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ABSTRACT 

Mahajan, Shreya 
Exploring the Applicability of Amine-Containing Metal–Organic Frameworks on 
Direct Air Capture of Carbon Dioxide 
Jyväskylä: University of Jyväskylä, 2024, 69 p. + original articles 
(JYU Dissertations 
ISSN 2489-9003; 819) 
ISBN 978-952-86-0280-4 (PDF) 

Negative emission technologies (NETs), such as direct air capture (DAC), hold 
substantial potential in limiting planetary warming. Among the various CO2-
capturing materials being explored, a promising class of porous crystalline 
materials, such as metal–organic frameworks (MOFs), have come out ahead as 
potentially customizable materials for selectively capturing atmospheric CO2. 
The thesis's first section covers the most recent achievements made in developing 
MOFs for DAC potential. It provides a detailed account of structural approaches, 
examines MOFs' DAC performance under different conditions, and discusses the 
CO2 adsorption pathways. The second section of the thesis encapsulates the key 
results published in three journal articles related to this work.  
       The results and discussion section detail the preparation of an amino-
triazole-based N-rich bent ligand and the structural determination of its sixteen 
new molecular salts, each assisted by different anions. Several characterization 
techniques were employed to fully understand these anion-templated 
supramolecular assemblies, which are self-assembled by a combination of 
noncovalent interactions, constituting different protonation sites and a versatile 
spectrum of conformations of the bent ligand. The amino-triazole-based ligand 
was further utilized in constructing a series of MOFs, namely, MOF-1-Zn, MOF-
2-Zn, and MOF-3-Zn. This was achieved using the mixed-linker strategy,
combining the selected ligand with a carboxylate linker to introduce basic
functionalities (–NH2) and polarizable sulfur atoms onto the MOF pores. In
addition to examining the CO2 capture capabilities of the MOFs, we
systematically investigated the dynamic behavior of the pillared-layer MOF,
MOF-2-Zn, in a single-crystal-to-single-crystal (SC-to-SC) manner during solvent
exchange and removal processes. The latter part of the thesis focuses on utilizing
amine-tethered MOF for capturing CO2, aiming to understand long-term
material behavior and performance when employed under realistic DAC
working conditions. The results presented in this study highlight various
obstacles facing the practical implementation of studied amine-tethered MOF for
DAC. These challenges include kinetic limitations and inadequate hydrolytic
stability, emphasizing that these critical aspects should be focused more on
developing practical DAC materials.

Keywords: noncovalent interactions, metal–organic frameworks, single-crystal-
to-single-crystal transformation, direct air capture, CO2 adsorption 



TIIVISTELMÄ 

Mahajan, Shreya 
Amiineja sisältävien metalliorgaanisten verkkorakenteiden soveltuvuus hiilidioksidin 
talteenottoon suoraan ilmasta  
Jyväskylä: Jyväskylän yliopisto, 2024, 69 s. + alkuperäiset artikkelit 
(JYU Dissertations 
ISSN 2489-9003; 819) 
ISBN 978-952-86-0280-4 (PDF) 

Negatiivisiin hiilipäästöihin tavoiteltavilla tekniikoilla, kuten suoraan ilmasta talteenotolla 
(Direct Air Capture, DAC) on merkittävä potentiaali planeettojen lämpenemisen rajoittami-
sessa. Erilaisten hiilidioksidia sitovien kiinteiden huokosmateriaalien joukossa lupaaviksi 
materiaaleiksi ovat nousseet rakenteeltaan kiteiset metalliorgaaniset verkkorakenteet (Metal 
Organic Frameworks, MOFs), joiden eduksi voidaan lukea mm. niiden suuri kemiallinen 
muokattavuus, suuri huokospinta-ala sekä selektiivisyys hiilidioksidia kohtaan. Väitöskirja-
työn ensimmäisessä osassa käydään kirjallisuuden kautta läpi viimeisimpiä tieteellisiä saa-
vutuksia MOF-materiaalien soveltuvuudesta CO2:n talteenottoon DAC-olosuhteissa, tarkas-
tellen yksityiskohtaisesti MOF:ien rakenteellisia ominaisuuksia ja muokkausmahdollisuuk-
sia, MOF:ien DAC-suorituskykyä eri sorptio-olosuhteissa sekä lopuksi CO2:n erilaisia ad-
sorptiomekanismeja. Työn toisessa osiossa on käyty läpi tiivistetysti väitöskirjatyöhön liitty-
vien kolmen tieteellisissä aikakausilehdissä julkaistujen artikkelien tärkeimpiä tuloksia. 
             Artikkelissa I tutkittiin yksityiskohtaisesti typpirikkaan sekä geometrialtaan taivute-
tun 4-amino-3,5-bis(4-pyridyyli)-1,2,4-triatsoli ligandin valmistusmenetelmiä sekä siitä val-
mistettuja 16:sta derivaattasuolaa erilaisten mineraalihappojen avustuksella. Suolojen yksi-
kideröntgendiffraktiolla määritettyjen kiderakenteiden avulla tutkittiin suolojen kationi-
anioni vuorovaikutuksia, anionitemplaattiefektiä, ligandien geometrioita ja protonoitumis-
asteita sekä monimuotoisia supramolekulaarisia kokoonpanoja, jotka muodostuivat kidera-
kenteissa ei-kovalenttisten heikkojen vuorovaikutuksien välityksellä. Artikkelissa II hyö-
dynnettiin edellä mainittua aminobispyridyylitriatsoli ligandia, josta valmistettiin uudenlai-
sia kahteen erilaiseen ligandiin perustuvia ja Zn-noodimetallista rakentuvia MOF-yhdisteitä: 
nimettyinä MOF-1-Zn, MOF-2-Zn ja MOF-3-Zn. Kahden ligandin valmistustekniikassa triat-
soli-pohjainen ligandi seostettiin tiofeenidikarboksyyli-happo ligandin kanssa tavoitellen 
aminoryhmien ja polarisoituvien rikkiatomien yhteisvaikutusta MOF-huokosrakenteessa. 
Valmistettujen ns. pilarirakenteisten MOF-yhdisteiden (p2-Zn) hiilidioksidin talteenotto-
kyky testien (DAC-olosuhteissa) ohella, yhdisteille havaittiin kiderakenteiden dynaamista 
käyttäytymistä kiinteän tilan liuottimen vaihto- ja poistoprosesseissa ns. yksikiteestä-yksiki-
teeseen mekanismeina (Single-Crystal-to-Single-Crystal, SC-to-SC). Artikkelissa III tutkittiin 
amiinifunktionalisoidun etyleenidiamiini-Mg-MOF-74 adsorbentin soveltuvuutta CO2:n tal-
teenotossa, tavoitteena karakterisoida materiaalin pitkäaikaista käyttäytymistä ja suoritus-
kykyä realistisissa DAC-olosuhteissa. Tulokset tuovat esille lukuisia ongelmakohtia, jotka 
liittyvät testatun MOF-adsorbentin soveltuvuudesta CO2-sorptioon DAC-tekniikalla. Erityi-
siksi haasteiksi osoittautuivat adsorbentin kineettiset rajoitteet sekä riittämätön hydrolyytti-
nen stabiilius, näin ollen korostaen, että edellä mainittuihin ominaisuuksiin tulee tulevaisuu-
dessa keskittyä entistäkin enemmän käytännön DAC-olosuhteisiin soveltuvia adsorbentteja 
kehitettäessä.  

Avainsanat: ei-kovalenttiset vuorovaikutukset, metalliorgaaniset verkkorakenteet, 
yksikiteestä-yksikiteeseen rakennemuutos, suoraan ilmasta talteenotto, CO2 sorptio 
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1 INTRODUCTION 

Greenhouse gases (GHGs), including CO2 and CH4, among others, are critical 
contributors to global climate change. Hence, curbing the ever-increasing GHG 
emissions is vital. Unfortunately, global CO2 emissions have already surpassed 
410 ppm, far higher than before the industrial age (~280 ppm CO2).1  These 
alarming levels of CO2 in the atmosphere have already resulted in the rise of the 
planet’s temperature by more than 1 °C. These warming levels pose an existential 
challenge to human society, evidenced by rising sea levels, melting polar ice caps, 
substantial alterations in weather events, and subsequent harmful impacts on 
various ecosystems. To counteract the planet’s temperature rise and 
accompanying climate change events, the goal has been set to limit the global 
average temperature rise to “<2 °C” and focus on endeavoring to hold it within 
1.5 °C, as laid out in the Paris Agreement.2 

To hit the target of 1.5 or 2 °C warming limit set worldwide, it is essential 
to attain net-zero CO2 emissions by 2050 or 2070, respectively.3 This is a 
humongous task, not solely because it calls for drastic and immediate cuts of 
substantial emissions but also because they are distributed across diverse sectors. 
The majority (roughly 75%) of global greenhouse gas emissions are from energy-
related applications in specific sectors such as residential settings, industrial 
activities, and transportation. Meanwhile, sectors like waste, agriculture, forestry, 
the chemical industry, and cement production primarily produced the remaining 
emissions.4  

Thus, getting to net zero CO2 emissions necessitates a diverse mix of 
mitigation strategies in addition to natural pathways. Rapid decarbonization of 
power and transportation sectors will be pivotal for net zero emission pathways. 
Displacing nonrenewable energy sources with representative renewable energy 
sources such as solar, wind, and other alternative technologies can reduce the 
devastating effects of rising temperatures. The reduction of emissions in the 
transportation sector can be achieved by deploying electric vehicles and 
promoting the use of biofuels and hydrogen. Alongside curtailing fossil fuel 
emissions and removing excess CO2 from the atmosphere—a process known as 
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“negative emissions” is expected to play an instrumental role in restoring climate 
stability.5  

1.1 CO2 capture, storage and utilization 

Carbon capture and storage, or CCS, is a group of promising technologies that 
proposes to minimize the rate of CO2 emission by removing carbon dioxide 
generated from a large stationary source before it can enter the Earth’s 
atmosphere. As such, CCS enables the mitigation of CO2 produced by energy-
intensive sectors like power generation, steel plants, and cement production. 
Typically, CCS comprises three subsequent stages, i.e., capturing CO2 at an 
emitting source, transporting the extracted CO2 through gas pipelines or ships to 
a storage location, and permanently storing or burying it back into the ground.6,7 

         Three main carbon capture methods for manufacturing facilities and power 
plants include precombustion capture, postcombustion capture (PCC), and oxy-
fuel combustion capture (Figure 1).7–9 The precombustion capture method 
involves the production of synthetic gas (or syngas). The syngas is then reacted 
with water to produce CO2 and H2. The CO2 is easily separated, while the high-
purity hydrogen is utilized for electricity production. The PCC method recovers 
CO2 from flue gas streams exiting from the combustion process of primary fuel 
(typically coal or natural gas) with the air. This technology has wide applicability 
because it can be retrofitted to older CO2 point sources. The CO2 composition in 
the gas streams can typically range from ~3 vol-%, e.g., natural gas-fired power 
plants, to ~15 vol-%, e.g., coal-fired power plants. The CO2 is diluted primarily 
by nitrogen, the major component, along with water vapor, oxygen, and other 
trace impurities. Another potential technology designed for collecting CO2 is 
performing oxy-fuel combustion. This technology requires a pure oxygen 
environment (not regular air) to burn fuel, producing byproducts such as water 
and CO2. PCC is currently the most appealing and widely implemented CCS 
application among all these existing methods.10 A promising tool complementary 
to CCS for climate change abatement is carbon capture and utilization (CCU), 
which involves the recycling of carbon. CCU mainly allows the utilization of 
captured CO2 by turning it into useful commodities, such as chemicals and 
fuels.11  

https://www.iea.org/reports/the-role-of-ccus-in-low-carbon-power-systems/timely-advances-in-carbon-capture-utilisation-and-storage#:%7E:text=post%2Dcombustion%2C%20pre%2Dcombustion%20and%20oxy%2Dfuel%20combustion%20capture%20systems
https://www.iea.org/reports/the-role-of-ccus-in-low-carbon-power-systems/timely-advances-in-carbon-capture-utilisation-and-storage#:%7E:text=post%2Dcombustion%2C%20pre%2Dcombustion%20and%20oxy%2Dfuel%20combustion%20capture%20systems
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Figure 1:  Three different types of methods for CO2 capture: (a) precombustion, (b) 
postcombustion, and (c) oxy-fuel combustion.8 

While the technologies mentioned above reduce emissions by capturing CO2 at 
the source of origin, negative emissions technologies (NETs) aim to address 
existing CO2 in the atmosphere. Thus, these NETs also play a key role in 
achieving the set climate goals by capturing additional CO2 and lowering the 
climate-harming CO2 levels. Some methods of achieving negative emissions 
include biochar (BC), afforestation, bioenergy carbon capture and storage 
(BECCS), and direct air capture (DAC).12 Among various approaches, DAC 
stands out mainly because of its siting flexibility and minimum space 
requirement, albeit it still faces technological barriers. 

https://www.iea.org/reports/the-role-of-ccus-in-low-carbon-power-systems/timely-advances-in-carbon-capture-utilisation-and-storage#:%7E:text=post%2Dcombustion%2C%20pre%2Dcombustion%20and%20oxy%2Dfuel%20combustion%20capture%20systems
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1.2 Direct air capture (DAC) 

Direct air capture (DAC) is a method that withdraws CO2 straight from the air 
around us through physicochemical means. DAC is versatile in its ability to offset 
CO2 emissions originating from mobile and distributed sources, alongside 
addressing emissions from the past. Certainly, one of the attractive aspects of this 
technology is that DAC plants can be built in ideal locations. This prominently 
includes, for instance, spots near storage infrastructures or at industrial sites 
where CO2 is reused, thereby obviating the requirement for long-distance 
transportation of massive amounts of CO2. Moreover, the low or nonexistent 
level of harmful contaminants (such as SOx and NOx), which can negatively 
impact the performance of CO2 sorbents, is further beneficial for the DAC 
process.13,14 Although DAC technology is not extensively employed yet, it holds 
great potential to become an indispensable tool of climate solution strategies. The 
downside, of course, is that DAC still needs further exploration of certain 
technological factors, especially the cost and energy requirements. Therefore, 
considerable technological innovation and carefully targeted research are 
necessary to fully maximize the potential of this technology to halt climate 
change.14–16 

DAC operates through exothermic sorption of atmospheric CO2 by a CO2-
capture agent (solid adsorbent), followed by its endothermic desorption phase. 
Essentially, the initial step involves drawing the atmospheric air into a contactor 
containing the CO2-capture agent, which selectively grabs CO2 molecules from 
the air. Subsequently, e.g., heat and/or pressure swing is applied to the CO2-
saturated adsorbent to drive off the captured CO2. In doing so, the CO2-capturing 
material is regenerated and is ready for a new adsorption-desorption cycle. The 
extracted concentrated CO2 can then either be converted, stored, reused, or 
permanently deposited.17–19 

From an economical and environmental perspective, the CO2-capturing 
adsorbent must be reused repetitively over numerous adsorption/desorption 
cycles. There are different approaches for the cyclic capture regeneration process, 
such as pressure/vacuum swing adsorption (P/VSA) or temperature swing 
adsorption (TSA). The P/VSA approach regenerates the adsorbents by lowering 
the pressure, while TSA accomplishes it using high-temperature heat.20 Another 
method includes moisture-swing adsorption (MSA), which relies on a change in 
moisture/humidity levels to release CO2.21 These modes can be used 
independently or, in some instances, combined to attain better regeneration 
efficiency.  

