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You can know the name of a bird in all the languages of the world, but when you're finished, 

you'll know absolutely nothing whatever about the bird...  

So let's look at the bird and see what it's doing  ̀that's what counts.  

 

- Richard P. Feynman (1918-1988) 
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Abstract  

The investigation of functional materials, which can change their physical properties depending 

on external triggers is of ongoing interest for various fields of materials research. Metal-organic 

frameworks (MOFs) are porous coordination polymers constructed of inorganic building units 

(e.g., metal-ions, metal-oxo-clusters) joined by organic building units (e.g., multidentate 

carboxylates), also called linkers. A particular subclass of MOFs are flexible MOFs, which 

undergo structural changes as a function of external stimuli. This behaviour arises from a 

delicate balance between enthalpic (e.g., dispersion interactions) and entropic ( e.g., vibrational 

motions) contributions, which can be  modified and controlled by the introduction of additional 

functional groups at the organic building unit of the framework.  

In this work , alkyl -, alkoxy-, and methoxy-alkoxy group functionalization  of the organic 

building unit  was utilized to modulate and study the in fluence of sidechain length and polarity 

on the structural responsivity of two fundamentally different MOF platforms. Of these, one is 

intrinsically flexible (DMOF -1), while the other one is structurally rigid (MOF -5). 

For the DMOF -1-based materials, it ha s been shown in the past  that the implementation of 

alkoxy groups induces a guest- and temperature-depending switching between contracted and 

expanded phases. In this work, a series of purely alkyl-functionalized DMOF -1 derivatives was 

studied and structur ally characterized in great detail by means of single crystal and powder X-

ray diffraction . Furthermore, their sorption behaviour towards N 2, CO2 and C3 and C4 

hydrocarbons was investigated and subsequently compared to their alkoxy counterparts, which 

revealed significant differences that strongly relate to the differen t polarities of the functional 

groups. Particular highlights are path -depending multi -step CO2 sorption behaviours and an 

interesting propane/propylene gating behaviour with potential for an application in the 

separation of the gases, both phenomena were studied by in-situ X-ray diffraction techniques. 

Upon thermal treatment, the  new alkyl function alized DMOF-1 derivatives exhibit a 

significantly softer behaviour than their alkoxy counterparts indicating a much flatter free 

energy landscape for these materials in connection with weaker intra-framework interactions of 

the less polar alkyl groups. 

In the second part of this thesis, the concept of frustrated flexibility  of MOFs is introduced. 

Due to the incompatibility of a rigid, non -responsive MOF structure type ( here MOF-5) with 

intra -framework dispersion forces demanding a densification of the structure a new type of 

responsive behaviour evolves. Controlled by chemical functionalization of the organic linkers 

with dispersion energy donating (DED)  alkoxy groups, a series of materials is obtained, which 

reversibly switch between a cubic crystalline and either a non-crystalline or a rhombohedral 

phase. These transitions are either driven enthalpically through guest adsorption/desorption or 

by vibrational entropy at elevated temperatures. Importantly , frustratedly flexible behaviour 

is shown to be tuneable by adjusting the length and polarity of the DED groups.  

Overall, the results presented herein demonstrate that linker functionalization is a powerful 

tool to modulate the free energy landscape of MOF materials. For intrinsically flexible MOFs 

this approach allows targeted fine-tuning of their flexible behaviour, while for rigid MOFs it 

allows for the generation of completely new and exotic responsive behaviour. 



Kurzfassung 

Funktionelle Materialien, die ihre physikalischen Eigenschaften in Reaktion auf einen äußeren 

Reiz verändern können, verbleiben im Fokus verschiedenster Teildisziplinen der 

Materialwissenschaften. Bei Metallorganischen Gerüstverbindungen (MOFs) handelt es sich 

um poröse Koordinationspolymere, bestehend aus anorganischen Baueinheiten (z.B. 

Metallkationen, Metall -oxo-Cluster), welche durch organische Baueinheiten (z.B. multidentate 

Carboxylate), auch als Linker bezeichnet, miteinander verknüpft werden. Eine spezielle 

Teilklasse sind hierbei die sogenannten flexiblen MOFs, welche induziert durch einen externen 

Stimulus strukturelle Transformationen unternehmen können. Dieses Verhalten resultiert aus 

einem empfindlichen Zusammenspiel enthalpischer (z.B. Dispersionswechselwirkungen) und 

entropischer (z.B. angeregte Schwingungszustände) Beiträge, das leicht durch zusätzliche 

funktionelle Gruppen an der organischen Baueinheit beeinflusst werden kann. 

Im Rahmen dieser Arbeit wurde das flexible Verhalten zweier MOF Systeme durch das gezielte 

Einbringen von Alkyl -, Alkoxy - und Methoxy -alkoxygruppen an der organischen Baueinheit 

systematisch moduliert. Hierbei unterscheiden sich die untersuchten MOF Systeme 

grundlegend: Das eine zeigt intrinsisch flexibles Verhalten (DMOF-1), das andere besitzt eine 

starre Gerüstarchitektur (MOF -5). 

Im Falle der DMOF -1 basierten Materialien konnte in der Vergangenheit bereits gezeigt 

werden, dass eine Funktionalisierung der organischen Linker mit Alkoxygruppen zu Gast- oder 

Temperatur-schaltbaren Phasenumwandlungen zwischen einer kontrahierten und einer 

expandierten Phase führt. In dieser Arbeit wurde das Phasenverhalten von neuen rein alkyl-

funktionalisierten DMOF -1-Derivaten untersucht. Diese Materialien erlauben eine detaillierte 

strukturelle Charakterisierung sowohl der expandierten als auch der kontrahierten Phasen 

durch Pulver- und Einkristall röntgenstrukturanalyse. Ein Vergleich des Sorptionsverhaltens 

gegenüber den Gasen N2, CO2, sowie C3 und C4 Kohlenwasserstoffen zeigt deutliche 

Unterschiede zu den verwandten alkoxy-Derivaten auf, welche sich auf die geringeren 

Polaritäten der alkyl -Seitenketten zurückführen lassen. Besonders ins Auge stechen hier ein 

mehrstufiges, richtungsabhäniges CO2-Sorptionsverhalten, sowie ein hochinteressantes 

Schaltverhalten (gating) bei der Sorption von Propan und Propyl en, das Anwendungspotential 

für die Trennung dieser Gase birgt . Diese beiden Phänomene wurden mittels in-situ 

Röntgenpulverbeugung im Detail untersucht. Durch die thermische Behandlung der alkyl-

DMOF -1-Derivate wird außerdem klar, dass diese bedingt durch schwächere Wechselwirkungen 

der Alkylgruppen untereinander und mit dem Netzwerkrückgrat ein deutlich weicheres 

Verhalten zeigen als ihre Alkoxy-Pendants. Dies deutet somit auf eine flachere 

Energielandschaft dieser Materialien hin. 

Im zweiten Teil der Arbe it  wird  das Prinzip der Frustrierten Flexibilität von MOFs vorgestellt. 

Dieses basiert auf der Inkompatibilität eines starren MOF Strukturtyps ( hier MOF-5) mit der 

Präsenz von Dispersionswechselwirkungen innerhalb des Netzwerks, welche jedoch eine 

Kontraktion des Materials begünstigen. Dies führt zu einem bisher unbeschriebenen Typ 

responsiven Verhaltens. Erreicht wird dies durch chemische Funktionalisierung der organischen 

Baueinheit mit Dispersionsenergie-donierenden (DED) Alkoxygruppen variabler Länge. Auf 

diesem Wege wird ein Phasenverhalten zwischen kubisch-kristallinen und nichtkristallinen bzw. 



 

kubisch-kristallinen und rhomboedrischen Phasen erzeugt. Diese Phasenumwandlungen sind 

entweder durch Adsorption von Gastmolekülen Enthalpie getrieben oder durch 

Vibrationsentropie bei erhöhter Temperatur. Hervorzuheben ist, dass überdies gezeigt werden 

konnte, dass die Polarität der Seitenketten das frustriert -flexible Verhalten der vorgestellten 

MOF-5-Derivate entscheidend beeinflusst.  

Anhand der vorl iegenden Ergebnisse zeigt sich die chemische Funktionalisierung der 

organischen Baueinheiten von MOFs als effektives Mittel zur gezielten Manipulation der 

Energielandschaft von MOF-Materialien. Auf diese Weise kann sowohl das Verhalten 

intrinsisch flexibler MOFs gezielt beeinflusst werden als auch grundlegend neues und 

ungewöhnliches responsives Verhalten in vormals starren MOFs hervorgerufen werden. 
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1 Motivation & Aims  

The discovery and exploration of stimuli -responsive materials, which change their physical 

properties depending on an external stimulus continues to draw attention from different fields  

of materials science due to its high relevance for the development of future technology. One 

class of functional materials are Metal-organic Frameworks (MOFs), which are constructed of 

inorganic building units interconnected by organic building units  yielding a framework with 

permanent porosity. A particular subclass of MOFs are the so-called flexible MOFs, which are 

characterized by the ability to undergo structural transformations in response to an external 

stimulus. This property renders these materials interesting candidates for applications in 

various fields such as gas storage, separations, chemical sensing, controlled drug release or as 

shock absorbers. 

The stimuli -dependent behaviour of flexible MOFs is governed by a delicate balance of 

enthalpic (e.g., covalent, and coordinative bonds, dispersion and dipolar interactions) and 

entropic contributions (e.g., vibrational and configurational degrees of freedom). It has been 

demonstrated that this balance is highly affected by the implementation of functi onal groups 

at the organic building unit of the framework due to additional dispersion interactions between 

the functional groups and the framework backbone.  

