the NSIC samples in  
Figure 11. Absorbance levels are slightly lower on average, and bands are less prominent. The 
band at 1750 cm-1 is much more developed in samples 3-4 in the solvothermal series than in 
the NSIC series.  
4.3.2 Series 2 
NSIC- In Figure 13 are the stacked FTIR spectra of NSIC series 2. In this case, the 
experimental linker has an amino group, N-H-bends, which occur at 1560-1650 cm-1, and this  

Figure 13. IR-bands for Series 2 NSIC samples 1-4 and linkers 2ablm(2-aminobenzimidaz-
ole) and 2mlm(2-metylimidazole). 2ablm concentration increases with sample number 

band, which is very strong in the 2ablm-spectra (~1600 cm-1), can be seen increasing from 
sample 1-4. As in series one, we can also see that the cleaning step has re moved the unreacted 
linker. 
Solvothermal- Solvothermal series 2 (Figure 14), follow the same pattern as before, and the 
spectra are very similar to those of the NSIC series two samples. Again, we can see the C-H 
bends at circa 1600 cm-1 increase as the series progress from sample 1 to 4. Furthermore, there 
are no apparent signs of unreacted linker in samples 1-4. 
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Figure 14. IR-bands for Series 2 solvothermal samples 1-4 and linkers 2ablm(2-aminobe-
nzimidazole) and 2mlm(2-metylimidazole). 2ablm concentration increases with sample  

4.3.3 Series 3 
Series 3 has no NSIC samples. As such, Figure 15 cannot be compared to another. The linker, 
in this case, is 5-nitrobenzimidazole, which has a nitro-group. Nitro-groups N=O stretches 
should be between 1510-1565 cm-1 and 1345-1385 cm-1. The increased band absorbance may 
not be evident at first, but if one looks at samples 3 and 1, the contrasting area is mentioned at 
~1350 cm-1, confirming an increased concentration of N=O stretches increasing with series 
number.  

Figure 15. IR-bands for series 3 solvothermal samples 1-3 and linkers 5nblm(5-nitrobe-
nzimidazole) and 2mlm(2-metylimidazole). 5nblm concentration increases with sample 

number 
4.4 1H nuclear magnetic resonance 
The results of this analysis method are 1HNMR-spectra with relevant peaks marked out and 
integrated. These spectra are available per request. These revealed that actual linker 
incorporation was not quite as expected, but within reason the incorporation increases with 
molar% experimental linker in the synthesis. 

These results are included in the summarizing plots in Tables 4-6. With the exception of 
solvothermal series 1, which had incorporations of 18, 34, 45 mol% (sample 1-3, 25,50,75% 
intended). NSIC series 2 sample 3 was unable to undergo analysis, as it was insoluble in d4 
acetic acid. 

 
 

4.5 Gas sorption  
Tables 4-6 contain pooled data from all gas sorption measurements and pooled results of the 
selectivity calculations mentioned in the Background chapter 2.10. Series 3 sample3, NSIC 
series 2 sample 4, and NSIC series 1 sample 4 sorption measurements were dropped due to 
meager yields.  Series 1 solvothermal 1-4 was dropped due to time constraints and uninteresting 
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results in the pre-study. Selectivity calculations were all from fitted data with R2>0.999. These 
rich tables are commented upon further in the discussion chapter.
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Table 4, Summary of sorption and porosity measurements taken at 293.15K, and calculated selectivity using equations 1-4. Series 1, NSIC 
samples. Arrows pointing up denote comparative increase, blue dots/bold font denote local maxima. Fast, refers to the test type and implies 

these attributes were not included 

 
Table 5, Summary of sorption and porosity measurements taken at 293.15K, and calculated selectivity using equations 1-4. Series 2, NSIC 
and solvothermal samples. Arrows pointing up denote comparative increase, blue dots/bold font denote local maxima. Fast, refers to the test 

type and implies these attributes were not included 
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Table 6, Summary of sorption and porosity measurements taken at 293.15K, and calculated selectivity using equations 1-4. Series 3, 

Solvothermal samples. Arrows pointing up denote comparative increase, blue dots/bold font denote local maxima. Fast, refers to the test type 
and implies these attributes were not included 
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4.6 Pore size distribution 
As an added note to the data below, it is worth mentioning that there was insufficient data to 
compare with to draw any conclusions about actual pore sizes in the hybrid samples. The data 
in Figure 17 is all there is regarding the hybrids. As such, this data should not be considered 
representable to the hybrids as a whole. Instead, see them as a glimpse into those specific 
samples. It is implied but perhaps also worth mentioning that these pore sizes are evaluated 
using N2 (as a probe molecule), and as such, the displayed data is the pore size available to N2. 