Markedly, two prominent technologies for filtering CO2 molecules out of 
the air are solvent- and solid-based systems.18,22 Both technologies showcase 
great potential for practical scalability, although adsorption-based technologies 
demonstrate lower operational costs as they require less energy for the cyclic 
capture regeneration process.17,23 In the past decades, various solid sorbents,  
including silica, alumina, zeolites, amine-based materials, metal oxides, 
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polymers, and carbon-based materials, such as activated carbon (AC), graphite, 
graphene, fullerene, carbon nanotubes (CNTs), and biochar, etc. have been 
employed for CO2 capture technologies.10,24 In particular, a noteworthy class of 
compounds called metal–organic frameworks (MOFs)9,25–27 has been recognized 
as potentially customizable adsorbents, making them appealing contenders for 
CO2 capture technologies among a range of solid materials. 

1.3 Metal–Organic Frameworks (MOFs) for CO2 capture 

Advanced porous materials such as MOFs are built up by binding inorganic 
clusters (such as metallic species) with multidentate organic ligands or linkers via 
metal-ligand coordination bonds (dative bonds) to yield multidimensional 
crystalline materials (Figure 2). Promisingly, by altering the combination of its 
constituents, MOFs can be customized to have a vast range of functionalities, 
pore sizes, and structural geometries.28 In principle, the flexibility with which 
metal nodes and organic units can be varied leads to the opportunity to envisage 
the boundless number of chemically and structurally varying frameworks. 
Undoubtedly, relative to classical porous materials, MOFs offer unparalleled 
structural advantages, including enormous accessible surface areas, 
exceptionally high pore volumes, modifiable structures, and tailorable pore size. 
Indeed, these notable features endow MOFs with incredibly versatile capabilities 
and underpin them for a broad range of applications, including but not limited 
to chemical sensing, molecular adsorption, drug delivery, catalysis, and 
purification.29–33 
 

Figure 2:  Schematic representation of MOF constituent’s self-assembly process: metal 
nodes (red spheres) and organic units (blue struts).34 

When building MOFs for DAC applications, it is imperative to consider at least 
two key aspects. Firstly, the high selectivity and reversible capture of CO2 from 
ultra-dilute conditions (~420 ppm), and secondly, its performance under realistic 
working conditions.22,25,26,35–38 To this end, MOFs that display CO2-binding 
functionalities are reaching the required efficiency for selectively binding CO2 
over other abundant components in the air. Moreover, the reversible CO2 
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binding/release process ensures that the MOF can readily be recovered and 
reused for multiple cycles.25,37 In contrast, liquid absorbents, such as aqueous 
monoethanolamine (MEA) solution, exhibit a strong affinity for CO2 but need 
energy-intensive regeneration.25,36,38 The sorbent stability under realistic process 
conditions, most importantly its resistance to water vapor and heat, is another 
benchmark factor that needs to be considered when MOFs are screened for 
industrial separations.  
          Over the years, several approaches have been proposed and explored to 
optimize adsorbents for efficient CO2 capture under ultra-dilute concentrations. 
The following sections highlight the most prevalent structural designs that 
endow MOFs with the ability to adsorb CO2 under DAC conditions. It is worth 
mentioning that although many adsorbents are available in the literature, this 
discussion focuses on some of the most notable CO2-selective MOFs. The sections 
below provide a brief overview of the progress made in developing MOFs for 
having DAC potential. The overview outlines fundamental structural 
approaches, an examination of the DAC performance of MOFs under different 
conditions, material longevity, and the underlying CO2 adsorption pathways. 

1.3.1 MOFs with exposed metal cations  

MOFs encompassing exposed metal cations, also known as coordinately 
unsaturated sites (CUSs) or open metal sites (OMSs), have demonstrated 
remarkable potential for CO2 capture.25 In principle, these CUSs in MOFs have a 
great affinity for CO2, given that the partial positive charges on the metal sites 
typically work as Lewis acid centers, thus leading to a stronger interaction with 
quadrupolar CO2 molecules over dinitrogen (N2). Accordingly, a higher 
concentration of accessible OMSs within MOFs affords reasonable isosteric heat 
of adsorption (Qst) for CO2, enabling more selective CO2 adsorption than other 
small non-polar components (e.g., N2) in the atmosphere. Distinct exposed metal 
centers were observed in dinuclear paddlewheel (open Cu2+ sites) and trinuclear 
secondary building units (SBUs) (open Fe3+ sites), as exemplified by Cu3(btc)2 
(H3btc = 1,3,5-benzenetricarboxylic acid; HKUST-1)39, and Fe3OX(btc)2 (X= OH or 
F; MIL-100(Fe))40, respectively.  
          Besides these, the most prominent examples of OMS-MOFs, illustrating 
outperforming CO2 adsorption capabilities, are termed as M-MOF-74 family (M 
is a divalent cation, e.g., Mg2+, Ni2+, Co2+, Zn2+), commonly referred to as CPO-
27-M, or M2(dobdc) (derived from H4dobdc= 2,5‑dihydroxyterephthalic acid).41–

43 Interestingly, the isoreticular expansion analogs of MOF-74 are realized from 
elongated organic linkers with lengths varying from one to eleven phenylene 
units (7 to 50 Å), affording a series of derivative frameworks known as IRMOF-
74-I to XI.44 A key MOF in the MOF-74 family, Mg-MOF-74, is known so far as 
the best-performing MOF at elevated temperatures for higher concentrations of 
CO2 (10-15%), adsorbing 5.28 mmolCO2/gsorbent, at 40 ºC and 0.15 bar, 
respectively.45  
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          The Mg-MOF-74 structure comprises infinite rod-like SBUs and exhibits 
robust ~11 Å hexagonal one-dimensional channels. Each metal ion in this three-
dimensional hexagonal framework is penta-coordinated with dobdc4− ligand 
bound by three carboxylate groups and two phenolates. The one weakly bound 
solvent molecule (e.g., water or dmf, depending on the synthetic conditions) fills 
the sixth coordination site, completing the octahedral coordination environment 
around the metal core. To access abundant open Mg2+ sites, the dangling solvent 
molecules can be evacuated by activating the framework with the application of 
heat and vacuum treatment. In the activated form (guest-free state), the 
magnesium cation possesses a square pyramidal coordination geometry (Figure 
3), thereby resulting in an unshielded positive charge pointing inwards to the 
MOF-74 channels and allowing favorable interactions with CO2 guest molecules 
inside the pore systems.  
 

 

Figure 3:  Illustration of (a) Mg2(dobdc), and (b) CO2 insertion into a row of MgII–sites. 
Only relevant atoms are shown; spheres represent Mg (orange), oxygen (red), 
and carbon (grey); redrawn from CSD entry: QOQXUS.46  

For M-MOF-74, a combination of experimental studies and theoretical 
calculations have revealed that CO2 typically binds to square pyramidal M2+ 
cation in an end-on coordination fashion.25,47–49 Notably, it has been shown that 
the CO2 adsorption properties can be tuned by substituting different metallic 
centers in the isostructural M-MOF-74 series.42 The strong affinity of the Mg-
MOF-74 for CO2 adsorbate is noted by the high Qst value (43 kJ/mol). However, 
as a structure analogous to Mg-MOF-74, Zn-MOF-74 displayed the weakest 
interactions (Qst = 26 kJ/mol), whereas Ni-MOF-74 and Co-MOF-74 displayed 
moderate affinities of 38 and 33 kJ/mol, respectively.50 Typically, the high CO2 
affinity displayed by Mg-MOF-74 has been explained by the dominant ionic 
character of the Mg–O bond, originating from the Lewis acidic nature of the 
coordinatively unsaturated Mg sites. Owing to the metal center's electron-
deficient nature, it demonstrates a partial positive charge, which results in the 
attraction of electron-rich O atoms of CO2 (Figure 3). Thus, contributing to 
effective charge-quadrupole forces between free metal sites and the CO2 

molecules.35,42  
While MOFs with such structural features demonstrate a very good CO2 

uptake under dry conditions, they face key challenges when deployed under 
moisturized gas streams. More specifically, these highly reactive OMSs remain 
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unprotected from the attack of strongly polar water molecules, resulting in 
favoring high water adsorption rather than CO2.51 For instance, Mg-MOF-74 
displays a high CO2 adsorption capacity of 6.1 mmolCO2/gsorbent at 0.15 bar CO2 
and 25 ºC under dry conditions.42 However, when Mg-MOF-74 is exposed to a 
humid environment, H2O has been shown to out-compete CO2 for exposed metal 
cation adsorption sites, revealing only 16% of the original capacity for flue gas 
capture under 70% relative humidity (RH).52  Thus, the reactivity of OMSs with 
moisture forbids CO2 adsorption by rapidly diminishing the reactive sites and 
making such structural features unsatisfactory for realistic DAC applications. 
However, as summarized in the following sections, these OMSs can be exploited 
to incorporate chemisorption sites in the interior of MOFs, which often allows 
selective CO2 adsorption in the presence of water.  

1.3.2 Amine-appended MOFs 

In general, capturing CO2 effectively from typical atmospheric conditions 
requires sorbents that offer optimum CO2 capacity along with preferential 
adsorption of CO2 against N2 and H2O. Although solvent-based systems 
demonstrate fast and selective adsorption of CO2 even in the presence of 
moisture, the regeneration following this chemically driven CO2 separation is 
energy intensive and, therefore, cost prohibitive.53 As an alternative, supported 
amine adsorbents have been widely acknowledged as the most promising 
solutions for low-pressure CO2 adsorption.25,27 By confining amines into the 
pores of the porous support material, the resulting chemical adsorbents impart 
chemisorptive interactions and feature considerably lower energy 
requirements.53  
         Typically, the CO2 capture pathway for immobilized amine groups 
(primary or secondary) onto solid supports proceeds via a two-step reversible 
mechanism comprising the reaction of CO2 with an active amine group to form 
zwitterion species, followed by its deprotonation by a free amine group to 
produce ammonium carbamate ion pairs.51,54 In humidified gas streams, H2O can 
take part in the reaction of CO2 with an amine group to afford ammonium 
bicarbonate (Scheme 1).51,55,56  
 

 

Scheme 1:  (A) Under dry conditions, the reaction of CO2 with 2 equiv. of primary (or 
secondary) alkylamine usually yields ammonium carbamate, and (B) under 
humid conditions, the reaction of CO2 with 1 equiv. of primary (or 
secondary) alkylamine usually yields ammonium bicarbonate. 
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It can be noted that the CO2 adsorption over supported amines is not only 
limited to the formation of carbamate or bicarbonate moieties. The nature of CO2 
adducts formed may vary depending on the support material, adsorption 
conditions, and amine loading; for example, the reaction of CO2 with supported 
amines may also give rise to carbamic acid under dry or humid conditions.57–60  

The porous materials extensively used to produce amine-based adsorbents 
include porous silica, mesoporous alumina, mesoporous carbon, porous 
polymers, and nanofibrillated cellulose-based supports.56,61–66 Beyond these, by 
borrowing advantages from MOF support and amine sites, high-performing 
materials suitable for DAC can be prepared by incorporating amine 
functionalities within a MOF. So far, two straightforward strategies have been 
used to decorate the framework pores with Lewis basic functionalities. First, 
employing amine functionality within the linker. Second, post-synthetic 
modification of frameworks with highly basic amines appended to OMSs.  