As a general basis for this work, the means of choice for a tuning of the flexible behaviour of a 

MOF are 2,5-di-R-bdc2- (R = alkyl  (CX), alkoxy (OCX) , or methoxy-alkoxy (OCXOC1) ) 

linkers, where the length of the R-group can be varied. This type of organic linker has been 

demonstrated to be applicable to a wide range of MOF materials. In  this work, it will be applied 

to two fundamentally different MOF platforms, (i)  the intrinsically flexible  DMOF -1, and (ii) 

the structurally rigid MOF -5. 

In the case of alkoxy-functionalized DMOF -1 derivatives previous works have shown that their  

free energy landscape is changed to the effect that reversible transitions between a guest-filled 

expanded large pore phase and a guest-free contracted narrow pore phase occur. Here, the 

latter phase is stabilized by dispersion and dipolar interactions of the alkoxy groups with 

themselves and the framework backbone. However, detailed structural information on these 

materials, which would be crucial for a comprehensive understanding and the development of 

design principles for this kind of compounds, could not be obtained to date. 

In the first part of this work , the library of functionalized DMOF -1 materials is extended 

towards three new purely alkyl functionalized derivatives . For the first time for this material 

class, sought-after high-detail structural data on both large and narrow pore phases are 

available and will be precisely analysed. Furthermore, the sorption  and thermal properties of 

these new materials will be studied compared to their alkoxy relatives in order to pinpoint  the 

differences in their behaviours arising from the less polar nature of the alkyl substituents. 

Importantly, over the course of this study, both the alkyl - and alkoxy functionalized DMOF -1 

derivatives will be evaluated in terms of their sorption behaviour towards industrially relevant 

C4 and C3 hydrocarbons. In particular, the separation of propane and propylene is a major 

separation problem in petrochemical industry with huge energy and monetary saving potential.  
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The second part will move away from the  generally well-investigated crystalline-to-crystalline 

type of MOF flexibility  and gain insights into a fundamentally new type of flexible behaviour . 

Here, the concept of frustrated flexibility will be introduced, which is based on the 

incompatibility between the geometrical constraints of the  rigid MOF-5 structure type and 

dispersion energy donating alkoxy groups, which demand a densification of the structure in its 

guest-free state. Thus, the minimizat ion of enthalpy should only occur upon entering a 

frustrated state upon loss of crystalline order giving rise to materials featuring reversible 

crystalline-to-non-crystalline phase transitions. 

In order to evaluate this concept, a series of MOF-5 derivativ es bearing alkoxy groups of 

variable length will be investigated  regarding their structural behaviour as a function of guest 

content and temperature. Furthermore, the tunability of frustrated flexibility will be assessed 

via adjustment of the polarity of the functional groups . Finally, it will be discussed, which 

other MOF platforms could also exhibit frustrated flexibility when suitably functionalized.  
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2 General Introduction  

2.1 Metal-Organic Frameworks (MOFs)  

Since their advent in the late 1990s,[1 4̀] Metal-Organic Frameworks, abbreviated MOFs, have 

gained considerable attention due to their unique combination of properties, such as high 

porosity with  high internal surface areas (up to 9140 m2g 1̀) [5] and high thermal stability (up 

to 600 °C) [6] teamed with a chemically modular nature. These render this class of solid-state 

materials promising candidates for applications in the fields of gas storage and separation, 

catalysis, and sensing.[7] 

In 2013, the IUPAC recommended a definition of the term Metal -Organic Framework, 

abbreviated MOF, according to which a MOF can be considered a c˒oordination network with 

organic ligands containing potential voids .˓[8] Most conveniently, the construction of MOFs can 

be understood in terms of inorganic building units  or nodes (e.g., metal-ions, metal-oxo-

clusters), which are interconnected by organic building units  (e.g., multidentate carboxylates, 

imidazolates), also called linkers, forming a permanently porous framework (Figure 2.1). 

 

Figure  2.1: Schematic structure of a Metal -Organic Framework (MOF).  

In m any cases MOFs are denoted by a 2  ̀5 letter code according to the institute or university 

at which they were discovered followed by a serial number (e.g., HKUST-1 (Hong Kong 

University of Science and Technology),[3] MIL -53 (Material s of Institute Lavo isier) [9]). However, 

there are naming schemes deviating from this rule, e.g., MOF materials prepared in the YAGHI  

group are simply called MOF-n (n = serial number). [2] 

MOFs are prepared most frequently via solvothermal synthesis from a metal salt  and linker 

precursor (e.g., carboxylic acids, imidazoles) containing solution.[10] But also, other methods 

have been established such as microwave-assisted,[11] electrochemical,[12] sonochemical,[13] and 

mechanochemical[14] approaches. Importantly, the reaction conditions have to be chosen in such 

a way, that specific inorganic building units  of distinct geometries are generated in-situ.[15] 

At the heart of MOF chemistry lies the concept of reticular synthesis, which was introduced 

by Yaghi and OˏKeefe in the early 2000s, as it aims at the targeted design of the underlying 

inorganic building unit

- or node

organic building unit

- or linker

metal-ions, metal-oxo-clusters,é

multidentate carboxylates, imidazolates,é
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connectivity, i.e., the topology of a MOF structure. [15,16] In this approach, inorganic and organic 

building units are reduced to defined geometrical shapes according to their basic connectivity. 

These shapes are called secondary building units (SBUs).[17,18] A list of selected examples taken 

from the domain of carboxylate-based MOFs is given in Figure 2.2.[15] Thus, a desired topology 

can be realized by the utilization of the corresponding set of SBUs and furthermore, potential 

topologies resulting from a given set of SBUs can be identified. In practice, the reticular 

synthesis concept has not only helped to understand and generate a wide range of new MOF 

structures over the years,[19̀ 23] but also to evermore yield record porosities and specific surface 

areas, for example.[5,24̀ 26] This is because limitations in porosity often arise from framework 

interpenetration (i.e., the  intergrowth of two or more frameworks in a structure without a 

chemical linking) [15], a problem, which was overcome by the selection of a topology, which by 

itself cannot interpenetrate, followed by isoreticular  expansion of the framework. 

 

Figure  2.2: Compilation of various inorganic and organic units and their corresponding SBUs according 

to the literature .[15] Atoms are coloured in standard colouring (Carbon: dark grey, Nitrogen: blue, 

Oxygen: red), while metal cations and coordination polyhedrons are coloured in light  blue. 

This further connects to the invaluable branch of reticular chemistry, which is the discipline of 

isoreticular chemistry . Here, the underlying topology of the MOF structure is retained , while 
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the implemented organic linkers are elongated or decorated, resulting either in an expansion of 

the framework structure or a chemical functionalization of the material. [15] Furthermore, the 

inorganic unit may be altered, for example by the usage of different metal ions. [27] Importantly, 

upon modification of the organic or inorganic unit , its chemical connectivity needs to remain 

unchanged to retain its exact topological function.  

The term isoreticular was coined in 2002 with the introduction of the IRMOF -n (Isoreticular 

MOF; n = consecutive integer) series of isoreticular MOFs.[28] This series is based on the 

framework architecture of the archetypical MOF-5, also called IRMOF-1, which is constructed 

of the octahedrally connecting Zn4O(CO2)6 units linked by 1,4-benzenedicarboxylate (bdc2 )̀ 

giving a framework of primitive cubic ( pcu ) topology ( Figure 2.3).[2] 

 

Figure  2.3: Structu re and composition of MOF-5 (Zn4O(bdc)3) (CCDC deposition code 256965). 

Upon elongation of the organic linker by replacing the former bdc 2  ̀ by 2,6-ndc2  ̀

(2,6-naphthalene dicarboxylate, IRMOF -8), bpdc2  ̀ (4,4ˏ-biphenyl dicarboxylate, IRMOF -10) 

or tpdc2  ̀ (terphenyl dicarboxylate, IRMOF -16) the framework was expanded resulting in an 

increase in the free crystallographic volume fraction from 79.2% (MOF-5) up to 91.1% 

(IRMOF -16) (Figure 2.4).[28] Furthermore, the MOF -5/IRMOF -1 material platform allows for 

the incorporation of different functionalized bdc 2  ̀ variants, bearing, e.g., bromo (IRMOF -2, 

Figure 2.4), amino (IRMOF -3, Figure 2.4) and other moieties. This early study already 

suggested great potential for the modification of MOFs and later on in 2010, up to eight 

differently functionalized bdc 2  ̀ derivatives could be installed in the MOF -5 structure type  at 

the same time, producing the so-called multivariate MOFs  (materials, which would be classified 

as multi -component solid solutions in traditional solid state chemistry) .[29] Today, arising from 

the isoreticular chemistry principle and a huge library of available inorganic and organic 

building units , the highly tuneable  nature of MOF materials  is considered one of their  unique 

selling points compared to other porous materials, such as for example zeolites.[30] 
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Figure  2.4: Representation of the isoreticular expansion and functionalization of the IRMOF -n series,[28] 

dhcb2  ̀= 1,2-dihydrocyclobutabenzene-3,6-dicarboxylate. Disorder was removed for clarity. As there is 

no SCXRD structure of IRMOF -10 available, the model presented here was created from the SCXRD 

structure of IRMOF -14 (CCDC deposition codes 256965 (MOF -5), 175573 (IRMOF -2), 

175574 (IRMOF -3), 175579 (IRMOF -8), 175583 (IRMOF -14), 175585 (IRMOF -16)). 