 

Figure 16. Pore size distributions, NSIC ZIF-8 (left) and solvothermal ZIF-8(right) 
4.6.1 ZIF-8 
In Figure 16, we can see two graphs representing the pores' distribution and the sizes of the 
pores in solvothermal and NSIC-synthesized ZIF-8. The slightly larger pores can be seen 
having a narrower distribution in solvothermal ZIF-8. 
4.6.2 Series 2 
In Figure 17 we can see clearly that one of the pore types present in Figure 16 has vanished, 
and the pores remaining at this scale have narrowed further. 
4.6.3 Series 3 
Figure 17 shows that series 3 sample 1 has a pore size distribution near that of solvothermal 
synthesized ZIF-8 (Figure , right), only slightly smaller. 

Figure 17. Pore size distributions, solvothermal series 3 sample 1(left), solvothermal series 2 
sample 2 (right) 
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4.7 Thermogravimetric analysis 
Publishing TGA results were canceled, and 1HNMR was not. Some TGA was performed on 
the calibrating NSIC-series and that data conformed with the documented thermal stability of 
ZIF-8 (this data is also available per request).  
4.8 Scanning electron microscopy 

Figure 18. a)Pristine NSIC ZIF-8. b) Series 1 sample 2. c)Series 1 sample 3. d)Series 3 
sample 3. e)Series 3 sample 3, this sample has a Pd/Au sputter coat 

ZIF-8- In Figure 18 a) is the SEM image of pristine (unmodified) NSIC ZIF-8. Some charging 
effects present. Also, note the scale is slightly different.  
4.8.1 Series 1 
NSIC - In Figure 18 b) above is an SEM image of NSIC series 1 sample 2. Note the several 
phases present: the facetted and the spherical intergrowth (possibly amorphous). 

a) b) 

c) d) 

e) 
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Figure 18 c) is an SEM image of solvothermal series 1 sample 3. Some charge effects present, 
note scale and variety in crystal size, and facets very similar to the ones in ZIF-8. 
4.8.2 Series 3 
In Figure 18 d, e) is series 3 sample 3 solvothermal. Note the scale and the scale of crystals in 
previous samples—additionally, the addition of a sputter-coat present in e). 

5. SUMMARY/ANALYSIS 
5.1 Powder X-Ray diffraction 
PXRD-results indicate that the solvothermal route of synthesis as predicted is more robust in 
incorporating both higher molar% experimental linker (Figure 6 and Figure 7 vs Figure 8 and 
Figure 9), and in series 3 (Figure 10), able to incorporate 5-nitrobenzimidazole. In almost all 
cases, solvothermal samples seem to yield a much lower intensity than NSIC samples. Peak 
shape, commonly associated with crystallinity, is however consistently good in both methods.  

Relative peak positions are predictably shifted with the slight increase in unit-cell size by 
the increasing incorporation of experimental linker. 

However, samples synthesized with the NSIC-method of synthesis have much higher 
intensity peaks across the board (Figure 6, Figure 7). In contrast, higher linker molar% 
percentages in solvothermal synthesis seem possible to incorporate while maintaining XRD-
crystallinity. These two results suggest that while solvothermal samples are indeed XRD-
crystalline at higher molar percentages experimental linker, the current crystal growth may 
leave something desired. 

The solvothermal synthesis route would likely need further calibration to perform well for 
any of our systems consistently, as higher degrees of incorporation are desirable, but low 
crystallinity is not. However, we can safely say after adapting solvothermal synthesis to fit one 
sample- doing so is well beyond the time constraints of this master’s thesis, as adjusting one 
required 27consequtive days’ worth of oven-time (or 24x27=648 hours). 
5.2 Fourier-transform infrared spectroscopy 
FTIR band absorption shifts consistently suggest both incorporation and, with increasing 
molar%- increasing relative band absorbance. Suggesting that the linkers in question are 
increasing with molar% added. Also, samples show no remains of reactant-linkers, meaning 
that any unreacted linker was indeed removed in cleaning the samples, deeming it a suitable 
amount of cleaning. 
5.3 Scanning electron microscopy 
The characteristic sodalite topology from which ZIFs lend their name is visible (the symmetry 
visible in Figure 1, and the morphology in Figure 18, a). Both four and sixfold symmetry is 
visible on the many individual crystal surfaces. SEM also confirms that crystal growth is not 
uniform in NSIC ZIF-8. 

SEM confirms a change in morphology with hybridization in both methods of synthesis 
(Figure 18). Furthermore, series 1 sample 2 (Figure 18, b) shows that we have a somewhat 
disordered, possible multi-phase sample in this case of NSIC synthesis. 1HNMR confirms 37% 
2-methylbenzimidazole incorporation in this sample of 50 intended molar % (Table 2), likely 
meaning some of the 2-methylimidazole ended up in an amorphous phase separate from the 2-
methylbenzimidazole. 