1.3.2.1 MOFs with amine-functionalized ligands 

The inclusion of amine-functionalized ligands in MOF synthesis is one of the 
strategies to functionalize MOF pore walls with amines and by that, boost the 
binding affinity for CO2 gas molecules. An early example of N-rich MOF is bio-
MOF-11 [Co2(ad)2(CO2CH3)2∙2DMF∙0.5H2O], derived from the assembly of 
adenine and cobalt acetate tetrahydrate. Owing to the adenine’s Lewis basic 
adsorption sites, both aromatic amine and pyrimidine groups decorate the pore’s 
surface, resulting in moderate CO2 uptake (~1.30 mmolCO2/gsorbent at 0.15 bar CO2, 
25 ºC) with relatively a low Qst value of ~45 kJ/mol.67 

Aromatic amine-containing ligands, particularly 2-amino-terephthalic acid 
(NH2-BDC), have been extensively explored to construct aromatic amine-based 
frameworks for effective CO2 adsorption.9 For instance, amine-bearing IRMOF-3 
[Zn4O(NH2-BDC)3] had slightly higher CO2 adsorption than the parent, 
nonfunctionalized IRMOF-1 [Zn4O(BDC)3].68 Similar enhancements were seen in 
different amine-bearing MOFs, namely NH2-MIL-53 [Al(OH)(NH2-BDC)], NH2-
UiO-66 [Zr6O4(OH)4(NH2-BDC)6], and NH2-MIL-125 [Ti8O8(OH)4(NH2-
BDC)6].69–71 Besides, MOFs constructed from amine ligands with a combination 
of carboxylate linkers have also demonstrated improved CO2 adsorption and 
superior N2/CO2 selectivity. For example, the CO2 uptake in amino triazolate-
based MOF Zn2(Atz)2(ox) (where Atz = 3-amino-1,2,4-triazole and ox = oxalic 
acid) was observed to be around 3.78 mmolCO2/gsorbent (at 1.2 bar and 20 ºC) and 
negligible for N2, H2, and Ar.72 The CO2 molecules were observed to primarily 
interact with amine moieties via H-bonding (N−H···O) and electrostatic 
interactions, as reflected in a low Qst value of ~40.8 kJ/mol.72,73  

It should be noted that in the context of low-concentration CO2, MOFs that 
involve aromatic amines tend to bind CO2 less strongly than post-synthetically 
modified MOFs. This is attributed to the difference in basicity between alkyl 
amines and aromatic amines. Because of the delocalization of the lone pair onto 
the aromatic amine linker, the nature of CO2 binding in such aromatic amine-
based frameworks might not be the same as it would be with alkyl amines. This 
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is also reflected by the observed modest heat of adsorption (30-50 kJ/mol), 
emphasizing that only physisorption is taking place over these materials, and 
therefore, stronger basic functionality in the organic backbone will be needed to 
afford chemisorption.9,35,74 

For example, in an attempt to improve CO2 capture performance under 
humid streams, a terphenylene linker of the expanded version of parent MOF-74 
termed IRMOF-74-III (Mg2(DH3PhDC), where H4DH3PhDC = 2′,5′-dimethyl-
3,3″-dihydroxy-[1,1′:4′,1′′-terphenyl]-4,4″-dicarboxylic acid), was decorated with 
highly reactive alkylamine groups.75 The presence of dangling amine groups 
onto an organic linker in the pores of IRMOF-74-III-CH2NH2 enabled identical 
CO2 uptake under both dry and moist conditions. The dynamic breakthrough 
experiment demonstrated CO2 uptake of 0.8 mmolCO2/gsorbent using a mixed gas 
containing 16/84% of CO2/N2, respectively, at 25 ºC under dry and moist 
conditions (65% RH).75 Thus, this highlights that CO2 adsorption was hardly 
impacted by water vapor, and the selective CO2 capture over water is associated 
with the presence of primary alkylamine functionalities that served as adsorption 
sites for CO2 instead of OMSs. Conversely, under similar humid conditions, 
IRMOF-74-III-CH3 without amine-functionalization displayed an 80% loss in 
material performance compared to dry conditions. It was assumed that IRMOF-
74-III-CH3 relied on OMSs for CO2 adsorption. However, under wet conditions, 
the water molecules readily outcompete CO2 for occupying these OMSs, thereby 
inhibiting access to CO2.  

Notably, this strategy has been extended further by increasing the primary 
alkylamine functionalities in the same framework.58 Two primary amine groups 
were covalently anchored onto each organic linker of IRMOF-74-III, yielding 
IRMOF-74-III-(CH2NH2)2. In comparison to IRMOF-74-III-CH2NH2, the resulting 
MOF displayed a 34% increase (1.2 mmolCO2/gsorbent) in its dynamic CO2 uptake, 
indicative of CO2 capacity dependence on the density of amino groups within 
framework pores. Importantly, it was found that under dry conditions, IRMOF-
74-III-(CH2NH2)2 predominantly chemisorbs CO2 by forming carbamic acid 
species instead of ammonium carbamates. However, with increased humidity, 
the reaction between adsorbed CO2 and linker amine sites favored the formation 
of ammonium carbamate species (Figure 4).58  
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Figure 4:  Carbon dioxide chemisorption products, carbamic acid, and ammonium 
carbamates in IRMOF-74-III-(CH2NH2)2.58   

Evidently, the concept of installing Lewis basic amine moieties within the linker 
backbone seems to be attractive for superior CO2/H2O selectivity, but the overall 
CO2 adsorption capacities achieved have not reached the level to compete with 
post-synthetically amine-grafted frameworks (Section 1.3.2.2). Thus, maximizing 
the density of alkylamines within the framework and increasing the adsorption 
capacity, particularly around ultra-diluted CO2 pressures, would be expected to 
unlock the full potential of this class of material for practical DAC application.25,37 

1.3.2.2 MOFs with post-synthetic amine functionalization  

The post-synthetic pathway involves anchoring highly basic diamines onto the 
CUSs of the MOF, where only one end of diamine is tied down, and the other 
amine end is exposed in the channel to bind CO2 through chemisorption. For 
instance, open Mg2+ sites of Mg-MOF-74 have been exploited to tether shorter 
diamines, including ethylenediamine (ED)76 and hydrazine77. Choi et al.76 
reported that ED-appended Mg-MOF-74 produced a 12% increase in CO2 uptake 
(1.51 mmolCO2/gsorbent) in the presence of dry simulated air streams (400 ppm 
CO2/Ar) compared to the parent framework. Furthermore, under dry TSA 
cycling, aminated-MOF was found to retain its original uptake over four cycles, 
as opposed to unmodified MOF, which lost at least 20% of its CO2 capacity, from 
1.35 to 1.06 mmolCO2/gsorbent. In a follow-up study, both aminated-MOF and 
unmodified Mg2(dobdc) were subjected to steam treatment (110 °C in steam/N2, 
48 h) in an autoclave.78 The TGA adsorption experiment (pure CO2 at 25 ºC) 
revealed that CO2 capacity for the aminated-MOF did not change much (4.66 to 
4.47 mmolCO2/gsorbent), while plain unfunctionalized Mg2(dobdc)  uptake faded 
by 60%, dropping from 4.27 to 1.71 mmolCO2/gsorbent. Although this study showed 
that the CO2 uptake is hardly affected by water presence, little was known about 
the repeated use of the ED-grafted Mg2(dobdc).  
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Later, Liao et al.77 demonstrated that hydrazine-modified Mg-MOF-
74 could achieve CO2 capacity as high as 3.89 mmolCO2/gsorbent under 
atmospheric CO2 concentrations (400 ppm and 25 ºC). The observed high CO2 
capacity is attributed to the high density of amine groups in the framework and 
their capability to capture CO2 by forming highly desirable carbamic acid. This 
is manifested by a much higher Qst value (90 kJ/mol) obtained at near-zero 
coverage. Nonetheless, the high toxicity of hydrazine represents a challenge to 
the material’s usefulness in real DAC applications.  

The isoreticular pore-expanded variant of Mg-MOF-74, named 
Mg2(dobpdc), was synthesized using an extended linker [H4dobpdc = 4,4′-
dioxido-3,3′-biphenyldicarboxylic acid]. The sufficiently enlarged channels (18.4 
Å) obtained allowed the successful attachment of N,N′-dimethylethylenediamine 
(mmen) into the Mg2(dobpdc). The resulting mmen-appended Mg2(dobpdc) 
displayed a CO2 uptake of 2.00 mmolCO2/gsorbent at atmospheric CO2 levels and a 
high Qst value of 71 kJ/mol, indicating a clear dependency on chemisorptive 
interactions.  Additionally, the material was observed to maintain its adsorption 
capacity throughout ten cyclic runs in dry air.79  

The mmen-appended M2(dobpdc) (M = Mg, Mn, Fe, Co, Zn) are identified 
as “phase-change” adsorbents with nonclassical, single-step-shape isotherms. 
The step-like CO2 adsorption profile arises from a cooperative mechanism 
wherein both ends of mmen species serve to participate in binding CO2 (Figure 
5). Particularly, a proton is transferred from a metal-bound amine to an adjacent 
uncoordinated amine end as an incoming CO2 molecule concurrently gets 
inserted into the dative metal-nitrogen bond. Hence, this results in the disruption 
of M–N bonds followed by the formation of M–O bonds, which in turn leads to 
metal-bound carbamate species charge-balanced by neighboring ammonium 
counter cations that line the pore surfaces of the framework entirely.80 

 



 
 

25 
 

M M

N
HN

HN
HN

H

O C O

M

O

O

N
N

H

H
M

O

O

N
N

H

H

M M

N
N

H O

O

N
HN

H

H
M

N
HN

H

O C O
O C O

M

N
HN

H

M

O

O

N
N

H

H

CO2

 

Figure 5:  Illustration of cooperative CO2 insertion mechanism. Reproduced (modified) 
from ref.80 

Intriguingly, after exposure to a humid gas mixture (14% CO2/N2 up to 32% RH 
conditions), CO2 adsorption on mmen-appended Mg2(dobpdc) was found to be 
14% higher (nearly 4.2 mmolCO2/gsorbent) compared to dry conditions. Infrared 
spectroscopy measurements provided no evidence of bicarbonate species and 
corroborated the cooperative CO2 insertion mechanism even in the presence of 
water. Notably, for mmen-appended Ni2(dobpdc), the difference in CO2 
adsorption was more pronounced, with approximately a 3-fold increase 
compared to dry conditions. This is because an exceptionally stable Ni–N bond 
makes CO2 insertion into the Ni–N bond difficult, thus leading to a typical 
Langmuir-type isotherm. Hence, it was inferred that water’s promoting effect 
could be related to the formation of bicarbonate species or the formation of 
additional ammonium carbamate pairs.51 

The utility of ED-functionalized Mg2(dobpdc) for CO2 capture from air has 
also been tested.81 The aminated MOF exhibited an excellent uptake of 2.83 
mmolCO2/gsorbent at 390 ppm dry CO2 and T = 25 °C, with a relatively lower Qst 
range of 49–51 kJ/mol. Notably, compared to the modified version of mmen, this 
material´s uptake is about 1.4 times higher. It has much sharper CO2 isotherms, 
presumably because of the increased accessibility of CO2 onto primary amines 
compared to the secondary amine groups. Based on in situ IR measurements, CO2 
chemisorption was found to be associated with the formation of the carbamic 
acid mechanism. This study also suggested that aminated material is not greatly 
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impacted by humidity. However, during the TSA cycling, the material 
demonstrated a 6% capacity fade after five cycles in simulated air.  

In addition to mmen and ED, Mg2(dobpdc) has been tethered with a wide 
range of organic diamine species, resulting in a series of diamine appended 
Mg2(dobpdc) variants with different CO2 adsorption products (Figure 6). For 
example, Forse et al.82 conducted a systematic survey of thirteen different 
diamine-appended Mg2(dobpdc) variants. They demonstrated that the use of the 
multinuclear nuclear magnetic resonance (NMR) spectroscopy combined with 
van-der-Waals-corrected density functional theory (DFT) calculations can enable 
the identification of canonical CO2 adsorption adducts, for example, carbamic 
acid pairs and ammonium carbamate chains. The formation of ammonium 
carbamate chains was determined to be the predominant pathway for a range of 
diamine-appended Mg2(dobpdc) variants. Interestingly, the exploration of 
dmpn-Mg2(dobpdc) material (dmpn = 2,2-dimethyl-1,3-diaminopropane) 
revealed a new mixed chemisorption mode involving the formation of both 
carbamic acid species and ammonium carbamates (Figure 6). 

 

 

Figure 6:  Illustration of different CO2 adsorption modes in amine appended 
M2(dobpdc) variants. (a) M2(dobpdc), (b) amine-appended M2(dobpdc), (c) 
ammonium carbamate chains, (d) carbamic acid pairs, and (e) mixed 
ammonium carbamate-carbamic acid. Redrawn from CSD entry: JETVOW83; 
reproduced (modified) from ref.84   

To date, variants of Mg2(dobpdc) grafted with primary, secondary (1º,2º) diamines 
are notable for their low CO2 step pressures and thermal stabilities. It has been 
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shown that increasing the alkyl group size on the secondary amine endows (1º,2º) 
alkylethylenediamine-Mg2(dobpdc) variants with more resistance against 
diamine volatilization. Nevertheless, these frameworks displayed double-step 
CO2 adsorption behavior rather than one-step, which has been ascribed to steric 
conflict between neighboring ammonium carbamate chains within an 
asymmetrical pore structure. Thus, this phenomenon leads to increased H2O co-
adsorption under wet conditions and limits the CO2 working capacities. It was 
found that these undesirable steric conflicts between neighboring diamines could 
be lessened by placing the neighboring metal centers farther apart from each 
other. This was achieved by switching the base framework from Mg2(dobpdc) to 
either a framework that possesses uniform hexagonal channels, like in Mg2(pc-
dobpdc) (pc-H4dobpdc = 3,3′-dihydroxybiphenyl-4,4′-dicarboxylic acid) or an 
extended organic ligand, like Mg2(dotpdc) (H4dotpdc = 4,4′′-dihydroxy-
[1,1′:4′,1′′-terphenyl]-3,3′′-dicarboxylic acid). As a result, reduced steric conflict 
afforded materials that displayed single-step CO2 adsorption behavior, minimal 
co-adsorption of water vapor, and no noticeable diamine loss.85 

Efforts have been devoted to replacing diamines with high molecular 
weight tetraamine chains to overcome the shortcoming of diamine severing upon 
CO2 capture/release cycles. For example, Kim et al.86 reported robust (3-4-3)-
appended Mg2(dobpdc) [3-4-3 = N,N′-bis(3-aminopropyl)-1,4-diaminobutane] 
exhibits cooperativity achieved through double-step ammonium carbamate 
chains mechanism. Unlike singly tethered diamines, these tetramines are 
strongly tied down at both ends by coordinative interactions, which in turn 
stabilizes the amines by locking them within the chemical framework and serves 
to enhance thermal and hydrolytic stability under harsh conditions.  