 

 

2.2 Flexible MOFs 

An important subclass of M OFs are the so-called Soft Porous Crystals (SPCs),[31] or simply 

flexible MOF,[32] which are bi- or multi stable materials  characterized by the ability to  undergo 

reversible structural changes induced by an external stimulus. Here, typical stimuli are changes 

in temperature[33] or mechanical pressure[34,35], and guest-uptake[36,37], but structural changes 

upon light irradiation [38] and electric fields[39,40] have also been reported. In th e process of 

structural transformation,  the underlying connectivity of the MOF is retained, i.e., it is 

displacive in nature ( no chemical bonds are broken during the structural transformat ion). For 

the majority of flexible MOFs these transformations occur in a crystalline-to-crystalline fashion, 

but they can also involve non-crystalline MOF phases, which lack long-range order despite still 

possessing its original connectivity .[31] Their unique properties render these materials interesting 

for applications in the fields of gas storage[41], separations[42], chemical sensing[24,43] and 

controlled drug release[44] or as shock absorbers[45]. 

Commonly, the flexibility of MOFs is classified according to the occurrence of a change in the 

unit cell volume of the MOF and the type of structural dynamics upon application of the 

stimulus. In this context, the term breathing refers to a specific flexibility mode, which involves 

reversible large-magnitude changes in the crystallographic unit cell volume and the pore size 
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of the MOF as a function of guest ad - or desorption (see Figure 2.5).[31,32] In this work, ˒large-

magnitude˓ will refer to volumetric changes greater than 5% as the literature is not giving a 

minimum volume change required to assign the structural transition  to a breathing behaviour. 

Sometimes the term breathing is applied more broadly, e.g., describing also thermally induced 

transitions without gu est uptake or release as breathing,[46,47] for reasons of accuracy such broad 

usage of the term breathing will be avoided herein. 

 

Figure  2.5: Illustration of  a few exemplary breathing transitions of flexible MOFs. In the top row, the 

special case of the gate-opening transition is presented, where the starting of guest-uptake is coupled 

with the breathing transformation of the framework.  

A flexible MOF exhibiting breathing behaviour may switch between a contracted and one or 

more other, expanded MOF phases as illustrated in Figure 2.5. There are different types of 

breathing behaviours as a function of the guest loading amongst the flexible MOF material s. 

Arising from  the distinct  structural response to guest ad- and desorption, the corresponding 

sorption isotherms of breathing MOF materials  exhibit characteristic stepped shapes 

(Figure 2.6), which, however, deviate depending on the particular type of breathing behaviour. 

Here, mainly two scenarios are distinguished, (i) when a contracted phase of a flexible MOF is 

non-porous and there is no guest uptake until the transition to the porous exp anded phase 

occurs at the critical pressure ptrans followed by a vast uptake of guest molecules (gate-opening, 

see Figure 2.6, left ). [48,49] And (ii), when the contracted form of the flexible MOF is porous  

(Figure 2.6, right ), resulting in guest uptake before the structural expansion at  ptrans.[49] 
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Figure  2.6: Schematic adsorption isotherms (red lines) of a potential flexible MOF  exhibiting a 

breathing behaviour between a non-porous and a porous MOF phase (gate-opening, left) or a less-porous 

and a more-porous MOF phase (right). Both isotherms can be interpreted as a combination of the 

individual isotherms of both contracted and expanded MOF phases (see grey dashed lines), which 

correspond to either type I (if porous) or type II (if non -porous) isotherms according to the IUPAC 

classification .[50] 

With potential applications in gas storage/release in mind,  particularly the gate-opening type 

of breathing behaviours bears the advantage of a higher usable gas capacity within a limited , 

technically relevant operating pressure range (see Figure 2.7, left ). [41,51] Furthermore, the gate-

opening behaviour may differ with respect to different guest molecules (see Figure 2.7, right ), 

which can be made use of, e.g., in separations of gas mixtures.[52,53] 

 

Figure  2.7: Comparison of the usable gas capacity within the operating pressure range between a 

flexible and a non-flexible MOF (left).  Gate-opening and the general sorption behaviour may differ 

strongly between various guest molecules adsorbed in the same flexible MOF material (right).  

In general, the complex behaviour of flexible MOFs emerges from a delicate balance between 

enthalpic (e.g. dipolar or intra -framework dispersion interactions) and entropic contributions 

(e.g. vibrational and configurational entropy) to the free energy landscape of the MOF. [47,54̀ 59] 

To further understand the interactions and underlying thermodynamics of a  flexible MOF and 

which structural requirements need to be met, these issues will be discussed with an exemplary 

case study of a prototypical flexible MOF system , MIL -53. 
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As one of the first discovered and most studied flexible MOF platforms  to date, MIL -53 

([M(OH)(bdc)], M 3+  = Cr 3+[60], Al 3+ [61], Fe3+[62], Sc3+ [63], Ga3+ [64], In 3+[65]) has been subject to 

over 400 publications already by 2014.[32] It is constructed of chains of MO 6 octahedra axially 

bridged by m2-OH  ̀groups, which are then interconnected by bdc2  ̀linkers to form a framework 

of sra topology with distinctive  rhombic channels, also called wine rack structure motif  

(Figure 2.8).[66] 

 

Figure  2.8: Crystal structure of  guest-free MIL -53-Cr (space group Imcm, CCDC deposition code 

1429699) in view along the rhombic channels (top, left) and with emphasis on the construction of its 

inorganic unit and t he hinge-like motion of the carboxylate groups (top, right). [67] MIL -53-Cr exhibits 

large­narrow­large pore phase (breathing) transitions upon sorption of CO 2 (bottom , 

MIL -53-Cr·0.5CO2 crystallizes in space group C2/ c).[68] Please note that the structure of MIL -53-Cr·2CO2 

technically belongs to the CO2-filled large pore phase of MIL-53-Fe.[69] However, for both Fe and Cr 

variants these particular  phases are very similar and here the Fe variant was used for the better data 

quality.  

MIL -53 exhibits a breathing behaviour upon the ad- and desorption of guest molecules, such 

as H2O,[60,61] CO2,[68,70] alcohols[71] and alkanes,[72,73] characterized by a contraction and 

expansion along the diagonals of its rhombic channels (Figure 2.8, bottom ). In the process of 

CO2 adsorption, MIL -53 undergoes structural transitions from a  guest-free large pore to a 

contracted narrow pore phase, when adsorbing small amounts of CO2 and expands again to a 

large pore phase when more CO2 is adsorbed. These transitions involve volume changes of up 

to roughly 50% relative to  the volume of its contracted phase. The driving forces of the 
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structural contraction  at low CO 2 loading have been identified as host-guest interactions, i.e., 

strong polar interactions and hydrogen bonding between the CO2 guests and the m2-OH  ̀groups 

of the inorganic unit of both opposing sides of the rhombic channels.[68,74] By contrast, at higher 

CO2 pressures, the guest-filled large pore phase becomes thermodynamically favoured due to 

the enthalpy gain by increased host-guest and guest-guest interactions. 

Furthermore, MIL -53-M (M = Al, Ga)  exhibits thermally induced flexible behaviour. [33,64,75] In 

case of MIL-53-Al , its guest-free large pore phase transforms into a strongly contracted narrow 

pore phase (sometimes also referred to as closed pore phase) when cooled to temperatures below 

150 K and returns to the large pore phase from 325 K (Figure 2.9). Experimental and 

theoretical studies revealed that this bistability is governed by mainly two factors, (i) attractive 

dispersion and p-p interactions, which stabilize the contracted phase, and (ii) vibrational 

entropy, i.e., thermal motions (low -frequency modes) of the phenyl rings, which render the 

expanded phase energetically favoured at high temperatures.[33,47,54,64] Importantly, t his balance 

of contributions is fundamental to  many flexible MOFs and pivotal to understanding their 

behaviour.[55,56,76] 

 

Figure  2.9: Temperature-depending flexibility of MIL -53-Al (left , space group Imma or C2/ c for the 

lp ht or np lt  phase, respectively).[33] Close distances (Ғ 3 Å) between the phenyl rings of the narrow pore 

phase indicate attractive p-p and p-H interactions between them. 

Mechanically, the flexible behaviour of MIL -53 emerges from the ability of the carboxylate 

groups to perform rotations around the O-O-axis resulting in a hinge-like motion  (see 

Figure 2.8, top right) .[68,77] Sometimes this ability is also referred to as ˒knee-cap˓.[77] However, 

since not every carboxylate-based MOF is flexible, there must be other factors, which govern 

the occurrence of flexibility as well. One of these is the topology. The role of the topology is 

easily understood from a comparison of MIL-53 with its non -flexible polymorph, MIL -68 

([M(OH)(bdc)], M 3+ = Ga3+, In 3+,[78] Fe3+ ,[79] Al 3+,[80] Sc3+) [81], which is constructed of the same 

building units, but features a different Kagome-like topology (see Figure 2.10) composed solely 

of 3- and 6-rings. Here, the presence of equilateral 3-rings inhibits a flexible behaviour while 

maintaining an ordered structure  since the angles of the 3-rings cannot vary as opposed to the 

rhombic motif of MIL -53 (notice that the edge lengths of the triangles, rhombus or hexagons 

are basically fixed, since elongation or contraction of the edges would require expansion or 

compression of covalent and coordinative bonds).[77] 
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Figure  2.10: Representation of the SCXRD structure of MIL -68-In ( left, space group Cmcm, CCDC 

deposition code 691619) and MIL -53-Cr (space group Imcm, CCDC deposition code 1429699) with 3 -, 

4- and 6-rings marked. 