Some samples, such as solvothermal series 1 sample 3 (Figure 18, c) have a clear crystalline 
topology but a vast range of crystal sizes. Solvothermal synthesis has, in general, confirmed 
higher incorporation (Tables 4-6), but lower XRD-crystallinity. Some of these results 
indicating XRD-amorphous samples may come from these smaller crystals being nanoparticles, 
as mentioned in 2.2.1 Powder X-Ray diffraction.  
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Series 3 displays two easily discernable phases (Figure 18, d). One seemingly amorphous, 
one skewed sixfold symmetry as well as some smaller tetrahedral-symmetry crystals. Exciting 
things to point out in series 3 is that both the crystals formed are gigantic compared to series 1 
(Figure 18, d, e), that they, despite this, still boast very high surface areas (Table 4). It seems 
that the topologies present in this sample-group are based on ZIF-8’s sodalite topology but 
have ended up forming some dramatically altered hybrid. 
5.4 Gas sorption 
N2 sorption-isotherms (recorded at 77K) confirm that ZIF-8 is a nanoporous material (Figure 
16). This making samples unsuitable to be evaluated by BET-surface porosity. The Langmuir-
surface area (evaluated by N2) starts relatively high in pristine ZIF-8, both in NSIC and 
solvothermal samples (Table 2, Table 3. NSIC 1909 m2/g and solvothermal 1666 m2/g). 
Maximum N2 sorption decreases predictably with linker molar% percentage. In series 1 (Table 
3), it has a maximum of 31% 1HNMR-confirmed linker incorporation. Furthermore, this 
sample 2 is the highest surface area hybrid materials in series one. 

A refresher here, the kinetic diameter of the GHGs is in descending order CO2/N2/CH4/SF6 
(Table 1). ZIF-8 theoretically has unmodified pores of 0.340-0.400 nm. In an ideal case, if the 
pore size is the only discriminating criteria, effects should be seen to appear first at CO2/N2/CH4, 
SF6 should be too large to access the pores readily. At higher pressures, recall that ZIF-8 is 
known to have a flexible structure- so the idea of the kinetic size as a means of discrimination 
may not hold. Furthermore, hybridization may lead to alterations in structural flexibility, but 
this is not further investigated. This thesis aims to improve the uptake and selectivity of ZIF-8 
utilizing hybridization and characterize this change. These results may point to or invite to 
conclusions that are, in fact, outside the scope of this thesis. 

Series 1(Table 4) confirms that hybridization lowers SF6 uptake, both at low and high 
pressures. CH4 has the first peak, at 31%, CO2 has its maximum at 37%. Another possibility 
here is that 2-methylbenzimidazole may outright repel CO2. 

Throughout NSIC series one (Table 4) local maximum sorption of GHGs lie at CH4:31%, 
CO2:37 %, SF6: ZIF-8(not improved), and N2:31 %. None of these adsorption values are very 
high. It is also worth mentioning that the difference between the different GHG-adsorption 
amounts- is too low to push the GHG-selectivity to any heights. 

As mentioned in the background, kinetic diameters are CO2<N2<CH4<SF6. If the size is the 
only factor deciding whether or not the gas is adsorbed or not (which is the idea with the un-
functionalized 2-methylbenzimidazole-linker), CO2, the smallest of the gasses at 330 nm 
suggests that the average aperture size at 37% linker incorporation is closest to this 330 nm. 
The uptake at this point is also a significant amount higher than that of un-modified ZIF-8. 

Similarly, the N2 adsorption is seemingly at its largest at 31 %, suggesting that the average 
aperture size is at its closest to 0,364 nm at that incorporation. SF6 uptake is low throughout 
the series, suggesting that we never came close to 550 nm in average pore size. 

In series 2 (Table 5), an amino group's addition adds the possibility of attractive interaction, 
especially in CO2. The surface area does decrease as in series one but nowhere near as low as 
in series one. As the surface area is evaluated by N2, the small decline in surface area is reflected 
in N2 sorption, which is almost static. Interestingly we can see that the higher degree of linker 
incorporation in the solvothermal series two leads to higher N2 uptake and smaller surface areas 
in general. 

CO2 has a local maximum value of 30%-40%, much like series 1 (at 37%). The explicit 
values in series two are slightly higher, which may be attributed to the amino group. The 
uncharged GHGs, CH4, and SF6 should have less interaction than CO2. Indeed, most values of 
CH4 uptake are lower in series two (than in series 1, Table 4 vs. Table 5). Interestingly enough, 
the exception is in SF6, which has a global maximum sorption value at series two sample 3 (an 
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order of magnitude higher than all other samples). Solvothermal series two sample 3 seems to 
overshoot the linker's optimal incorporation, as SF6 uptake is well lower. 