While numerous studies dealing with alkylamine-appended Mg-MOF-74 
variants have appeared, only a handful of studies have quantified the adsorption 
behavior of other MOFs for DAC. Among these, the MIL-101 family and Zr-based 
UiO-66 MOFs are the most commonly assessed support materials for amine 
loadings in CO2 DAC applications.87–92 For example, Darunte et al.87 investigated 
the DAC performance of supported tris(2-aminoethyl)amine (TREN) and 
branched poly(ethyleneimine) (PEI) in MIL-101(Cr) under ambient conditions. 
The TREN-loaded MIL-101(Cr) showed an impressive CO2 capacity of 2.8 
mmolCO2/gsorbent under DAC conditions. However, the long-term stability of the 
modified material remained a concern since a considerable loss from its initial 
capacity was observed only after three continuous cycles due to the amine 
volatilization in cycling experiments. Nonetheless, PEI-loaded MIL-101(Cr) 
featured fairly good cyclic stability with a modest CO2 uptake of 1.35 
mmolCO2/gsorbent in 400 ppm CO2.  

To boost the CO2 capture performance, Li et al.88 exploited a new approach 
based on the Brønsted acid-base reaction, wherein alkylamine molecules were 
integrated into sulfonated Cr-MIL-101-SO3H MOF. The tris(2-aminoethyl)amine 
(TAEA) modified Cr-MIL-101-SO3H exhibited a CO2 cyclic uptake capacities of 
2.28 and 1.12 mmolCO2/gsorbent in the presence of 150 mbar CO2, 40 °C and  0.4 
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mbar CO2,  20 °C, respectively. Additionally, the material was observed to 
maintain its adsorption capacity throughout 15 continuous cyclic runs.  

Another notable example is the work of Rim et al.89, in which 30 wt. % of 
tetraethylenepentamine (TEPA) was successfully loaded into MIL-101(Cr) to 
achieve CO2 uptakes of 1.12 and 0.39 mmolCO2/gsorbent at DAC sub-ambient (-
20 °C) and ambient conditions (25 °C), respectively. Interestingly, this material 
showed a stable working capacity of 0.73 mmolCO2/gsorbent (dry CO2) and 0.82 
mmolCO2/gsorbent (humid, 70% RH) upon 15 and 5 small temperature swings, 
respectively, requiring much lower regeneration energy (e.g., adsorption at -
20 °C and desorption at 25 °C).  In the further studies of Rim et al.59, in situ FT-IR 
was utilized to identify the nature of the CO2 capture behavior for MIL-101(Cr)-
supported TEPA (30 wt. %). It was postulated that amines-CO2 interaction was 
dominated by both physisorption, as well as the formation of carbamic acid 
species that were stabilized by surface hydroxyl groups or water molecules, 
eventually accounting for notable CO2 uptake.  

In a recent contribution, Liu et al.90 presented evaluation of N-(2-aminoethyl) 
ethanolamine (AEEA) functionalized MOFs, namely MIL-100(Cr) (referred to as 
MF-Cr-AEEA), MIL-100(Fe) (MF-Fe-AEEA), and UiO-66(Zr) (MF-Zr-AEEA) for 
CO2 capture in DAC conditions. This study outlined that AEEA bound CUS sites 
exclusively through a secondary amine, and the primary amine end, exposed into 
the channel, served as a CO2 adsorptive site. Notably, the studied sorbents 
showed varying CO2 capture capacities, with MF-Cr-AEEA yielding the highest 
uptake capacity of 2.05 mmolCO2/gsorbent at humid DAC conditions (water vapor 
concentration 1%). On the contrary, other modified sorbents demonstrated rather 
negligible capacities. The higher performance of MF-Cr-AEEA was attributed to 
the high abundance of exposed Cr3+ cations in MIL-100(Cr) by offering better 
amine grafting without impairing active sites because of the framework's higher 
surface area, pore volume, and low acidity. However, during cycling 
experiments, the CO2 capture capacity of MF-Cr-AEEA was found to drop down 
to around 1.86 mmolCO2/gsorbent only after seven adsorption-desorption cycles. In 
another study, monoethanolamine (MEA) impregnated MIL-101(Cr) was 
assessed for its potential for a DAC process. The modified material attained a 
DAC pseudo-equilibrium capacity of 1.50 mmolCO2/gsorbent under dry conditions, 
which was further elevated to 2.15 mmolCO2/gsorbent under humid conditions (~80% 
RH). However, detailed stability tests have not been reported over repetitive 
adsorption-desorption cycles for this sorbent type nor under humid or dry 
conditions.91  

More recently, Dong et al.92 prepared a series of Quasi-X-UIO-66 (X= 1, 2, 3) 
using varying amounts of p-aminobenzoic acid in place of 1,4-benzene 
dicarboxylic acid. When tested under DAC conditions, the CO2 adsorption 
properties of these pristine MOFs were found to be negligible. To improve their 
performance, post-synthetic modification methods were utilized to prepare a 
class of ethylenediamine-modified quasi-MOF (X-UIO-EDA). Exposure of 2-
UIO-EDA at 25 °C, both to dry air streams (400 ppm CO2/Ar) and humid 
atmosphere led to CO2 adsorption of 0.04 and 0.44 mmolCO2/gsorbent, respectively. 
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Thus, this suggests that 2-UIO-EDA not only copes with water presence but also 
demonstrates the beneficial impact of water on CO2 uptake with an impressive 
10-fold increase at 30% RH. The large CO2 capacity under moist conditions was 
attributed to the generation of CO2 adducts, such as bicarbonate and hydronium 
carbamate species, combined with H-bonding interactions between the 
adsorption products within the microporous confinement of the framework.  

1.3.3 MOFs with exposed anions 

Another route to enhance CO2 adsorption under DAC conditions is developing 
hybrid ultramicroporous materials (HUMs), which are narrow-pored (<7 Å 
diameter) three-dimensional frameworks with polarizable inorganic anion lining 
the pore walls. These materials do not have exposed metal cations that show CO2-
CUS interactions. Instead, they possess exposed negative charges (high-density 
fluorinated sites) that can capture CO2 by attracting electropositive C atoms 
(Cδ+⋯F δ-). Thus, these HUMs offer strong binding sites with the added benefit of 
lower CO2 Qst (~40-55 kJ/mol) compared to solid amine-functionalized materials.   

Typically, these HUMs are composed of 2D square lattice (sql) sheets 
pillared by inorganic anions (e.g., SiF62−, SIFSIX; TiF62−, TIFSIX; NbOF52−, 
NbOFFIVE).93–96 For instance, SIFSIX-3-Zn (where 3 = pyrazine) comprises Zn-
pyrazine square grids pillared using SiF62− moieties (Figure 7). At 25 °C and 0.4 
mbar CO2, the CO2 capacity and Qst for SIFSIX-3-Zn were 0.13 mmolCO2/gsorbent 

and 45 kJ/mol, respectively.94 Notably, the Jahn-Teller distortion of the six-
coordinated Cu2+ nodes in the isostructural variant of SIFSIX-3-Cu reduces the 
pore size dimensions to 3.5 Å, which is 0.3 Å less than the parent Zn2+ derivative. 
This, in turn, serves to maximize physisorption. The uptake of SIFSIX-3-Cu under 
DAC conditions and the isosteric heat of CO2 adsorption was found to be 1.24 
mmolCO2/gsorbent and 54 kJ/mol, respectively, which is significantly higher than 
that on the OMS-MOFs, such as Mg-MOF-74 (e.g., 0.08 mmolCO2/gsorbent and 47 
kJ/mol, respectively). Noticeably, the improved CO2 capture performance 
resulted from stronger electrostatic forces between SIFSIX pillars and CO2. 
Additionally, tight-fitting pores of SIFSIX-3-Cu perfectly coincide with the CO2 
(kinetic diameter 3.3 Å), allowing a tailored fit for CO2.94 Although SIFSIX-3-Cu 
demonstrated notable DAC performance under dry conditions, it was observed 
to be structurally unstable when exposed to high humidity and moderate 
temperature (75% RH, 40°C).97   
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Figure 7:   Illustration of SIFSIX-3-Cu/Zn; pore size 3.50/3.84 Å. Reproduced 
(modified) from ref.94 

An effective way to maximize physisorption in HUMs is by altering the pillaring 
anion from SiF62− to NbOF52−.95 This substitution results in an increased M–F 
bonding distance (d(Nb–F) =1.899(1)Å versus d(Si–F) = 1.681(1)Å), as Nb5+ is a 
bigger cation compared to Si4+. Consequently, this shortens the d(F⋯F), which 
further contracts the pore size to 3.210(8) Å, thereby generating a tighter binding 
site for CO2. Amongst the pyrazine-linked HUMs, the perfectly matched pore in 
NbOFFIVE-1-Ni (pore environment and size) afforded the most promising CO2 
performance under DAC concentrations with the uptake of 1.3 mmolCO2/gsorbent 

at 25 °C and 0.4 mbar CO2 partial pressure.95  Hydrolytically stable TIFSIX-3-Ni 
was also developed using TiF62− pillars. Markedly, TIFSIX-3-Ni yielded a CO2 
uptake capacity of ~1.1 mmolCO2/gsorbent at 25 °C and 0.4 mbar CO2 and a high Qst 
of 50kJ/mol.96  

After further optimization of the SIFSIX series, hydrophobic HUM, denoted 
as SIFSIX-18-Ni-β, was fabricated by pillaring 2D layers of Ni(II) nodes and 
organic linkers (3,3′,5,5′-tetramethyl-1H,1′H-4,4′-bipyrazole) using SIFSIX pillars, 
featuring methyl-decorated pores.98 In the presence of dry 500 ppm CO2, the 
capture capacity of SIFSIX-18-Ni-β was observed to be 0.4 mmolCO2/gsorbent. 
Interestingly, molecular simulations demonstrated that SIFSIX-18-Ni-β interacts 
with CO2 through multiple interactions like an enzyme. Specifically, CO2 
molecules form interactions with SIFSIX units and methyl groups via C⋯F and 
CH⋯O interactions, respectively, thus simultaneously providing substantially 
stronger binding for CO2 and enhancing surface hydrophobicity.98  

The impact of water co-adsorption during CO2 capture was also quantified 
using SIFSIX-18-Ni-β and other high-performing HUMs. The results displayed 
that at low concentrations of CO2 (1000 ppm), the CO2 capture capacity was only 
slightly reduced when switching from dry to high moisture content (0.7 
mmolCO2/gsorbent at 0% RH versus 0.3 mmolCO2/gsorbent at 74% RH). Besides, the 
material exhibited a low water uptake of 1.64 mmol g-1 (at 95% RH), while the 
other high-performing HUMs, including NbOFFIVE-1-Ni, TIFSIX-3-Ni, and 
SIFSIX-3-Ni, demonstrated high water uptake of 10.09, 7.46, and 8.8 mmol g-1, 
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respectively. The enhanced moisture stability of SIFSIX-18-Ni-β in comparison to 
other HUMs is attributed to the presence of hydrophobic CO2 binding sites 
(methyl-decorated pores) and, therefore, demonstrates the potential of capturing 
trace CO2 in both dry and moist conditions.98 

1.3.4 Flexible MOFs           

Materials demonstrating robust adsorbate-adsorbent interactions (e.g., higher Qst 

values) have greater CO2 uptake capacities at low pressures, but they require 
higher temperatures for CO2 desorption. In this regard, MOFs that feature 
structural responsiveness, such as flexible MOFs, may prove beneficial.25 These 
MOFs can pack CO2 molecules effectively by adjusting their pore size under gas 
pressure, allowing CO2 capture and release reversibly. These materials undergo 
structural transformations through various dynamic modes, often termed 
breathing, swelling, ligand rotation, and subnet displacement99, in response to 
some kind of external stimuli such as guest molecules, pressure, or temperature 
variation. Since the flexible MOFs exhibit guest-assisted phase transition (e.g., 
upon CO2 adsorption), their adsorption profile displays stepped-shape isotherms 
and, therefore, enables greater working capacity and milder regeneration 
conditions.99  

One of the best representative examples of “breathing” MOFs is water-
stable Cr-based MIL-53 [Cr(OH)(bdc)].100 Breathing behavior is often reflected by 
a structural transition from a closed-pore structure (or narrow pore) to an open-
pore structure (or large pore) and back. For example, in the presence of CO2, MIL-
53(Cr), when fully dehydrated, undergoes a structural change, transforming 
from a large to a close-pore structure (Figure 8). At a pressure below 1 bar, it 
exhibited a CO2 uptake of nearly 2 mmolCO2/gsorbent. Upon further pressure 
increase (above 5 bar), the pore structure reopens, thereby resulting in a stepwise 
adsorption. This allows for an appreciable amount of CO2 to be adsorbed, with 
an impressive uptake of approximately 9-10 mmolCO2/gsorbent (at 20 bar).101 
Similarly, at higher pressure (above 11 bar), the narrow pore configuration of 
hydrated MIL-53(Cr) evolves to an open-pore phase, leading to a notable CO2 
uptake. Remarkably, in the presence of CH4, hydrated MIL-53(Cr) showed 
extremely low uptake, only ~0.2 mmol/g at 20 bar, presumably because of the 
repulsive interactions of pre-adsorbed H2O towards non-polar CH4.102 Thus, the 
breathing nature of MIL-53(Cr) demonstrates ultrahigh adsorptive selectivity for 
CO2 over CH4 via the quadrupolar interaction of CO2 with the hydroxyl groups 
that line the pore surface of MIL-53.  
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Figure 8:  Schematic representation of MIL-53 “breathing” induced by CO2 adsorption 
at increasing pressure. Reproduced (modified) from ref.103 

Sometimes, the interaction between CO2 and sorbent is not robust enough to 
evoke the pore-opening of a flexible framework. In such scenarios, flexing can be 
induced by an alternative route. For example, Carrington et al.104 reported an 
SHF-61 MOF ((Me2NH2)[In(ABDC)2], ABDC  = 2-aminobenzene-1,4-dicarboxylic 
acid), a flexible framework that exhibited solvent-induced breathing behavior. 
Particularly, a closed phase was generated upon removing dmf from a solvated 
form of SHF-61-DMF. However, a wide-pore structure was obtained from 
chloroform-exchanged SHF-61 due to the much weaker interactions between 
MOF and CHCl3 in contrast to highly interacting dmf. Markedly, this leads to 
lower CO2 adsorption capacity (2.43 mmolCO2/gsorbent at 18 bar) in the narrow-
pore structure, while the open phase structure form resulted in a greater CO2 
uptake at higher pressure conditions (6.25 mmolCO2/gsorbent at 19.5 bar).  