Besides the topology, the geometry of the inorganic building unit  itself is considered to have a 

huge impact on the potential for flexib le behaviour of a MOF ma terial. In a frequently cited 

analysis by FÈREY  and SERRE the possibility of flexibility of carboxylate -based MOFs was 

linked with the presence of mirror symmetry in the inorganic building unit. [77,82] If mirror 

symmetry of the building unit is given, concerted hinging motions of the carboxylate groups 

are possible (see Figure 2.11). These can facilitate structural changes of the framework without 

the necessity to distort the inorganic building unit  by elongation or contraction of chemical 

bonds. 

 

Figure  2.11: Examples of inorganic building units considered flexible (left, CCDC deposition codes 

1415803 and 1429699) and non-flexible (right, CCDC deposition code 256965) due to the presence or 

absence of mirror symmetry, respectively. 

Finally, it should be addressed that  a present flexible behaviour of a MOF might  be tuned by 

taking advantage of the principle of isoreticular synthesis, which was outlined under 

Section 2.1. In this regard, the exemplary MIL -53 has been prepared with a wide range of bdc2  ̀

derivatives bearing functional moieties such as NH2, NO2, Cl, Br, CH 3, OH, and COOH 

groups.[83̀ 85] These functional groups have a profound impact on the free energy landscape of 
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the MIL -53 materials as they feature different electronic structures as well as individual  steric 

bulks and interactions with the framework backbone or adsorbed guest molecules (e.g., 

H-bonding, p-H, dipolar or dispersion interactions).[83,84] This results in different breathing 

characters of the respective materials. For example, simply amino-functionalized MIL -53 

features an improved preference for adsorbing CO2 over CH4 in comparison to its non-

functionalized counterpart, [86] which was applied to the separation of an equimolar mixture of 

both gases.[87] Simultaneously, the stronger host-guest interactions stabilize the contracted 

phase so that higher pressures of CO2 are required to trigger the transition to t he large pore 

structure. [87] 

Hence, chemical functionalization is a powerful tool to modulate the properties of  flexible 

MOFs. In the following study this approach will be applied to, (i)  tune the behaviour of a 

flexible MOF platform and, (ii)  to generate fundamentally new properties in a very different 

MOF m aterial deemed structurally rigid thus far.  
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3 Flexible Alkyl -functionalized DMOF -1 Materials 

3.1 Introduction  

A canonical example from the family of  flexible MOF s is the pillared-layered framework 

Zn2(bdc)2(dabco) (bdc2  ̀ = 1,4 -benzenedicarboxylate; dabco = 1,4-diazabicyclo[2.2.2]octane), 

also termed DMOF-1, which consists of 2D-square grid layers formed by binuclear 

M2-paddlewheel units and bdc2 -̀linkers stacked into the third dimension by dabco pillars to 

form a framework of pcu  topology (Figure 3.1, top) .[88]  

 

Figure  3.1: Top: SCXRD structure and building units of guest -free DMOF-1 (CCDC deposition code 

238860). Possible flexibility modes at the Zn 2-paddlewheel unit are highlighted with arrows. Bottom: 

SCXRD structures of DMOF -1 solvated with i-PrOH, DMF and benzene (CCDC deposition codes 

639940, 238859 and 238861, respectively). The solvent-induced volume changes of the reduced unit cell, 

DV, are given with respect to the guest-free phase of DMOF-1. 

This MOF is known for its adaptive behavio ur towards different guest species, such as 

N,N-dimethylformamide (DMF), benzene[89] and ethanol[90] (Figure 3.1, bottom) and is capable 

of performing breathing transitions upon ad- and desorption of iso-propanol involving unit cell 

volume changes of 21% in this pro cess.[91,92] Recently, the guest-free DMOF-1 has been 

suggested as a mechanical shock adsorber material due to its flexible structural behaviour.[93] 
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The flexibility of the DMOF -1 architecture arises from the structural features of the 

M2-paddlewheel units, which allows for cooperative hinging motions of the carboxylate groups 

and also for rotations along the axis of the dabco pillar ( Figure 3.1). 

Moreover, DMOF-1 was shown to be an excellent platform for a systematic fine-tuning of the 

responsive framework behaviour either via substitution of the Zn 2+ ions against others (i.e., 

Cu2+, Co2+  or Ni 2+)[94̀ 96] and via functionalization of the bdc 2  ̀ linker. [97̀ 103] In particular, 

implementation of various types of 2,5-alkoxy-functionalized bdc-linkers (RO -bdc, R  = alkoxy -

alkyl, alkyl, alkenyl, alkynyl) in place of conventional bdc 2  ̀ generates a series of isoreticular 

Zn2(RO -bdc)2(dabco) materials (here denoted DMOF -1-OR ) with significantly enhanced 

responsive behaviour as demonstrated by reversible transitions between a large pore (lp ) phase 

and a contracted narrow pore (np ) phase as a function of guest-content (breathing), 

temperature or mechanical pressure (Figure 3.2).[57,58,99] 

 

Figure  3.2: Schematic representation of the guest-, temperature- and pressure-depending flexibility of 

alkoxy-functionalized DMOF -OR  materials. The orange spheres represent the implemented RO-groups. 

Molecular structures of the alkoxy -functionalized RO -bdc2  ̀ linkers of previous studies are shown in the 

frame. Structures were either created on the basis of a published SCXRD structure (lp  phase, CCDC 

deposition code 844640) or a model created on the basis of refined unit cell parameters (np  phase)[99]. 

Utilizing this approach, the magnitude of the volume change associated with the lpŸnp  phase 

transition can be precisely tuned by the choice of the functional RO-group leading to values of 

up to 28% contraction. [100,104] The fundamental driving forces behind the structural bistability 

in response to guest adsorption are attractive dispersion (and in some cases also dipolar) 

interactions between the flexible functional groups (or: dispersion energy donors, DEDs) and 

the backbone of the framework, which have a drastic influence on the free energy landscape of 

the MOF. [104,105] The unusual heating induced npŸlp  phase transitions of the guest-free 

DMOF -1-OR  derivatives in turn is driven by ent ropic contributions. [58] Unfortunately, the 

flexible RO-substituents are typically very disordered in the crystal structures of the lp  phases 

of these materials and the macroscopic strain evolving upon the transition to the contracted 



3 Flexible Alkyl -functionalized DMOF -1 Materials 

15 

 

np  phase results in deterioration of the DMOF -1-OR  single crystals, thus impeding detailed 

structural insights into the involved phases and particularly into the role of the flexible 

substituents.[104] The only structural information of th e various np  phases of the DMOF -1-OR  

derivatives known is their unit cell parameters (extracted from structureless profile fits to 

powder X-ray diffraction data). Atomistic structural details, especially concerning the 

orientation and positioning of the flexible substituents in the lp  and the np  phase of these 

responsive MOFs, are urgently needed to provide valuable insights on the nature of the 

interactions of the side chains with each other and the framework backbone. Such insights 

would (i) improve the general understanding of these complex responsive materials and (ii) 

allow for the extraction design principles for tuning responsiveness and phase change behaviour 

also in other MOF systems.[106]  

In th e present study, the range of responsive DMOFs is extended by three simply alkyl -

functionalized derivatives, based on 2,5-dialkyl -bdc2  ̀linkers (CX -bdc2-, alkyl = ethyl  (X  =  2), 

propyl (X  =  3), butyl  (X  =  4)), lacking the phenolic ether-oxygen atom of the DMOF -1-OR  

reported so far (Figure 3.3). 

 

Figure  3.3: Alkoxy -functionalized RO -bdc2  ̀ linkers of previous works and purely alkyl -functionalized 

CX -bdc2  ̀ linkers, which are the main object of this study.  

Remarkably, the novel DMOF -1-CX  materials allow for an in -depth characterization via single 

crystal and powder X-ray diffraction (SCXRD an d PXRD) of both, their guest -containing lp  

and contracted guest-free (dry) np  phases, offering structural details on the flexible substituents 

and the framework backbone in the np  phases as well as differently solvated lp  states for the 

first time for this  important  class of stimuli -responsive MOFs. Additionally, striking differences  

are found in the CO 2 sorption and thermo-responsive behaviour compared to their alkoxy -

functionalized pendants, which were comprehensively analysed by means of gas sorption 

experiments and differential scanning calorimetry together with elaborate in-situ PXRD 

experiments. Furthermore, as experimental data on the hydrocarbon sorption behaviour of such 

DED functionalized flexible DMOF -1 based systems remain scarce,[107] the sorption of 

industrially relevant C3 and C4 hydrocarbons by the DMOF-1-CX  materials was explored via 

isothermal sorption and in-situ PXRD  experiments, revealing a discriminative gating  and 

breathing behaviour. Finally, these results were compared to th ose of the corresponding alkoxy-

functionalized relatives. 
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3.2 Linker Synthesis 

Three 2,5-dialkyl -1,4-benzenedicarboxylic acids (with alkyl = ethyl ( C2 -bdcH2), propyl 

(C3 -bdcH2) or butyl ( C4 -bdcH2), CX -bdcH2) were prepared in a three-step synthesis adopted 

from the literature  (Figure 3.4).[108,109] Starting from the respective 1,4-dialkyl benzenes, 

aromatic bromination in the using  Br2 at 0 °C under exclusion of light yields the 1,4-Dibromo-

2,5-dialkylbenzenes. Followingly, the di -bromides are converted into the corresponding di-

cyanides by means of the Rosenmund-von-Braun reaction with CuCN in 

N,N-dimethylformamide (DMF) . In the third step, the cyanide groups are hydrolyzed under 

basic conditions in diethylene glycol at high temperatures giving the desired 2,5-dialkyl -1,4-

benzenedicarboxylic acids. For details on the full  synthetic procedures, see Materials &Methods, 

section 6.1.2. 