The most significant change between samples 2.2 and 2.3 (besides SF6) is CO2 uptake; this 
sharp decline would suggest we passed the optimal size for CO2 in series 2 sample 3. An oddity 
here is that SF6 uptake, a much larger molecule than CO2, increases. Without further 
investigation, this may indicate that the SF6 uptake we see here is more due to functionalization 
than pore size being close and perhaps that the presence of an amino group affects SF6 uptake. 

In series 3 (Table 6), as the incorporated 5-nitrobenzimidazole increases, as does CO2 uptake. 
The highest CO2 uptake of any sample is found here at roughly 34% incorporation at 
1.70mmol/g (series 1 37% has 1.29 mmol/g). Series 1 hybrids (Table 4), with a non-polar linker, 
have a similar maximum at 37% incorporation. This peak in CO2 uptake is likely due to the 
functionalization of series 3, as incorporation indicates the pore size should be very near that 
of series 1, but uptake is not.  

Series three (Table 6) (solvothermal only) is the first of the hybrids in which we see an 
increase in surface area (compared to that of NSIC ZIF-8). Remarkable results include a very 
high uptake in series 3 sample 2 of CO2 at 1 bar pressure at 1.70mmol/g, which is the highest 
uptake of any material tested. Unlike series two, however, sample uptake is not dramatically 
different within the series, so CO2 selectivity is not that high despite this uptake. 
5.5 Pore size distribution 
When looking at these plots (Figure 16-Figure 17) some things are immediately visible; 
solvothermal ZIF-8 has a narrower distribution of pores (more volume at specific sizes, a 
steeper graph). We do reduce aperture size with linker incorporation, and that higher 
incorporation percentages yield small pores in combination with large amounts of random 
pore-size, possibly partially amorphous phases. 

6. CONCLUSIONS 
All three experimental linkers, 2-methylbenzimidazole, 2-aminobenzimidazole, and 5-
nitrobenzimidazole, can create functionalized, aperture-tailored ZIF-8 hybrids. Both linker-
size and the functional group had an effect and increased gas uptake at certain degrees of 
incorporation. 

In conclusion, both NSIC and solvothermal synthesis routes produce XRD-crystalline 
results; NSIC produces more fully developed crystals, a narrower distribution of crystal sizes 
but cannot produce high degree- incorporation samples. Series three (5-nitrobenzimidazole) 
can only be produced using solvothermal synthesis. These results could be an important 
distinction, as this would indicate that series three could have some hidden potential available 
if its crystals were more fully developed. 

While FTIR/PXRD does confirm that reactions have taken place and an XRD-crystalline 
phase has been produced, SEM/1HNMR show that we have multi-phase products and that 
linker incorporation increases with intended linker incorporation but is not 1:1 (some of the 
reactants are lost to form the other, possibly amorphous phase visible in SEM, such as in Figure 
18 d, e). Sample cleaning was deemed sufficient by FTIR. 

Sorption measurements show that ZIF-8s produced have a very high surface area and that 
they are microporous (the technical definition is microporous, it is, however, on a nanoscale). 
Series one surface area decreases rapidly with hybridization. Series two maintains surface area 
further into hybridization, and series three (solvothermal only) maintains surface area further 
into hybridization than other samples. This thesis has shined a little light upon ZIF-
hybridization for GHG capture, but much remains possible to explore. 
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7. FUTURE RESEARCH/ASPECTS 
Possible future research in ZIF-8 hybridization could be, repeating experiments with cobalt 
instead of zinc (ZIF-8 with cobalt instead of zinc is known as ZIF-67, or cobalt ZIF-8) to see 
if the atom involved possibly affect linker incorporation. The ZIF-67 structure is very close to 
that of ZIF-8, but Co2+ as an ion is different from Zn2+, meaning linker exchange could function 
differently. 

Much work could be done with the NSIC and solvothermal synthesis methods. Perhaps most 
simply, the syntheses carried out in this thesis could be repeated to see what statistics are 
present between batches. The scalability of the syntheses could also be investigated, should 
any industrial interest occur. They could also be further tuned to suit this system. The goal 
would be single-phase yields to enable Rietveld refinement to adequately describe the 
crystallographic aspects of linker exchange (this could, in theory, be done with PXRD should 
the samples be single-phase). 

Heat of adsorption- measurements at different temperatures. Such measurements could be 
of industrial interest, as most gas sorption applications occur at temperatures other than that of 
293.15K.    

If the ZIF-hybrids were deemed attractive, cycling sorption/desorption and heat cycling to 
find out if the materials are fit for cycling could also be of interest. 

Lastly, a perhaps obvious conclusion is that the arrows denoting change and the local 
maximums marked out in Tables 4-6 are intended to help any further synthesis plans along in 
the process. A local maximum preceded by an increase and succeeded by a decrease is probably 
a global maximum. One preceded by a decrease and succeeded by an increase- suggests that a 
maximum is probably at higher incorporation, Etc. These local maxima can be a useful tool in 
planning sample concentrations. 
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