Alternatively, pronounced flexing was also observed for a Zn-based 
pillared-layer framework named ZnDatzBdc (HDatz = 3,5-diamino-1H-1,2,4-
triazole, H2Bdc = 1,4-benzenedicarboxylic acid).105 Upon exposure to certain 
gases, such as CO2, N2, and CH4, only CO2 was discovered to be capable of 
inducing a structural transformation. This transition reversibly causes the fully 
desolvated ZnDatzBdc to switch from a close-phase to an open-phase 
configuration. This was ascribed to the combined effect of H-bonding 
disruption/re-formation and the rotation of phenyl units. As a result, ZnDatzBdc 
displayed a stepped isotherm arising from the adsorption of an appreciable 
amount of CO2 through a gate-opening behavior (Figure 9). Notably, ZnDatzBdc 
exhibited a low CO2 uptake of 0.38 mmolCO2/gsorbent before the gate-opening 
phenomenon but increased abruptly above the gating pressure of 0.25 and 0.83 
bar, revealing CO2 capacities of 2.89 and 2.05 mmolCO2/gsorbent at 1 bar, 0 and 25 °C, 
respectively. Remarkably, the adsorption isotherms were determined to be fully 
reproducible over five CO2 capture−release cycles. Moreover, the breakthrough 
experiments indicated that ZnDatzBdc could efficiently separate CO2 from 



 
 

33 
 

CO2/N2 and CO2/CH4 mixtures, showing CO2 working capacities of 2.25 and 
1.95 mmol/g, respectively. Overall, the outlook of flexible MOFs for the carbon 
capture process appears promising. Indeed, further detailed research on such 
responsive behavior, focusing on vital aspects, such as excellent separation 
performance and hydrolytic stability, could potentially offer new directions for 
CO2 capture in DAC conditions.   
 

 

Figure 9:  Representation of CO2, N2 and CH4 adsorption isotherm (0 °C) recorded for 
ZnDatzBdc.105 
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2 RESULTS AND DISCUSSION 

2.1 Aim of the work 

This work aimed to synthesize and characterize amine-functionalized MOFs for 
interest in CO2 DAC applications. To accomplish this, we first focused on 
synthesizing a ligand with a 4-amino-1,2,4-triazole backbone that seemed highly 
attractive because of its flexible conformation and the presence of a combination 
of the functionalities. We then conducted a systemic analysis of diverse 
supramolecular entities formed by this ligand in the presence of different types 
of anions. This involved an exploration of different molecular conformations and 
diverse noncovalent interactions that can be leveraged for the formation of MOFs. 
Next, we turned our efforts toward synthesizing MOFs with amine functionality 
installed into the linker backbone. Employing the mixed-linker approach, we 
combined the selected ligand with a carboxylate linker to decorate the MOF pores 
with basic functionalities (–NH2) and polarizable sulfur atoms. Meanwhile, in 
parallel, we evaluated a post-synthetically amine functionalized MOF, aiming to 
understand the material behavior and performance when employed under 
realistic DAC working conditions. Accordingly, the content of this thesis is a 
compendium of the three research publications, the objectives for which are as 
follows: 

Paper I centered around establishing new anion-assisted supramolecular 
entities of bent 4-amino-3,5-bis(4-pyridyl)-1,2,4-triazole (bpt) ligand 
encompassing basic functional sites (–NH2). This work has been particularly 
interested in the geometric analysis, protonation states of the ligand, and the 
range of noncovalent interactions influencing these supramolecular systems. 
This work assessed different molecular conformations of the ligand and 
molecular packing of a series of supramolecular extended architectures. With a 
particular focus on anion chemistry, we also provided insights into anion cluster 
assembly and a diverse range of intriguing anion-water clusters.  
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Paper II focused on the preparation and characterization of three Zn-based 
mixed-ligand frameworks, {[Zn(bpt)(tdc)]∙dmf}n (denoted MOF-1-Zn), 
{[Zn2(bpt)(tdc)2]∙2(dmf)}n (MOF-2-Zn), and  {[Zn(bpt)(tdc)(H2O)]∙dmf}n (MOF-3-
Zn) built via a combination of sulfur-based heterocyclic ligand (H2tdc = 
thiophene-2,5-dicarboxylic acid) and –NH2 group-bearing linker (bpt) under 
different crystallization conditions. Furthermore, the dynamic behavior, via 
single-crystal-to-single-crystal (SC-to-SC) transformations induced by solvent 
exchange and removal on a pillared-layer MOF was examined by soaking the 
crystals of MOF-2-Zn into nine different solvents ranging from polar protic to 
polar aprotic and nonpolar solvents. Different conformation modes of pillar-
ligand were assessed, with attention to understanding the host–guest 
interactions for different SC-to-SC guest-exchange complexes. In addition, we 
also evaluated the potential application of synthesized Zn-based mixed-linker 
MOFs in CO2 adsorption studies. 

Paper III aimed to explore the behavior and effectiveness of 
ethylenediamine-appended Mg-MOF-74 (ED@MOF-74) in capturing CO2 from 
air under real-world operating environments. The performance of amine-
appended MOF was examined in temperature-concentration swing adsorption 
(TCSA) mode using a fixed-bed adsorption-desorption setup supplemented with 
a series of systematic experiments, including structural characterization. More 
specifically, the central aspects of real-life applications of MOFs in DAC, CO2 
adsorption rate, and repetitive adsorption-desorption cycles under a range of 
operating conditions, including temperature and humidity, were quantified. A 
summary of the experimental procedures and the most important results 
published in Papers I-III are presented and discussed below.   

2.2 Syntheses  

2.2.1 General notes for 4-amino-3,5-bis(4-pyridyl)-1,2,4-triazole (bpt) and 
salts synthesesI 

Synthesis of bpt: The ligand synthesis was adapted and modified from the 
reference (Scheme 2).106 Specifically, a mixture of 4-cyanopyridine, hydrazine 
monohydrate, water, and ethanol was sealed in a Teflon-lined steel-made 
autoclave and heated at 120 °C for three days. After cooling to 22 °C and washing 
with water and acetone, pale brown-orange crystals were obtained.  
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Scheme 2:  Synthetic route for the preparation of 4-amino-3,5-bis(4-pyridyl)-1,2,4-
triazole (bpt).I 

Crystallization methods: The complexes reported in this study were prepared 
from bulk powders, using H2O/acetone (or dioxane) vapor diffusion or 
evaporation methods (Scheme 3).  

Preparation of H2LCl2 (1), H2LBr2 (2), H2L(NO3)2 (3), HL(H2PO4) (4), 
H2L(H2PO4)2 (5), H2L(SO4)∙H2O (8), H2LSiF6 (9) and H2LSiF6∙2H2O (10): Typically, 
to a 5 M acid solution, L (bpt) was added and shaken thoroughly and was left 
undisturbed for one day (4 days for salt 9). The faint-yellow crystals grown in the 
case of a HNO3 solution (3) were collected and rinsed with water and acetone. To 
the remaining vials, H2O (except salt 9) and acetone (dioxane for salt 5) were 
added to precipitate crystals per appropriate LHx salt (fine powder for salt 9). 
The resulting crystals were filtered off, washed with acetone, and dried in air. 
The complex (9) was obtained as single crystals suitable for analysis upon slow 
evaporation of bulk powder containing water solution.  

Preparation of H2L(NO3)2 (7): The single crystals of salt (3) were dissolved 
in a methanol/water mixture. Upon slow evaporation, the crystals grew within 
a few days.   

Preparation of [H2L]2I4 (6), H2L(HF2)2 (11), H3LI3 (12), H3L(BF4)3 (13), 
H3L(ClO4)3 (14), H3L(ClO4)3∙2H2O (15) and H3L(H3O)(SiF6)2∙2H2O (16): To a 5 M 
acid solution (2 mL), 150 mg of L (bpt) was added and shaken thoroughly and 
was left undisturbed for one day. In the case of HI solution (6), H2O was added. 
The crystals suitable for characterization were obtained by allowing the solutions 
to slowly evaporate in open or closed (pin-holed) vials.  
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Scheme 3:  Representation of different LHx salts synthesized in this work.I  

2.2.2 Syntheses of MOF-1-Zn, MOF-2-Zn and MOF-3-ZnII 

Crystallization was attempted using solvothermal or slow evaporation 
techniques. MOF experiments conducted in this work typically involved 
combining divalent zinc ions with H2tdc and bpt in a given stoichiometric ratio 
in dmf, or in solvent combinations, including dmf, ethanol, and water. 

Preparation of MOF-1-Zn: Compound was produced by mixing 1.48:1:1 
Zn(NO3)2∙6H2O:bpt:H2tdc and adding dmf as solvent. In a Teflon-lined steel-
made autoclave, Zn(NO3)2∙6H2O, bpt, and H2tdc, along with dmf, were added. 
The solvothermal reaction was carried out at 120 °C for 72 hours and cooled to 
room temperature within 24 hours. The crystals were recovered by filtration, 
washed with dmf, and briefly air-dried.  

Preparation of MOF-2-Zn: Compound was made with the above said 
reaction conditions but using a 1:1:1 ratio of Zn(NO3)2∙6H2O:bpt:H2tdc. MOF-1-
Zn and MOF-2-Zn as plate- and block-like colorless single crystals were obtained 
as a mixture, which was washed with dmf and briefly air-dried.  

Preparation of MOF-3-Zn: Briefly, to a 100 mL round-bottomed flask 
charged with a magnetic stirrer and a solution of Zn(NO3)2∙6H2O  in water and 
bpt in hot ethanol, a solution of H2tdc in dmf was added to it dropwise at 80 °C. 
After one hour, the solution was filtered to eliminate the possible residues. Then, 
the solution was allowed to evaporate slowly for one week. The resultant rod-
shaped crystals were subsequently collected and placed in fresh dmf over several 
hours. Afterward, the crystals were dried in the air.  

2.2.2.1 Solvent exchange and removal general procedure 

The native mixture was first rinsed thoroughly with dmf, and then the crystals 
were immersed in 10 mL of chloroform and methanol for two and three days, 
respectively. During this time, the solvents were replaced at 12- and 24-hour 
intervals, respectively. The chloroform and methanol exchanged MOF-2-Zn were 
referred to as 2-CHCl3 and 2-MeOH, respectively.  

Similarly, the single crystals of 2-EtOH, 2-i-PrOH, 2-MeCN, 2-acetone, 2-
THF, 2-dioxane, and 2-cyclohexane were prepared by soaking the MOF-2-Zn 
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crystals in 10 mL of ethanol, isopropyl alcohol, acetonitrile, acetone, 
tetrahydrofuran, 1,4-dioxane, and cyclohexane, respectively for seven days, 
which were replaced at 24-hour intervals for three days. Additionally, single 
crystals of 2-gf (solvent-free version of the product) were prepared by 
desolvation of 2-EtOH under vacuo at 110 ºC for 5 hours.  

2.2.3 Synthesis of ED@MOF-74III 

The Mg-MOF-74 was synthesized at room temperature following the published 
method with slight modification.107 Before the amine functionalization, Mg-
MOF-74 was subjected to heating at 200 ºC for 2 hours under vacuo and then 
reacted with ED in anhydrous toluene via refluxing under inert conditions for 
one day. The resulting dark yellowish powder was recovered via filtration, 
washed extensively with toluene and hexane, and dried at 120 ºC by applying 
vacuo for 4 hours. 