 

Figure  3.4: Synthesis of the 2,5-dialkyl -1,4-benzenedicarboxylic acid linkers used in this chapter. 

The second type of functionalized bdc2  ̀ linkers employed later in this chapter are bearing an 

additional phenolic O-atom connector to the functional groups . The corresponding 

2,5-dialkoxy-1,4-benzenedicarboxylic acids (with alkoxy = methoxy  (C1 ), ethoxy (C2 ) and 

n-propoxy (C3 ), CYO -bdcH2) were prepared by established and well-optimized procedures[98] 

via Williamson etherification of 2,5 -dihydroxy -1,4-benzenedicarboxylic acid dimethyl ester with 

the respective n-bromo alkanes, followed by basic cleavage of the methyl ester protecting group 

(Figure 3.5). For details on the full synthetic procedures, see Materials & Methods, 

section 6.1.2. 

 

Figure  3.5: Synthesis of the 2,5-dialkoxy-1,4-benzenedicarboxylic acid linkers used in this chapter. 
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3.3 MOF Synthesis & Structural Characterization  

The linkers in their acid form  were then reacted under solvothermal conditions with 

Zn(NO3)2Ā6H2O and dabco (= 1,4 -diazabicyclo[2.2.2]octane) in DMF at 120 °C for 48 h to yield 

the corresponding DMOF-1-CX  of the general chemical composition [Zn2(CX -bdc)2(dabco)] 

(with X  = 1, 2 or 3) as a mixture of large colo urless crystals and microcrystalline powder. 

Detailed synthetic procedures of the DMOF -1-CX  are given in the Materials & Methods 

section 6.1.2. Taken from the freshly prepared material,  the crystals of the DMOF -1-CX  in 

their as-synthesized (as, DMF containing) state proved suitable for single crystal X -ray 

diffraction (SCXRD) analysis, which produced solid state structures confirming the 

DMOF -1-CX  to be of the expected isoreticular pillared-layered framework architecture 

(Figure 3.6). 

 

Figure  3.6: Depictions of the SCXRD structures of DMOF -1-C2  to DMOF -1-C4  in their as -synthesized 

state, in view along the dabco axis (top) or focused on the interactions between the MOF and the DMF 

guests (bottom). The DMF guest molecules with  the disorder removed that are resolved in the electron 

density map are shown as space-filling models in light blue  (top) . C and H atoms of the phenyl-rings, 

dabco units and alkyl chains are coloured in red, green and blue to highlight  the attractive interactions 

between these groups. The Zn, O and C atoms of the paddlewheel units are coloured in grey. 

The as-DMOF -1-C2 , as-DMOF -1-C3  and as-DMOF -1-C4  crystallize in the monoclinic or 

triclinic space groups P2/ c (Z = 2), ὖρ (Z = 2) and P21/ c (Z = 4), respectively , where Z 

corresponds to one [Zn2(CX -bdc)2(dabco)] framework repeating unit. The space group 

symmetry of these structures is significantly lower than that  of their alkoxy -functionalized 

relatives, namely the variants bearing methoxy-ethoxy, ethoxy to butoxy, i-propoxy or 

propargyloxy groups, which either crystallize in the C2/ m or P4/ mmm space group 

symmetries.[98] This high symmetry is reasoned by the fact, that these compounds suffer from 

extensive disorder of the framework backbone (phenyl rings and dabco), the flexible 

substituents and the guest molecules. In contrast to the alkoxy -functionalized relatives of 

comparable side chain length[98], here, the framework backbones are fully ordered and the 

flexible alkyl substituents are well -resolved in the SCXRD structures (see Figure 3.6, 

crystallographic data are given in the Appendix section 8.1.2). 

Still, in the SCXRD structure of  as-DMOF -1-C4  ¼ of the alkyl -substituents show disorder 

over two positions and as-DMOF -1-C2  features disorder of ½ of the alkyl groups and dabco 

units over two positions, the latter possibly due to the higher measurement temperature 
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compared to the others. The SCXRD data of as-DMOF -1-C2  had to be collected at 290 K, 

since acquisition at 100 K resulted in data that could not be solved, likely due to a complex 

ordering of the framework parts and guests. However, the data of as-DMOF -C3  and 

as-DMOF -C4  collected at 100 K and 273 K, respectively, gave high-quality SCXRD structures  

(Figure 3.6).  

Here, the DMF guest molecules in the pores of as-DMOF -1-C3  and as-DMOF -1-C4  could also 

be fully resolved, while th is was not possible for the structure of  as-DMOF -1-C2  collected at 

the higher temperature. For both as-DMOF -1-C3  and as-DMOF -1-C4 , two DMF molecules 

per MOF repeating unit were found to be included in the structure.  As expected, these DMF 

guests are strictly  ordered upon minimization of interaction enthalpy  (see Figure 3.7), i.e., the 

less polar methyl groups of the DMF arrange close to the phenyl rings and alkyl moieties, while 

its carbonyl oxygen atom points towards the positively polarized Ɨ-CH2 groups of the dabco 

unit  (å 2.5 ̀  3.0 Å interaction distances are found in both cases). 

 

Figure 3.7: Excerpts of the SCXRD structures of DMOF -1-C3  and DMOF -1-C4  in their as -synthesized 

state highlighting  the interactions between the MOF and the DMF guests . Disorder of the alkyl groups 

and DMF molecules was removed for clarity. The colour code of the MOF  was adopted from Figure 3.6, 

while the DMF guest molecules are shown in conventional atom colouring ( C: black, O: red, N: blue and 

H: white colour ). 

Table  3.1: Selected parameters of the SCXRD structures of the as-DMOF -1-CX . 

 as-DMOF -1-C2  as-DMOF -1-C3  as-DMOF -1-C4  

space group P2/ c ὖρ P21/ c 

a / Å 10.9004(6) 9.5967(5) 9.6523(5) 

b / Å 10.9331(4) 10.8601(6) 28.1466(15) 

c / Å 19.2435(8) 21.5316(11) 16.6332(9) 

Ƈ / °  90 104.310(2) 90 

ƈ / °  89.824(5) 92.443(2) 95.248(3) 

Ɖ / °  90 95.573(2) 90 

V / Å3 2293.33(18) 2159.0(2) 4500.0(4) 

Z 2 2 4 

Vvoid / % 44.1 28.0 23.0 

Tmeas / K  290(5) 100(2) 273(2) 

gof 1.107 1.176 1.069 

R1  0.1067 0.0440 0.0556 

wR2 0.2512 0.0850 0.1495 

DMF per repeating unit  - 2 2 
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The guest accessible void space in the frameworks, Vvoid (Table 3.1), which was calculated after 

removing the DMF guests from and resolving the disorder in the model, is calculated to be 

44.1% for as-DMOF -1-C2 , 28.0% for as-DMOF -1-C3  and 23.0% for as-DMOF -1-C4 .* 

Based on the obtained single crystal structures, the phase purity of the bulk material  of each 

DMOF -1-CX  was confirmed via structureless profile refinement (Pawley method[110]) of powder 

X-ray diff raction (PXRD) data (Figure 3.8, black patterns, for the Pawley fits, see Appendix 

section 8.1.1).  

 

Figure  3.8: Overlay of the powder X -ray diffraction (PXRD) patterns of DMOF -1-C2  to -C4  in their 

as-synthesized (DMF-containing, black) and guest-free (dry, blue) states (right), which indicate the 

transition from a large pore ( lp ) to a narrow pore (np ) form of the MOFs  due to the shift of the 

prominent reflections towards higher angles 2q (l = 1.54178 Å). 

To activate the materials, as-DMOF -1-C2  to -C4  were washed with DMF,  and the solvent 

was replaced by fresh dichloromethane (DCM). Subsequent drying at 100 °C in dynamic 

vacuum (å 10̀ 4 kPa) for 24 h afforded the guest-free MOFs dry-DMOF -1-C2  to -C4 . The 

complete activation of the MOFs was proven by Fourier transform infrared ( FT -IR) 

spectroscopy by the absence of the distinct asymmetric stretching vibration band of the 

carbonyl group of DMF. [111] Furthermore, the samples were investigated by solution 1H NMR 

spectroscopy after digestion in a DCl/D 2O mixture in DMSO-d6. The full  1H NMR and FT -IR 

spectra are given in the Appendix sections 8.1.3 and 8.1.4. 