2.3 Structural descriptionsI,II 

2.3.1 Ligand conformation analysis 

The conformation of a ligand plays a significant role in determining the nature of 
supramolecular entities. The cationic L displayed varying conformations for 
different natures of anions (e.g., spherical or polyhedron), resulting in a series of 
H-bonding geometry patterns and wide-ranging supramolecular assemblies. The 
structural elucidation of all the studied salts reveals that the bpt practically 
assumes three different orientations, which facilitates its categorization into three 
distinct Groups, as exemplified in Figure 10. Group I encompasses mono- and di-
protonated salts, namely H2LCl2 (1), H2LBr2 (2), H2L(NO3)2 (3), HL(H2PO4) (4), 
H2L(H2PO4)2 (5), and [H2L]2I4 (6). The six molecular salts crystallized in an 
anhydrous form, and bpt acquired an almost flattened conformation supported 
by modest dihedral angles, as shown in Table 1. In the Group I, the highest 
dihedral angle between the pyridyl and middle triazole core was measured to be 
less than ±17°. 

Group II consists of diprotonated salts such as H2L(NO3)2 (7), H2L(SO4) 
∙H2O (8), H2LSiF6 (9), H2LSiF6∙2H2O (10), and H2L(HF2)2 (11). The structures of 
salts (8, 10) feature water molecules inclusion into their crystal system. Typically, 
in this Group, the bpt adopts a moderately twisted geometry, with pyridyl 
groups tilting at comparable angles ranging from 16 to 27° with respect to the 
triazole ring. On the other hand, the Group III comprises all triprotonated salts, 
including H3LI3 (12), H3L(BF4)3 (13), H3L(ClO4)3 (14), H3L(ClO4)3∙2H2O (15), and 
H3L(H3O)(SiF6)2∙2H2O (16). In this Group, one of the pyridyl units aligns with the 
central triazole motif, while the second pyridyl ring is significantly tilted. 
Alternatively, both pyridyl units are markedly tilted in the same or opposite 
directions, resulting in dihedral angles of up to 43° with the triazole ring. Notably, 
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in the most tilted arrangements, such as those found in iodide and 
tetrafluoroborate complexes (12, 13), the pyridyl units are almost perpendicularly 
oriented with respect to each other (Figure 10). Diagrams of the asymmetric unit 
(AU) with atom numberings for all the conformation groups are provided in 
Paper I. 

 

 

Figure 10:  L (bpt) conformations are grouped based on their similarity. Group I: (1) 
H2LCl2 (red), (2) H2LBr2 (orange), (3) H2L(NO3)2  in monoclinic form (yellow), 
(4) HL(H2PO4) (green), (5) H2L(H2PO4)2  (magenta), (6) [H2L]2I4 (purple); 
Group II: (7) H2L(NO3)2 in triclinic form (red), (8) H2L(SO4)·H2O (orange), (9) 
H2LSiF6 (purple), (10) H2LSiF6·2H2O (yellow), (11) H2L(HF2)2 (green); Group 
III: (12) H3LI3 (red), (13) H3L(BF4)3 (orange), (14) H3L(ClO4)3 (yellow), (15) 
H3L(ClO4)3·2H2O  (green), and (16) H3L(H3O)(SiF6)2·2H2O (magenta).I  

 

Table 1  Dihedral angles between pyridyl units and middle triazole core on L (bpt) in 
complexes (1) – (16).I 

Group I Group II Group III 

salt angle 1a        
(deg) 

angle 2b 
(deg) salt angle 1a 

(deg) 
angle 2b 

(deg) salt angle 1a 
(deg) 

angle 2b 
(deg) 

1 1.8(2) -7.3(2) 7 16.0(2) -18.3(2) 12 31.4(9) 42.5(9) 
2 9.5(3) -5.2(3) 8 -22.22 (19) 0.97(18) 13 34.08(18) 36.92(18) 
3 -11.24 (18) 11.44 (18) 9 26.9(6) -13.4(5) 14 -35.1(2) -35.8(2) 
4 -0.5(3) 10.8(3) 10 27.8(2) 0.4(3) 15 37.7(6) -36.5(6) 
5 13.0(2) -16.1(2) 11 22.7(2) -14.9(2) 16 23.9 (2) -3.4(2) 

6 15.5(6) 
13.7(6)c 

-15.5(6) 
-17.7(6)d        

aAtoms for the dihedral angles: N3–C2–C7–C12.  
bAtoms for the dihedral angles: N4–C5–C13–C14.  
cAtoms for the dihedral angles: N21–C20–C25–C30 for the 2nd ligand in the asymmetric unit 
for salt (6). 
dAtoms for the dihedral angles: N22–C23–C31–C36 for the 2nd ligand in the asymmetric unit 
for salt (6). 
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2.3.2 Hydrogen bonding and packing modes 

Salts (1, 2), which crystallized in the triclinic space group P-1, exhibited a packing 
arrangement in a bricklayer fashion (Figure 11). Analysis of H-bond motifs 
(Graphs sets)108 revealed linear C21(14) chains made of pyNH+⋯X interactions, 
further forming larger R4

2(20) motifs. Besides H-bonding, aromatic π–π stacking 
(face-to-face) further supports the bricklayer packing. Unlike salts (1, 2), the 
diprotonated ligands in salt (6) assemble in columns (Figure 11), which are 
stabilized by relatively weak π–π interactions, presumably influenced by the 
larger size of the iodide anion (Cl− < Br− < I− ). Salt (3) crystallized in monoclinic 
space group P21/c, displaying a zig-zag pattern stabilized by a group of 
noncovalent interactions. These include several types of H-bond motifs (e.g., 
C22(12), C21(10), C22(6)), weak dimer associations ([NO3]− ⋯ [NO3]− contacts)109,110, 
and anion–π interaction (d(O–centroid) estimated to be 3.0680(11) Å) (Figure 11). 
Notably, the anion's steric effects played a crucial role in determining the spatial 
arrangement of the molecules. Thus, compared to other salts (1, 2), a slightly 
longer distance between the aromatic rings and a slight tilt between the pyridyl 
rings offer relatively weaker π–π interactions in salt (3), possibly due to the steric 
effects of the nitrate anions.111 
 

 

Figure 11:  Molecular packing of (a) salt (1), (b) salt (2), (c) salt (6), and (d) salt (3), along 
b-, b-, c-, and a-axes, respectively. Only relevant atoms are shown; hydrogen 
atoms are omitted for clarity; H-bonds are exemplified by blue dashed lines 
(applies to all figures). I  

Salts (4, 5) crystallized in a monoclinic system with P21/c or I2/a symmetries, 
respectively. Salts (4, 5) form layered structures with distinct H-bond directed 
patterns, each containing mono- or diprotonated ligand interacting with 
[H2PO4]−anions (Figure 12). The monoprotonated salt (4) features an infinite 
helical chain of dihydrogen phosphate through O–H···O hydrogen bonds (d(O–
O) = 2.5417(18) Å) around a 2-fold screw axis. The ligands interconnect the 
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chains in a “stair-steps” pattern. This arrangement features intersecting H-bond 
chains with H-bonded geometry patterns, including  R4

2(20) and  R4
4(24) 

structural motifs (Figure 13). The salt (5) comprises two crystallographically 
distinct [H2PO4]− anions featuring different coordination environments (Figure 
12). Infinite zig-zag chains sustained by O–H···O bonds (O⋯O = ~2.5 Å) are 
interlinked by a second type of [H2PO4]−  anion, thereby forming a hexameric 
cluster (H2PO4

−) 6 with  R6
6(24)  motif (Figure 13). The interlinked pattern of 

unique hydrogen bonds results in geometry types, such as  R2
2(8) and  R4

4(28) 
(Figure 13).  

 

 

Figure 12:  Molecular packing of (a) salt (4), (b) salt (5), along c-, and b-axes, 
respectively.I 

 

 

Figure 13:  Examples of hydrogen-bonded motifs found (a) in the salt (4), (b, c) in the salt 
(5), (d) (H2PO4

−)6 aggregate, and (e) anion cluster illustrated in space-fill.I 

Group II salts (7-11) feature H-bonding-driven layered architectures composed 
of cationic ligands in partnership with different anions. These salts are 
distinguished by their recurring cyclic ring motifs, notably  R4

2(20) and  R4
4(24), 

that connect the cationic ligands and different anions, as illustrated in Figure 14. 
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Nevertheless, the inclusion of water in some salts, for instance, salts (8) and (10), 
further creates complex H-bond patterns and offers a range of structural features.   

 

 

Figure 14:  Examples of hydrogen-bonded motifs found (a) in salt (7), (b) in salt (8), (c) in 
salt (9), (d) in salt (10), and (e) in salt (11).I 

For instance, in salt (8), tetrahedral  [SO4]2− connects with water via an O–H⋯O 
hydrogen bond to form a cyclic tetramer [(SO4)2 − (H2O)2]4−  cluster112 
exhibiting a structural motif  R4

4(12) (Figure 15). The packing diagram along the 
b-axis reveals a distinctive layered arrangement that includes a cyclic tetramer 
inserted between cationic ligands. Salt (10), another hydrated salt, showcases 
interesting cyclic octameric clusters [(SiF6)4 − (H2O)4]∞8−  being part of  R8

8(24) 
structural motif that extends in an undulated sheet via O–H···F H-bonds, 
facilitating the generation of a wave-like layered structure (Figure 15). Apart 
from multiple H-bond interactions, including N–H···O, O–H···F, and N–H···F, 
the additional stabilization is further provided by anion–π interactions.  

 

 

Figure 15:  Salt (8) (a) cyclic tetramer cluster, (b) molecular packing along the c-axis, salt 
(10) (c) cyclic octameric cluster, and (d) molecular packing along the a-axis.I 
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An important aspect of Group III salts (12-16) is the prevalence of anion–π 
interactions alongside the establishment of multisite and/or bifurcated H-bond 
patterns (e.g., N–H···F, N–H···O, C–H···O, O–H···O, N–H···N, and O–H···F), 
which ultimately drive the formation of a wide array of structural arrangements 
(Figure 16). Salts (12, 13) showcased iodide and fluorine atoms establishing 
anion–π interactions with a triazole ring with an anion⋯ring–centroid distance 
of 3.495(2) and 3.3691(14) Å, respectively. The partial view of the molecular 
packing of salts (12, 13) is illustrated in Figure 16, highlighting anion–π 
interactions.  
 

 

Figure 16:  Molecular packing of (a) salt (12), (b) salt (13), (c) salt (14), and (d) salt (15), 
along a-, b-, a-, and c-axes, respectively.I 

An observation of the water-free crystal structure (14) revealed a tri-protonated 
ligand interacting with three  [ClO4]− anions, forming infinite zig-zag chains via 
N–H···O interactions with C21(14)  motif. Moreover, anion-anion interactions 
were identified between ClO4

− anions113, while the oxygen atom of  [ClO4]− was 
also noted at close proximity from the triazole ring with d(O–centroid) of 
3.0468(17) Å. By contrast, salt (15) incorporates water molecules, forming an 
acyclic perchlorate-water-perchlorate-water cluster (ClO4

− )2(H2O)2 surrounded 
by cationic ligands. The H-bonding network is diversified, involving perchlorate 
anion interactions with water molecules and cationic ligands via O–H···O, N–
H···O, and C–H···O H-bonds, respectively. Meanwhile, water molecules interact 
with protonated pyridyl and triazole moieties of bpt via N–H···O H-bonds. 
Interestingly, direct interactions between two cationic ligands mediated via 
amino N–H donor group and triazole nitrogen acceptor with a distance between 
N–N estimated to be 2.981(5) Å were also identified. When viewed along the c-
axis, the cationic ligands appear to form a criss-cross orientation (Figure 16). Salt 
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(16) displays infinite H-bonded sheets comprising intricate cyclic motifs, 
particularly tetrameric and 16-membered cyclic motifs involving water 
molecules, hydronium ions, and hexafluorosilicate anions (Figure 17). The cyclic 
motifs are interconnected throughout via O–H···F and N–H···F H-bonds, 
sustaining a bilayer arrangement along the b-axis (Figure 17). 
 

 

Figure 17:  Illustration of the salt (16) (a, b) hydrogen-bonding motif found in a cyclic 
tetrameric cluster and its space-fill illustration, (c) a side view of the 
hydrogen-bonded sheet of water molecules, hexafluorosilicate anions, and 
hydronium ions, and (d) molecular packing along the b-axis.I 

Powder X-ray diffraction (PXRD) data collected for the investigated salts 
indicated that based on Pawley whole-pattern unit cell indexing fits, bulk 
samples of studied salts are almost consistent (except 11) with the corresponding 
single-crystal structures.  For the salt (11), based on the Pawley fit, it was 
validated that the produced bulk powder contained only the neutral bpt, 
consistent with the elemental analysis (EA) results. Moreover, it is worth noting 
that all complexes studied, displayed good thermal stability attributable to the 
extensive H-bonding and attractive interactions between cations and anions. 
Notably, the decomposition temperatures for salts (1-16) fall within the range of 
150-240 °C. Paper I provides extensive descriptions of molecular packings and 
detailed characterization of all studied salts.  

2.3.3 Structural details of MOF-1-Zn, MOF-2-Zn and MOF-3-Zn 

The MOFs, MOF-1-Zn and MOF-2-Zn were synthesized via the solvothermal 
method as detailed in the synthesis section by combing ZnII, (tdc)2−, and a 
pillaring co-ligand (bpt). MOF-1-Zn and MOF-2-Zn crystallizes in orthorhombic 
Pcca and monoclinic I2/a space groups with a formula of {[Zn(bpt)(tdc)]∙dmf}n 
and {[Zn2(bpt)(tdc)2]∙2(dmf)}n, respectively. Both structures exhibit a double-
interpenetrated 3D framework. In MOF-1-Zn, each ZnII center is coordinated 
with three oxygen atoms from three different (tdc)2− ligands and two nitrogen 
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atoms from two bpt ligands. The ligand (tdc)2− exhibits binding mode 1 (Scheme 
4), which allows it to link to three ZnII atoms through monodentate and bridging 
fashion, eventually forming a perfectly planar metal-carboxylate two-
dimensional layer lying in the crystallographic ac-plane (Figure 18). Each 2D 
layer connects to the bpt ligand through its pyridyl units to establish a 3D 
pillared-layer network (Figure 18).  