A first visual inspection of the PXRD data of dry-DMOF -1-C2 - to dry-DMOF -1-C4  reveals 

distinct differences of the diffraction  patterns in relation to their as-synthesized counterparts, 

namely a shift of the first strong reflection of the diffraction patterns towards higher scattering 

angles, which is clearly indicative of the presence of structurally contracted guest-free narrow 

 
* Void volumes discussed in this work were calculated from the contact surface of a probe of a radius of 

1.2 Å and a grid spacing of 0.2 Å, except where noted. 
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pore (np ) phases (Figure 3.8, compare the black and blue PXRD patterns ), similar to what 

has been observed for the related alkoxy-functionalized DMOF -1-OC Y  derivatives 

[Zn2(CY O-bdc)2(dabco)].[99,100,104] 

Remarkably, although the crystals of dry-DMOF -1-C2  to dry-DMOF -1-C4  shatter upon 

drying as a consequence of the strain caused by the structural changes,[98] single crystals of dry-

DMOF -1-C2  to dry-DMOF -1-C4  of sufficient quality for SCXRD experiments could sti ll be 

obtained (for details, see Appendix section 8.1.2).  

 

Figure  3.9: Depictions of the SCXRD structures of DMOF -1-C2  to DMOF -1-C4  in their dried ( dry) 

states, in view along the dabco axis (top row). For a better visualization of the guest -free structures of 

dry-DMOF -1-C2  and dry-DMOF -1-C4 , additional views along the crystallographic a or b directions are 

given in the bottom row. The dashed line in the dry-DMOF -1-CX  structure depictions (top row) was 

inserted as a guide to the eye to elucidate the lower symmetry of the mode of distortion in 

dry-DMOF -1-C3  compared to dry-DMOF -1-C2  and dry-DMOF -1-C4 . The colour code was adopted 

from the previous depictions of the SCXRD structures.  

From the given unit cell volumes of dry-DMOF -1-C2 , dry-DMOF -1-C3  and dry-DMOF -1-C4 , 

a change in V/ Z of 2̀7%, 1̀7% and 1̀6% in comparison with the SCXRD data of 

as-DMOF -1-C2 , as-DMOF-1-C3  and as-DMOF -1-C4  becomes evident (see Table 3.2, notice 

that SCXRD data of as- and dry-DMOF -1-C2  and -C4  were collected at different temperatures 

and are therefore not directly comparable). 
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Table  3.2: Selected parameters of the SCXRD structures of the dry-DMOF -1-CX . The as- and dry-

structures were collected at different temperatures, where marked by an asterisk (*). 

 dry-DMOF -1-C2  dry-DMOF -1-C3  dry-DMOF -1-C4  

space group C2/ m ὖρ C2/ c 

a / Å 9.5105(6) 9.537(2) 18.8377(13) 

b / Å 19.0806(11) 9.914(2) 10.4128(7) 

c / Å 9.5140(6) 10.539(2) 19.1803(11) 

Ƈ / °  90 63.798(11) 90 

ƈ / °  103.491(3) 85.076(12) 92.085(4) 

Ɖ / °  90 83.500(14) 90 

V / Å3 1678.83(18) 887.6(4) 3759.8(4) 

Z 2 1 4 

Vvoid / %  14.1 8.7 - 

Tmeas / K  100(2) 100(2) 100(2) 

gof 1.123 1.066 1.045 

R1 0.0501 0.1487 0.0712 

wR2 0.1153 0.2869 0.1697 

DVas-dry / %  2̀7*  1̀7 1̀6*  

 

After solution and refinement, the resulting SCXRD structures feature fully resolved alkyl 

chains and are almost fully devoid of disorder (only one of the two symmetrically independent 

alkyl chains of dry-DMOF -1-C3  shows disorder over two positions with a ratio of 1/3 to 2/3), 

which allows for the first time detailed structural insights into the narrow pore (np ) phases of 

such kind of functionalized DMOFs with due regard for the nature of the dispersion interactions  

of the alkyl substituents, that drive the structural contraction of the frameworks upon guest 

removal (Figure 3.10).[54,58,112]  

 

Figure  3.10: SCXRD structures of dry-DMOF -1-C2  and dry-DMOF -1-C3  in view along the diagonal 

of the Zn2(CX -bdc)2 layers in the established colour code including void maps, which were created from 

the contact surface of a probe of a radius of 1.2 Å. 

dry-DMOF -1-C2  and dry-DMOF -1-C4  were found to crystallize in the monoclinic space groups 

C2/ m (Z = 2) and C2/ c (Z = 4), whereas dry-DMOF -1-C3  was assigned to the lower symmetry 

space group ὖρ (Z = 1). Although the strong structural distortion, the structures of 
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dry-DMOF -1-C2  and dry-DMOF -1-C3  still own void volumes of 119 Å3/ Z (14.1% of the unit 

cell volume) and 73 Å3/ Z or 77 Å3/ Z (8.3% or 8.7% of the unit cell volume, depending on which 

fraction of the alkyl -chain disorder is removed), respectively (see Figure 3.10). On the contrary,  

dry-DMOF -1-C4  has no residual porosity, as its pores are entirely populated by the flexible 

butyl groups. 

In the  most drastic case, the (guest-free) np  form of DMOF -1-C2 , close inter-bdc-layer contacts 

of the ethyl groups are facilitated by a strong distortion of the geometry of the Zn 2-paddlewheels 

along the crystallographic a-axis leading to a Zn-Zn-N angle of 160.6° instead of the 180.0° for 

the ideal paddlewheel. This distortion results in a displacement of the Zn 2bdc2-layers resulting 

in a slipped stacking mode, effectively reducing the distance between them in order to increase 

intra -framework dispersion interactions (Figure 3.9, bottom left) . This finds expression in the 

comparatively large monoclinic angle b of 103.5° of the unit cell of dry-DMOF -1-C2  (see 

Table 3.2). By contrast, the monoclinic angle b of the unit cell of dry-DMOF -1-C4  is 92.0°, 

which can be traced back to an almost eclipsed stacking of Zn2bdc2-layers, as the alkyl chains 

are sufficiently long to establish dispersion interactions with the phenyl rings of the C4 -bdc2 -̀

linkers in the layer below, combined with the increased steric demand of the elongated alkyl 

chains (Figure 3.9, bottom right) . In this regard, dry-DMOF -1-C3  features an intermediate 

contraction along the dabco axis, which lies between dry-DMOF-1-C2  and dry-DMOF -1-C4 , 

but  more interestingly, the  size of steric bulk of the propyl substituents  seems to fall into a 

regime, that favours a contraction of the Zn 2bdc2-layer off the square-grid diagonals, resulting 

in the lower ὖρ space group symmetry (Figure 3.9, top middle) . Altogether, the SCXRD 

structures elucidate how manifold the various organic (phenyl rings, alkyl chains and dabco 

units) and inorganic (Zn 2-paddlewheel) building parts of the MOF s can conformationally adapt 

in order to maximize intra -framework dispersion interactions and to minimize free volumes in 

the np  phases of dry-DMOF -1-C2 - to dry-DMOF -1-C4  (see Figure 3.9 and Table 3.2). 

Table  3.3: Volume contraction of  the DMOF -1-CX  and their alkoxy counterparts of the same chain 

length ([Zn2(2,5-RO -bdc)2(dabco)], DMOF -1-OCY  (Y  = X   ̀1), R  = Methyl ( C1 ), Ethyl ( C2 ), Propyl 

(C3 )) with reference to their as -synthesized states. The data on the alkoxy -functionalized DMOF -1 

derivatives was taken from the literature. [104] Unfortunately, no data ar e available for DMOF -1-OC1 . 

The volume contraction was determined from PXRD data.  

DMOF -1-CX  DMOF -1-OCY  

X  DV / %  DV / %  Y  

2 24% - 1 

3 18% 22% 2 

4 15% 20% 3 

 

Finally, it was clarified t hat the obtained single crystal structures indeed do represent the bulk 

of the dry-DMOF -1-C2  to -C4  materials by means of Pawley fitting of the PXRD data using 

the respective unit cell and space group from SCXRD (for the full Pawley fits, see Appendix 

section 8.1.1, Figure 8.1 and Figure 8.2). Based on these fits, the magnitude of the volume 

change between the as- and dry-phases of DMOF -1-C2 - to -C4  under ambient conditions and, 

importantly, the same conditions,  was determined as 24% (C2 ), 18% (C3 ) and 15% (C4 ), 
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which is slightly less than that of the alkoxy -functionalized relatives[98], but does obey a similar 

trend that the volume contra ction is inversely proportional to the substituent chain length  

(Table 3.3). 

In accordance with the related alkoxy compounds[98], DMOF -1-C2  to DMOF -1-C4  show 

complete reversibility of the lpŸnp  phase transition, since addition of fresh DMF to the dried 

materials results in a full retransformation of DMOF -1-C2  to DMOF -1-C4  to the initial phase 

of the as-synthesized state, which was validated by PXRD and Pawley refinement (for the full 

Pawley fits, see Appendix section 8.1.1, Figure 8.1 and Figure 8.2). 

 

Figure  3.11: Overlay of the powder X -ray diffraction (PXRD) patterns of DMOF -1-C2  to -C4  in their 

as-synthesized (black) and DMF -reinfiltrated  (red) states, which indicate the  full reversibility of the 

lp­np  transition due to the strong resemblance of both PXRD patterns (l = 1.54178 Å). 
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3.4 Guest-depending Conformational Flexibility of DMOF -1-C3  

The structural response of DMOF-1-C3  towards a selection of different solvent guests, i.e., the 

rather polar acetonitrile and acetone (ƒMeCN = 3.93 D and ƒacetone = 2.88 D) [113], and the non-

polar benzene and n-octane (ƒn-oct = 0 D and ƒbenzene = 0  D) was investigated by the collection 

of SCXRD data from crystals of DMOF -1-C3  that were immersed in these solvents. 

Experimental details on the preparation of the  single crystals and the crystallographic data are 

given in the Materials & Methods section 6.1.2 and the Appendix section 8.1.2, respectively. 

Depending on the enclosed guest, the materials crystallize in either ὖρ (acetonitrile, acetone, 

and n-octane) or ὖτȾάὦὧ (benzene) space group symmetry with Z = 1 or Z = 8 , respectively 

(Figure 3.12). Furthermore, t he obtained structures show slight variations in the reduced unit 

cell volumes (V/ Z) ranging from 1075 to 1123 Å3 and reveal moreover a precise arrangement 

of the different MOF building units with respect to the individual guest result ing in a perfect 

host-to-guest fit . This is visualized by the highly individual  shapes of the void volumes, which 

closely resemble the molecular geometry of the encapsulated guest molecules (Figure 3.12, 

yellow shapes on the right of each structure depiction). The voids were calculated after 

removing the guests from the structural models using the contact surface of a probe of a given 

radius (see Figure 3.12 and caption, for details) . Here, the wide range of accessible framework 

conformations, i.e., phenyl ring torsions, distortions of Zn -paddlewheel units and carboxylate-

to-zinc coordination angles (for details, see Table 3.4), in use to adapt to the respective guest 

molecule, suggests a very flat conformational energy landscape for this kind of flexible MOF .  

Table  3.4: Selected angles and dihedral angles (both normalized to the smallest, positive value) 

extracted from the SCXRD structures of DMO F-1-C3  solvated with either DMF ( as), acetonitrile 

(MeCN), acetone, benzene, or n-octane. 

DMOF -1-

C3   

COO-Ph / °  Zn-Zn-

N / °  

C-O-Zn / °  C3 -chain-

torsion / °  

C3 -chain-ph-

torsion / °  

as 32/36/35/40  170 121/122/124/129/132/133 175/176/179 66/72 

Ā2MeCN 44/45 173 121/124/130 176/179 66/77 

Ā2acetone 46/44 175 126/127/128/131 176/180 65/76 

Ā2benzene 37/38 180 122/123/126/127 177/179/180 67/70 

Ān-octane 31/37 167 114/128/126/141 178 70/76 
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Figure  3.12: Views of the SCXRD structures of DMOF -1-C3  solvated with acetonitrile (MeCN), 

acetone, benzene, or n-octane along the dabco axis. The previously established colour code was utilized. 

Disorder in the SCXRD structures was removed for clarity. Mappings of the voids (probe radius 1.2 Å, 

1.3 Å for DMOF -1-C3Ān-octane and grid spacing of 0.2 Å), which contain the guest molecules, are given 

right of the respective structures to illustrate the adaptive nature of the flexible MOF system. The voids 

were calculated under retention of alkyl chain disorder. 
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3.5 N2 and CO2 Sorption in Comparison to the DMOF -1-OCY  

As to how the guest-responsive behavior changes between alkoxy and alkyl substituents was 

assessed by a comparison of the sorption behavior of these compounds towards N2 (77 K) and 

CO2 (195 K), since the properties of the alkoxy-functionalized DMOF -1-OCY  [Zn2(2,5-CY O-

bdc)2(dabco)] (with Y  = 1 (methoxy), 2 (ethoxy), 3 (propoxy), etc.) towards these guest 

molecules have been extensively investigated in the past.[99̀ 101,104,114] Herein, the DMOFs with 

the same number of segments in the substituent chain are compared, i.e. the DMOF -1-OC2  

vs. DMOF -1-C3  and the DMOF -1-OC3  vs. DMOF -1-C4 . The comparison DMOF -1-OC1 - vs. 

DMOF -1-C2  was not performed, since DMOF -1-OC1  is known to at least partially decompose 

upon activation .[100] 

For the propoxy/butyl pair, nearly no N 2 uptake at 77 K is observed at all, which complements 

the SCXRD structure of dry-DMOF -1-C4  being devoid of any void space. dry-DMOF -1-C3  

and its ethoxy-equivalent, dry-DMOF -1-OC2 , adsorb only small amounts of N2 (å 40 cm3g 1̀ 

for propyl and å 15 cm3g 1̀ for ethoxy, see Figure 3.13), where the adsorbed amount of 

dry-DMOF -1-C3  nicely relates to the void space calculated from the SCXRD structure  of the 

guest-free contracted (np ) phase (Figure 3.13, left (red dots), and Table 3.5, on the extraction 

of the pore volumes, see Materials & Methods 6.10). Apparently, there is even less pore space 

available in the np  phase of the ethoxy-equivalent, in line with the significantly smaller reduced 

unit cell volume of ethoxy compared to propyl ( V/ Z(OC2 ) = 888 Å3 vs. V/ Z(C3 ) = 925 Å3 

at RT) .[104] Likewise, dry-DMOF -1-C2  adsorbs comparably small amounts of N2 (å 60 cm3g 1̀) 

appropriate to the free volume of its crystal structure, which is only slightly more than for dry-

DMOF -1-C3  (Figure 3.13, left, dark grey dots, and Table 3.5). 

 

Figure  3.13: N2 sorption isotherms of dry-DMOF -1-C2  to -C4  (left) and dry-DMOF -1-OC2  and -OC3  

(right) recorded at 77 K. Adsorption and desorption branches are shown with closed and open symbols. 

For dry-DMOF -1-CX  and dry-DMOF -1-OCY  with the same length of the functional group, the same 

colours were used. The data on the alkoxy materials were taken from the literature .[104] 
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Table  3.5: Total pore volumes Vexp of dry-DMOF -1-C2  and dry-DMOF -1-C3  obtained from the N 2 

isotherms at pressures around a p/ p0 å 0.9 (p0 = 100 kPa for N 2 at 77 K ). For comparison, the expected 

pore volumes V theo, as obtained from the SCXRD structures of the np  phases of dry-DMOF -1-C2  and 

dry-DMOF -1-C3 , are given as well.  

dry-DMOF -1-CX  Vpore,exp / cm 3g 1̀ Vpore,theo / cm 3g 1̀ 

C2 0.97Ā10̀ 1 1.05Ā10̀ 1 

C3 0.58Ā10̀ 1 0.60Ā10̀ 1 

 

Note the comparably linear slope of the N2-isotherms of dry-DMOF -1-C2  and -C3  and the 

hysteresis on the desorption branch although long measurement times of 60 h for 

dry-DMOF -1-C2  and 26 h for dry-DMOF -1-C3 , which is ascribed to diffusion limitations of 

the N2 probe at the low measurement temperatures (77 K) into the pores of the MOF and also 

the discrete shape of the pore space (see Figure 3.10). Hence, the behaviour of the 

dry-DMOF -1-CX  towards the stronger interacting CO2 probe molecule (larger quadrupole 

moment of CO2 compared to N2), which is known to trigger breathing transitions in the related 

DMOF -1-OCY  materials[104], was investigated up next. 

 

Figure  3.14: CO2 sorption isotherms at 195 K of dry-DMOF -1-C2 , dry-DMOF -1-C3 , dry-DMOF -1-C4  

(blue symbols and lines, from left to right) and the respective alkoxy -counterparts dry-DMOF -1-OC2  

and dry-DMOF -1-OC3  variants (red symbols and lines). Solid symbols correspond to the adsorption 

and empty symbols to the desorption branches of the isotherms, points of the npŸlp  or lpŸnp  

transitions are marked with an asterisk (adsorption) or a hash (desorption), respectively. Lines are just 

a guide to the eye. The data on the dry-DMOF -1-OCY  materials were taken from the literature .[104] 

All the alkyl fun ctionalized DMOFs feature a stepped CO2 sorption isotherm profile, indicating 

transitions from np  phases to lp  phases at certain threshold CO2 pressures (Figure 3.14, 

marked by a blue asterisk). In more detail , the dry-DMOF -1-C2  and dry-DMOF -1-C4  exhibit 

the well-known hysteretic two-step behaviour, whereas the CO2 isotherm of dry-DMOF -1-C3  

stands out due to the presence of multiple steps, on which will be further elaborated later in 

the text. As expected, from dry-DMOF -1-C2  to dry-DMOF -1-C4  the total volume uptake of 

CO2 decreases from about 200 cm3g 1̀ to 80 cm3g 1̀ with  an increasing sidechain (or DED ) 

volume. The total pore volumes of DMOF -1-C2  to DMOF -1-C4  in their CO 2-filled lp  phases 
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as determined from the CO 2 uptake at p å 90 kPa are given in Table 3.6. For details  on their 

extraction, see Materials & Methods Section 6.10. 

Table  3.6: Compiled total pore volumes, Vpore, of the dry-DMOF -1-CX  and -OCY  in their CO 2-filled 

states calculated from the CO2 uptake at p å 90 kPa, Vads, and the pressure of the transition to the lp  

phase, ptrans. The value in brackets corresponds to the pore volume calculated from the SCXRD structure 

of as-DMOF -1-C2  for comparison as there is no in-situ PXRD data available for this compound. 

CX  Vpore / cm 3g 1̀ Vads / 

cm3g 1̀ 

ptrans / 

kPa 

OCY  Vpore / cm 3g 1̀ Vads / cm 3g 1̀ ptrans / 

kPa 

C2 0.38(0.42) 202 6 OC1 - - - 

C3 0.32 171 8 OC2 0.37 196 22 

C4 0.15 77 23 OC2 0.26 139 25 

 

In accordance with the N2 sorption data, only dry-DMOF -1-C2  and dry-DMOF -1-C3  exhibit 

significant porosity towards CO 2 in their contracted phases prior to the transformation to their 

lp  phases. Furthermore, the critical CO2 pressure required for the transitions to the lp  phase 

(ptrans) is increasing from dry-DMOF -1-C2  (ptrans = 6 kPa) to dry-DMOF -1-C4  (ptrans = 23 kPa), 

likely due to the increasing hydrophobicity and density of the np  phases.  