 

 

  Scheme 4:  Illustration of (tdc)2- binding modes, molecular confirmation of bpt, and the 
coordination geometry of ZnII ion in MOF-1-Zn, MOF-2-Zn, and MOF-3-Zn, 
respectively.II  

 

Figure 18:  Structural description of MOF-1-Zn. (a) asymmetric unit, (b) 2D network, (c, 
d) double-interpenetrated 3D framework along the b- and c-axes, 
respectively, and (e, f) potential void space visualized by yellow/gray 
(outer/inner) colors (applies to all figures).II  
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MOF-2-Zn is based on dinuclear paddlewheel nodes [Zn2(O2C)4] linked 
equatorially by (tdc)2− ligands to generate corrugated two-dimensional layers 
(Figure 19). The bpt ligands further coordinate to the axial sites of the Zn-
paddlewheel (Scheme 4), thereby expanding the structure in three dimensions 
and furnishing a pillared paddlewheel MOF (Figure 19).  

 

 

Figure 19:  Structural description of MOF-2-Zn. (a) asymmetric unit, (b) 2D network, (c, 
d) double-interpenetrating 3D framework along the a- and b-axes, 
respectively, and (e, f) potential void space visualized by yellow/gray 
colors.II 

There are notable differences in the arrangement of bpt in MOF-2-Zn compared 
with that of MOF-1-Zn. In MOF-1-Zn, two pyridyl rings are equally highly tilted 
and are in parallel directions with respect to the middle triazole ring, while in 
MOF-2-Zn, they show modest tilting. The crystal packing of MOF-1-Zn shows 
robust π–contacts between parallel pillaring struts, where the face-to-face d(π–π) 
is measured at 3.710(2)-3.856(2) Å. However, this type of arrangement is absent 
in MOF-2-Zn. Additionally, as mentioned before, the 2D layer in MOF-2-Zn is 
not planar but is a corrugated two-dimensional layer, whereas in MOF-1-Zn, the 
two-dimensional layer is nearly flat. Overall, the free volume of MOF-1-Zn and 
MOF-2-Zn without considering solvents is 23.4% and 35.3%, respectively, as 
estimated by contact surface calculations (Figure 19).  

The self-assembly of ZnII ions with (tdc)2− and bpt ligands in 
H2O/dmf/EtOH solvent mixture leads to the crystallization of 
{[Zn(bpt)(tdc)(H2O)]∙dmf}n, hereafter MOF-3-Zn, in the hexagonal symmetry 
(space group P61), as deduced by SCXRD studies. Within MOF-3-Zn, the 
coordination sphere of ZnII is of distorted octahedral geometry, with one 
monodentate and one chelating (tdc)2−, one water molecule, and two nitrogen 
atoms from two bpt ligands (Scheme 4). The two pyridyl rings are highly tilted 
in the opposite direction with a dihedral angle of 56.61(10)° between them. MOF-
3-Zn is constructed from infinite wavy 31-helices delimited via Zn-bpt bridging 
extending along the c-axis (Figure 20). These parallel helices are interlinked to 
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each other via (tdc)2− chains that possess three different orientations while 
passing from one to the next layer, thereby propagating the structure in three 
dimensions. When viewed along the b- and c-axes, the guest molecules (dmf) 
occupy the structural voids in a row formation and hexagonal helical chains, 
respectively. The packing of the guest-freed MOF-3-Zn reveals a free volume of 
about 22.9%. The general feature of the pillared-layer frameworks is the 
coexistence of network interpenetration; likewise, MOF-3-Zn also possesses a 
double-interpenetrated 3D framework (Figure 20). Paper II comprehensively 
examines all studied MOFs, featuring a detailed structural analysis of crystal 
structures and thorough structural characterization. 
 

 

Figure 20:   Structural description of MOF-3-Zn. (a) asymmetric unit, (b) 31-helix along 
the b-axis illustrated in space fill, (c) three different orientations of (tdc)2− 
linkers (A: blue, B: red, and C: green), (d) double-interpenetrated 3D 
framework along the b-axis, and (e, f) guest (dmf in blue) filled channels 
viewed along the b- and c-axes, respectively.II  

2.3.4 Single-crystal-to-single-crystal (SC-to-SC) guest exchange  

It is well-documented that paddlewheel SBUs are commonly found in flexible 
MOFs within zinc- and copper-based systems. Specifically, zinc-based 
paddlewheel MOFs are generally characterized by lower stability and higher 
flexibility when compared to copper-based systems. The pillared-layer MOFs are 
characterized by their ability to exhibit intrinsic framework flexibility, owing to 
the presence of elastic paddlewheel nodes.114 Our study revealed that MOF-2-Zn 
(2) underwent an SC-to-SC transformation by the dmf to chloroform exchange, 
to form 2-CHCl3. The structural characterization of the exchanged 2-CHCl3 

compound revealed a change in the space group: I2/a space group of 2 was 
transformed into P21/c for 2-CHCl3. In particular, as exemplified by frameworks 
overlay (Figure 21), structural transformation primarily arose from the bpt 
conformational variations and subtle alterations in the metal-ligand junction. 
Thus, in 2-CHCl3, both pyridyls of bpt show the tilted conformation [dihedral 
angle ~60.6(3)°] relative to each other, while pyridyls display coplanar 
characteristics [5.8(2)°] in 2.  
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Figure 21:  Superimposition of the nets of 2 (red) and 2-CHCl3 (green and blue). Only 
relevant atoms are shown.II  

Apart from its notable tilting, the bpt pillar can also adjust its NH2-triazole core 
in response to the guest solvent. In this study, we defined the structural 
transformation changes using two parameters: “∅” and “𝛿𝛿” . The former 
represents the orientation of the NH2-triazole core unit, while the latter 
represents the dihedral angles between two adjacent thiophene rings. From 2 to 
2-CHCl3, the  ∅ - and 𝛿𝛿 - angles evolve from 45.9(3)° to 37.7(5)/40.0(4)°, and 
69.5(17)° to 78.5(2)° respectively, demonstrating the capability of the host 
framework to adapt towards the included guest. Aside from these variations, the 
2 and 2-CHCl3 are different in terms of the shape of the channels and guest-
accessible voids, as manifested in Figure 22. Thus, the adaptive behavior of the 
pore structure towards incoming guest contents is characterized by adequate 
structural rearrangement, as previously observed.114–117   

 

 

Figure 22:   SC-to-SC structural transformation: from (a) 2 (with dmf) to (b) 2-CHCl3.II 
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2.3.5 Structural details of different solvates 

Intrigued by the framework responsiveness, we further aimed to expand the 
study on how the exchange of dmf with other solvents, each with a different 
molecular dimension and polarity (𝐸𝐸𝑁𝑁𝑇𝑇)118,119 impacts the structural characteristics 
of the framework. The study involved the solvent-exchange processes of 2 with 
three distinct classes of organic solvents, namely polar protic, polar aprotic, and 
nonpolar solvents, during which a series of SC-to-SC transformations were 
observed (Figure 23). The primary objectives of these experiments were to 
examine each solvent's ability to replace dmf completely, monitor the framework 
distortions, and identify some general correlations. 

It was observed that polar and polar aprotic solvents could fully replace 
dmf trapped inside the pores of pristine MOF-2-Zn, while solely nonpolar 
cyclohexane fell short of complete replacement. This could be attributed to the 
incapacity of non-interactive cyclohexane to establish any H-bond interactions 
with the framework. Therefore, as in the case of 2-cyclohexane, one independent 
dmf molecule binding the framework through N–H···O interaction per AU is 
retained, while the remaining void is filled with cyclohexane (Figure 23).  

 

Figure 23:   Representation of solvent molecules (a) methanol, (b) ethanol, (c) isopropyl 
alcohol, (d) acetonitrile, (e) acetone, (f) tetrahydrofuran, (g) 1,4 dioxane, and 
(h) cyclohexane/dimethylformamide mixture filling the voids along the c-
axis.II 

In all the instances, the SC-to-SC transformation was not accompanied by the 
change in the space group (all remained as I2/a). Indeed, the most notable 
changes derived from the solvent exchange process regard the molecular 
conformation of the bpt, where the guest solvent molecular size plays a crucial 
role. For example, the smaller solvent molecules (e.g., MeCN and MeOH) drive 
the pyridyl units to adopt a near-planar orientation relative to each other, with 
dihedral angles ranging from ~2-8°. However, the presence of larger solvents 
induces a twist between pyridyl rings, characterized by the dihedral range of ~32 
to 46°, as can be inferred from Figure 24.  
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The orientation of the amino-triazole ring was observed to be markedly 
influenced by its ability to form host–guest interactions. Among various solvents, 
the most polar and the smallest solvent, methanol, induces a distinctive 
orientation of the amino-triazole ring (69.6°), while the other guest-exchanged 
frameworks demonstrated a range of ~47-55°. The MeOH accommodates 
perfectly inside the pores and interacts prominently with the framework 
backbone (MeOH–host contacts), enabling the amino and triazole functionalities 
to form H-bonds with MeOH. Meanwhile, these H-bond active solvents are also 
involved in intermolecular H-bonding with other MeOH molecules and with the 
carboxylic oxygen atoms. Detailed comparison and structural variations, 
including metal-ligand linkages and potential void distribution for all the 
solvated structures, are provided in Paper II. 

 

 

Figure 24:  (a) Superimposition of the nets: polar protic solvents (a) 2-MeOH (blue), 2-
EtOH (red), 2-i-PrOH (green) and polar aprotic and nonpolar solvents: (b) 2-
MeCN (red), 2-acetone (blue), 2-THF (green), 2-dioxane (magenta), and 2-
cyclohexane (yellow).II  

2.3.6 SC-to-SC guest removal 

The guest-freed 2-gf was obtained by thermal-vacuo treatment of 2-EtOH crystals. 
The crystal system transformed from monoclinic to triclinic along with space 
group change from I2/a to P-1. Compared to that of 2 (or 2-EtOH), the guest-
freed 2-gf displays a shrinkage in the unit-cell volume of ~80 % and a much lower 
void space (4.0 %). The dihedral angle between the pyridyl and triazole plane 
increases from 12.5° (2-EtOH) to 20°, and the 𝛿𝛿-angle decreases from 65.6° (2-
EtOH) to 36.7° (Figure 25). The guest-freed 2-gf underwent changes in the 
coordination sphere of one zinc center, from five-coordinated square pyramidal 
to four-coordinated distorted tetrahedral geometry (Figure 25), with d(Zn–Zn) 
measured at 3.374(3) Å, which is drastically longer than the “classical” 
paddlewheel unit.120,121 Overall, as depicted in Figure 25, the transformation from 
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2-EtOH to 2-gf led to the movement of doubly interpenetrated nets and the 
motion of the bpt and  (tdc)2− linkers without disturbing the framework integrity. 

 
 

 

Figure 25:  SC-to-SC structural transformation from 2-EtOH to 2-gf. (a) along the a-axis, 
(b) potential void space visualized by yellow/gray colors, (c) a view 
indicating structural transformation along the (bpt)-axis, and (d) changes in 
the coordination geometry of ZnII nodes and bpt angles.II 

2.4 CO2 adsorption studiesII,III 

The CO2 adsorption study investigated the adsorption properties of pillared-
layer MOFs incorporating thiophene moieties and –NH2 functional group, 
hypothesizing framework-CO2 interactions via induced dipole and quadrupolar 
interactions. The CO2 adsorption tests were conducted under varying dry CO2 
streams (400 ppm, 4000 ppm, and 15% CO2) using a fixed-bed adsorption device 
(more details are provided in Paper II). Results showed negligible CO2 
adsorption for MOF-1-Zn at 400 ppm and 4000 ppm and nearly 0.2 
mmolCO2/gMOF at 15% CO2 (Table 2). The phase mixture samples (MOF-1-Zn and 
MOF-2-Zn) demonstrated a CO2 uptake capacity of up to 0.9 mmolCO2/gMOF at 
15% CO2. The low CO2 capture performance could potentially be explained by 
the framework shrinkage post thermal-vacuo treatment, hindering CO2 diffusion.  
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Table 2  Summary of experimental conditions and CO2 adsorption-desorption uptake 
capacities.II 

 
Experiment 

CCO2  
(vol %) 

 
Tads 
(oC) 

 

Tdes 
(oC) 

qCO2,ads 
(mmolCO2/g) 

qCO2,des 
(mmolCO2/g) 

MOF-1-Zn 0.04 12 100 0.01 ± 0.00 0.00 ± 0.00 
MOF-1-Zn 0.4 12 100 0.04 ± 0.00 0.05 ± 0.00 
MOF-1-Zn 15 12 100 0.18 ± 0.11 0.16 ± 0.01 

Phase mixture, 
cycle 1 15 12 100 0.24 ± 0.14 0.13 ± 0.00 

Phase mixture, 
cycle 2 15 12 100 0.33 ± 0.19 0.17 ± 0.01 

Phase mixture, 
cycle 3 15 12 100 0.88 ± 0.52 0.17 ± 0.01 

 
 