Comparing the CO2 sorption behaviour of the alkyl -functionalized DMOFs with their alkoxy 

counterparts reveals that both dry-DMOF -1-C3  and dry-DMOF -1-C4  show the lower 

maximum uptake of CO 2 (Figure 3.14, middle and right , blue symbols and lines, Table 3.6), 

which is ascribed to the reduced volume requirements of the alkoxy groups and the dipolar 

nature of these groups, facilitating stronger interactions of the sidechains with CO 2. 

Interestingly, dry-DMOF -1-OC3  adsorbs significant amounts of CO2 (å 40 cm3g 1̀) in a not-

open form before transforming to the  fully open lp  form, contrasting dry-DMOF -1-C4  

(Figure 3.14, right) . This striking difference between the np  phases of DMOF -1-C4  and its 

propoxy relative can again be rationalized by the more dipolar nature of the alkoxy groups, 

leading to stronger framework-CO2 interactions, while the non-polar butyl groups of 

DMOF -1-C4  efficiently block the pores of the np phase. However, both dry-DMOF-1-C4  and 

-OC3  start transforming into the lp  form at very similar CO 2 pressures ptrans = 23 and 25 kPa 

and the hysteresis loops are also of comparable magnitude.  

For dry-DMOF -1-C3  ptrans for the transition to the lp  phase is found at a considerably lower 

value (ptrans = 8 kPa), than for the dry-DMOF -1-OC2  (ptrans = 22 kPa). But the most striking 

difference between the CO2 isotherms of the two materials is their overall shapes. The 

dry-DMOF -1-OC2  material shows a one-step sorption isotherm typical for breathing MOFs, 

whereas the isotherm of dry-DMOF -1-C3  features multiple steps with significant differences 

between the ad- and desorption profiles (Figure 3.14, middle). The two -step adsorption and 

desorption profiles signify the presence of additional intermediate pore (ip ) phases besides the 

established np  and lp  phases. Strikingly, the plateaus for the ip  phases are at very different 

sorption capacities for the ad- and desorption, thus suggesting the presence of different ip  

phases, depending on the sorption history of the material. 
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In order to catch the structural changes behind the stepped CO2 isotherms of dry-DMOF -1-C4  

and especially dry-DMOF -1-C3 , their breathing behaviour was monitored by means of in-situ 

PXRD experiments under variable CO2 gas pressure at 195 K, which were performed at 

beamline P02.1 of DESY (Deutsches Elektronen-Synchrotron, Hamburg, Germany). Indeed, 

the CO2 isotherms of both compounds could be well reproduced and followed by the in-situ 

PXRD experiment, allowing for an assignment of np  and lp  phases for dry-DMOF -1-C4  and 

even separate ip  phases in the case of dry-DMOF -1-C3  to the different plateaus of the ad - and 

desorption branches of the CO2 isotherms. Unfortunately, no in-situ CO2 sorption PXRD data 

are available for dry-DMOF -1-C2 . Firstly, the in-situ data on dry-DMOF -1-C4  will be 

discussed, followed by the more elaborate case of dry-DMOF -1-C3 . 

The in-situ CO2 sorption PXRD data of dry-DMOF -1-C4  were collected in each 10 kPa step 

size from vacuum (2·10̀ 3 kPa) to 100 kPa on the adsorption branch, whereas less PXRD 

patterns were recorded during desorption. The CO2 pressures of all measured points are given 

in the caption of Figure 3.14. Not until a CO 2 pressure of 40 kPa (Figure 3.15, blue asterisk), 

dry-DMOF -1-C4  starts to transform from the np  phase to a lp  phase, as signified by the 

constant growth of the reflections belonging to the lp  phase over the pressure range up to 100 

kPa, where only traces of the reflections of the np  phase remain present. Consequently, the 

PXRD pattern recorded at 100 kPa  CO2 pressure showing the most complete phase transition 

was used to identify the lp  phase via indexing and subsequent structureless profile refinement 

(Pawley method) of the pattern  (Pawley fits are given in the Appendi x section 8.1.5). 

 

Figure  3.15: In -situ CO2 sorption PXRD data of dry-DMOF -1-C4  recorded from vacuum (2·10̀ 3 kPa) 

to 100 kPa CO2 pressure (P02.1 of DESY, l = 0.2073 Å)  with the corresponding CO2 sorption isotherm. 

PXRD patterns of the adsorption branch were collected in 10 kPa steps and desorption data were 

collected at CO2 pressures of 50, 10, 5 and 2 kPa and vacuum. Tick marks in red or blue correspond to 

positions of allowed reflections of the np  or lp  phase of dry-DMOF -1-C4 , respectively, as extracted from 

the PXRD patterns by structureless profile fitting (Pawley method).  
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Table  3.7: Unit cell parameters and volumes of the np  (adsorption branch) and CO2-filled lp  form of 

dry-DMOF -1-C4  as determined from structureless profile refinement (Pawley method) of the in-situ 

PXRD patterns . The full p rofile fits a re given in the Appendix section 8.1.5, Figure 8.12. 

dry-DMOF -1-C4  vacuum  (ads)  100 kPa CO 2 

crystal system  monoclinic monoclinic 

space group ὅςȾὧ ὅςȾά 

form np  lp  

a / Å  18.786(5) 16.5211(17) 

b / Å  10.558(3) 14.2909(11) 

c / Å  19.200(5) 9.6079(6) 

Ƈ / °  90 90 

ƈ / °  92.43(3) 97.682(17) 

Ɖ / °  90 90 

Z 4 2 

V/Z  / Å 3 951.2(18) 1124.1(3) 

DVnp­lp - +18% 

Rwp 0.52 0.58 

Rexp 1.33 1.89 

c2 0.39 0.31 

 

The CO2-filled lp  phase of dry-DMOF -1-C4  crystallizes in C2/ m space group symmetry with 

Z = 2 and V/ Z = 1124 Å3 and therefore in a different unit cell and space group symmetry than 

in the DMF -containing as-synthesized state. Followingly, upon adsorbing CO2 and structural 

transformation, the volume per repeating unit  of DMOF -1-C4  changes by +18% in relation to 

its np  form. On the desorption branch of the in-situ experiment, the lp­np  back 

transformation is completed at 2 kPa CO 2 pressure (Figure 3.15, red asterisk). 

Interestingly, the large region of the np­lp  phase transition  on the adsorption branch, despite 

equilibration times of 20-30 min per measuring point, clearly indicates slow kinetics of this 

transformation, in line with  the shape of the step in the isotherm of dry-DMOF -1-C4 , which 

exhibits the smallest gradient with respect to pressure of the dry-DMOF -1-CX  and -CYO  

materials investigated herein (Figure 3.14). This can be ascribed to the structural features of 

the np form, where all pore space and the framework parts, which attractively interact with 

CO2 guests, are blocked by the C4 -DEDs. 

As already evident from the mere shape of its CO2 sorption isotherm, dry-DMOF -1-C3  displays 

a surprisingly complex phase behaviour upon ad- and desorbing CO2, which is rationalized with 

the help of the in-situ CO2 sorption PXRD data  in the following passage. The in-situ PXRD 

data were analysed by means of structureless profile refinement (Pawley method) to extract 

the appropriate unit cell parameters and Rietveld refinement, [115] where possible, to gain a 

plausible structural model of the corresponding MOF phase. The final refinement data and 

detailed refinement procedures are given in the Appendix section 8.1.5.  
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Figure  3.16:  Zoom-in of the CO 2 sorption isotherm (195 K) of dry-DMOF -1-C3  (left) and in-situ 

PXRD patterns under variable CO 2 pressure recorded at 195 K (P02.1 of DESY, l = 0.2073 Å) ( right ). 

The plateaus of the isotherm are marked with a dot in a colo ur, which assigns them to the diff erent 

phases observed during the in-situ PXRD experiment.  

Starting in the  established np  form of dry-DMOF -1-C3  (space group ὖρ; V/ Z = 909 Å3; 

Figure 3.16, red PXRD patterns) , which shows small CO2 uptake of about 20 cm3/g , 

corresponding to about 0.5 CO2 molecules per framework repeating unit . The PXRD pattern 

recorded at 2 kPa CO2 pressure was employed in a Rietveld refinement using the SCXRD 

structure of dry-DMOF -1-C3  as a starting model, where the present void space was filled with 

a CO2 molecule (Figure 3.17, for crystallographic data and refinement procedures, see 

Appendix, section 8.1.5).  

 

Figure 3.17: The final Rietveld plot of the refinement of the np  phase of dry-DMOF -1-C3  at 2 kPa 

CO2 pressure on the adsorption branch of the experiment (P02.1 of DESY, l = 0.2073 Å, left) . Note 

that due to remaining lp  phase in the material, the three 2q regions 1.04-1.13 and 1.54-1.63 were excluded 

from the fit . Right: Structur al model of the np  phase of dry-DMOF -1-C3  as obtained from Rietveld 

refinement . H atoms were added at idealized geometric positions since they were not included in the 

refinement. 






































































































































































































































































































































































































































