While the pillared-layer MOFs take up considerably lower amounts of CO2 gas, 
the subsequent evaluation of ethylenediamine-appended Mg-MOF-74 
(ED@MOF-74) demonstrated promising advancements in CO2 uptake capacity, 
especially in the DAC applications. Therefore, in parallel, a series of adsorption 
experiments were carried out under varying process parameters to investigate 
the practical applicability of ED@MOF-74 in DAC conditions (400 ppm CO2 

balanced with N2) using the same fixed-bed adsorption device. Table 3 
summarizes the measured capacities from various experiments performed in this 
study. As such, the initial tests involved pristine Mg-MOF-74 using the 
temperature-vacuum-concentration swing adsorption (TVCSA) scheme, yielding 
an adsorption capacity of nearly 0.03 mmolCO2/gsorbent at 25 °C. Vacuuming was 
omitted in the subsequent runs to prevent adsorbent loss. The following 
experiment involved ED@MOF-74, which was regenerated at 100 °C and exposed 
to dry conditions (400 ppm CO2) for 12 hours. This resulted in a dramatic increase 
in CO2 adsorption capacity to approximately 0.4 mmolCO2/gsorbent, surpassing 
that of pristine MOF. In subsequent experiments, the desorption temperature 
was increased to 120 °C to achieve effective thermal regeneration, resulting in 
enhanced CO2 capacities (Table 3). The following sections provide brief insights 
into the impact of adsorption temperature and humidity on CO2 adsorption and 
the outcomes of cyclic CO2 capacity. A more in-depth analysis is available in 
Paper III. 
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Table 3  Summary of adsorption-desorption uptake capacities obtained in different 
experiments under humid and dry conditions.III 

 
Experiment 

CH2O 

 (vol 
%) 

tads 
(h) 

 
Tads 
(oC) 

 

Tdes 
(oC) 

qCO2,ads 
(mmolCO2/g) 

qCO2,des 
(mmolCO2/g) 

qH2O,ads 
(mmolH2O/g) 

qH2O,des 
(mmolH2O/g) 

1 0 12 25 100 0.42 ± 0.05 0.36 ± 0.03   
2 0 16 26 120 0.67 ± 0.08 0.77 ± 0.06   
3 1.6 16 25 120 1.79 ± 0.22 1.68 ± 0.14 11.60 ± 0.81 11.76 ± 0.42 
4 1.6 16 35 120 0.66 ± 0.08 0.77 ± 0.06 8.42 ± 0.59 9.44 ± 0.33 
5 0 16 35 120 1.14 ± 0.14 0.98 ± 0.08   
6 0 16 25 120 0.98 ± 0.12 0.87 ± 0.07   
7 0 16 25 120 0.90 ± 0.11 0.84 ± 0.07   

Dry cyclic 0 5 25 120 0.82 ± 0.10 0.75 ± 0.06   
Humid 
cyclic 1.9 5 25 120 1.07 ± 0.13 0.90 ± 0.07 10.08 ± 0.7 10.95 ± 0.39 

Long cyclic 0 12 25 120 0.91 ± 0.11 0.94 ± 0.08   
Long cyclic 0 12 35 120 0.95 ± 0.12 0.89 ± 0.07   

 

2.4.1 Impact of adsorption temperature 

To examine the impact of temperature on the CO2 adsorption behavior of 
ED@MOF-74, breakthrough experiments were conducted at different adsorption 
temperatures (12, 25, 35, 52, 77, and 102 °C) under dry 400 ppm CO2/N2 and 
regeneration step under pure N2 feed at 120 °C. The 400 ppm CO2 capacity of 
ED@MOF-74 faded progressively at elevated temperatures, specifically higher 
than 35 °C. At temperatures, such as 25 °C and 35 °C, ED@MOF-74 showed 
similar adsorption/desorption capacities, approximately 0.9 mmolCO2/gsorbent. 
On the other hand, lower temperatures, notably 12 °C, exhibited a lowered CO2 
uptake, roughly 0.7 mmolCO2/gsorbent (Figure 26). At 12 °C, the adsorption rate 
was notably lower compared to higher temperatures, with a gradual slowdown 
observed after an initial rapid increase in the CO2 concentration. As such, the CO2 
concentration continued to rise over the 12-hour adsorption phase, indicating 
ED@MOF-74 did not attain saturation at the end of the 12 °C adsorption 
experiment. At 12 °C, the adsorption rate remains relatively high during the 5–
10 hours, gradually decreasing from 0.032 to 0.017 mmolCO2/(gsorbent∙h), 
contrasting with a drop from 0.035 to nearly 0.008 mmolCO2/(gsorbent∙h) at 25 °C. 
Thus, this emphasizes that ED@MOF-74 suffers from a limited adsorption rate 
when capturing CO2 from atmospheric conditions, particularly at temperatures 
below 25 °C. 
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Figure 26:  CO2 adsorption and desorption uptake capacities at 12, 25, 35, 52, 77, and 
102 °C adsorption temperatures. Adsorption- 400 ppm dry CO2 (12h) and 
temperature swing (TS) at 120 °C.III 

2.4.2 Impact of humidity 

In the study of ED@MOF-74, it was observed that the adsorption capacity of CO2 
improved upon introducing water. At 25 °C and 400 ppm CO2 with 2 vol-% 
humidity, the remarkable adsorption capacity of ~1.8 mmolCO2/gsorbent was 
achieved, compared to ~0.7 mmolCO2/gsorbent at 35 °C. This marks a notable 60% 
capacity fade with just a minor temperature swing (10 °C). Nevertheless, no drop 
in capacity was observed between 25 °C and 35 °C under dry conditions, as 
discussed previously. Notably, a similar observation was made for 
aminopolymer-impregnated silica under DAC settings; a study inferred that the 
presence of humidity mitigates kinetic limitations.122 

The comparison of adsorption breakthrough data revealed that in the wet 
25 °C experiment, the CO2 concentration increased markedly slower towards the 
feed compared to both dry and wet 35 °C conditions (Figure 27). As a result, 
during the initial two hours of adsorption, the rate was dramatically higher in 
the wet 25 °C experiment. Specifically, the adsorption rate at the start was 1.34 
mmolCO2/(gsorbent∙h) and lowered to approximately 1.06 mmolCO2/(gsorbent·h) 
after 30 min of adsorption under moist conditions at 25 °C, representing a 21% 
drop. Conversely, under a dry 25 °C experiment, the values were 0.82 and 0.55 
mmolCO2/(gsorbent∙h), showing a 33% drop.  
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Figure 27:  Experimental (a) CO2 concentration, and (b) CO2 uptake profiles in dry and 
wet conditions at 25 °C and 35 °C.III  

Noteworthily, ED@MOF-74 displayed a pronounced affinity for water 
adsorption, reaching approximately 10-11 mmolH2O/gsorbent, considerably higher 
than the corresponding CO2 capacities (Table 3). The high H2O uptake can have 
the following possible implications when employing this material for DAC. 
Firstly, the substantial amount of adsorbed H2O can escalate the energy demand 
of the process. Secondly, temperature increase caused by H2O adsorption leads 
to a reduced adsorption rate and can affect the productivity of CO2. In addition, 
the most important implication of moisture is its influence on long-term sorbent 
stability.  

2.4.3 Cyclic CO2 capacity   

Examining CO2 adsorption over multiple consecutive adsorption cycles is critical 
to determining the material’s tolerance to varying process parameters. The CO2 
capture/release cycle experiments on ED@MOF-74 revealed distinct behaviors 
under dry and wet conditions. In dry cycling, the adsorption and desorption 
capacities initially stabilized after the fourth cycle, with a marginal decrease from 
~0.85 to 0.79 mmolCO2/gsorbent for adsorption and ~0.75 to 0.73 mmolCO2/gsorbent 
for desorption over 18 cycles, corresponding to nearly 2.7% drop (~0.2% per 
cycle), see Figure 28.  
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Figure 28:  CO2 adsorption and desorption uptake capacities in the repeated cycles of 
dry TCSA mode. Adsorption- 400 ppm CO2 at 25 °C and desorption- pure N2 
feed at 120 °C.III 

Notably, a considerable decrease in capacity was observed during the cyclic 
studies under humid conditions (Figure 29). The humid CO2 desorption capacity 
dropped sharply from ~0.90 to 0.44 mmolCO2/gsorbent in the first seven cycles 
(nearly 50% drop, ~7% per cycle) and furthered to ~0.23 mmolCO2/gsorbent by the 
18th cycle, amounting to ~74% decrease. On the other hand, desorption H2O 
capacity displayed a somewhat constant decline from ~11 to 8.5 mmolH2O/gsorbent, 
with a decrease of nearly 1.3% per cycle (over a 23% drop). The notable 
performance decline is likely ensued from the structural changes in the 
underlying MOF or the loss of active amine sites upon subsequent adsorption-
desorption cycles.123–126 Altogether, the characterization of ED@MOF-74 samples 
post-cycling using PXRD, EA, and FT-IR studies corroborated a dramatic 
decrease in crystallinity, nitrogen content, and spectral band intensity assigned 
to amine modes (details in Paper III). Hence, these results suggest that the overall 
lowered CO2 capacities observed for ED@MOF-74 may be due to amine 
degradation after successive TCSA cycles. 
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 Figure 29:  Adsorption and desorption uptake capacities in the repeated cycles of wet 
TCSA of (a) CO2 and (b) H2O. Adsorption- 400 ppm CO2 at 25 °C with 2 
vol-% H2O in N2 and desorption- pure N2 feed at 120 °C.III 
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SUMMARY  

In this work, we focused on two primary areas of investigation. The first area 
involved preparing an amino-triazole-based N-rich bent ligand and designing 
and discovering its molecular salts assisted by different anions. The second area 
delved into syntheses and characterization of amine-containing MOFs, focusing 
on exploiting their potential applications in CO2 DAC. The investigation into 
anion-mediated supramolecular entities of bpt revealed how fine-tuning the 
experimental conditions led to the creation of a vast array of molecular salts, 
including both anhydrous and hydrated forms with different protonation states. 
Different orientations of bpt were differentiated, ranging from flattened 
conformation to perpendicularly tilted pyridyl units. The molecular salts 
obtained from different geometries of inorganic anions (e.g., linear, spherical, 
trigonal planar, tetrahedral, and octahedral) assembled into diverse 
supramolecular architectures, manifested by a group of promising noncovalent 
interactions, including H-bonding, π–π interactions, anion–π interactions, and 
anion–anion interactions. The resulting wide variety of supramolecular extended 
architectures included bricklayer, columns, stair-steps, zig-zag, helical, double 
chains, wave-like, and criss-cross orientations.  

Subsequently, we diverged from bpt salts to constructing a series of double-
interpenetrated mixed-ligand MOFs by varying the crystallization conditions 
and aimed to investigate the structural properties and CO2 adsorption 
capabilities of amine-containing MOFs. Particular interest in our study has been 
drawn towards pillared-layer MOF, MOF-2-Zn, which was found to exhibit 
remarkable flexibility, undergoing SC-to-SC transformations upon the exchange 
and removal of guest solvents. This adaptability was elucidated by the 
framework's ability to undergo structural alterations arising from the subtle 
alterations in the metal-ligand junction, the orientation of the NH2-triazole core, 
and pyridyl moieties, depending on the guest solvent type. The integration of 
distinct classes of solvents impacted the molecular conformations within the 
framework, featuring specific host–guest and guest–guest interactions. Notably, 
the evacuated {Zn2}-“paddlewheel”-based framework maintained its crystallinity 
and 3D networked structure. The preliminary results of the CO2 adsorption study 
revealed that the pillared-layer MOFs take up considerably lower amounts of 
CO2 gas. However, much more work must be done at various temperatures and 
higher partial pressure ranges for precise characterization, particularly important 
for pressure-swing adsorption applications involving flexible adsorbents.  

Our study was extended to exploring amine-tethered MOF for capturing 
CO2, aiming to understand the material long-term behavior and performance 
when employed in a real-world DAC environment. This study on ED@MOF-74 
for DAC revealed significant challenges, providing a valuable guide for future 
research and optimization. Key findings include the material's high regeneration 
temperatures, kinetic limitations, high affinity towards water, and vulnerability 
to humid regeneration cycles, making it less ideal for practical DAC applications 
without further optimization. The performance of ED@MOF-74 is susceptible to 
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operational conditions, particularly temperature and water activity, with 
significant stability issues over the course of extensive humid cycling. In future 
work, additional CO2 studies under diverse relative humidity and temperature 
conditions, coupled with TVSA cycling, would enhance our understanding of 
amine-containing MOFs. Overall, the key insights gained from this contribution 
point out more broadly towards the necessity for comprehensive CO2 adsorption 
testing under different scenarios relevant to DAC, including extended cycling 
experiments. Addressing the identified issues could lead to developing efficient 
and durable amine-containing adsorbents suitable for real-world DAC 
applicability, ultimately contributing to efforts to capture GHG emissions and 
solve environmental challenges. 
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ABSTRACT: The development of new families of synthetic
molecular systems projecting neutral, bi-, or multi-H-bonding
donor units is significant to acquire the desired selectivity within
the fascinating area of anion recognition. Here, we illustrate the
reaction between a neutral 4-amino-3,5-bis(4-pyridyl)-1,2,4-
triazole ligand (L) with acidic solutions containing either chloride,
bromide, nitrate, phosphate, iodide, sulfate, hexafluorosilicate,
fluoride, tetrafluoroborate or perchlorate anions, yielding 16 new
anion-mediated supramolecular entities, H2LCl2 (1), H2LBr2 (2),
H2L(NO3)2 (3), HL(H2PO4) (4), H2L(H2PO4)2 (5), [H2L]2I4
(6), H2L(NO3)2 (7), H2L(SO4)·H2O (8), H2LSiF6 (9), H2LSiF6·2H2O (10), H2L(HF2)2 (11), H3LI3 (12), H3L(BF4)3 (13),
H3L(ClO4)3 (14), H3L(ClO4)3·2H2O (15), and H3LH3O(SiF6)2·2H2O (16), thoroughly examined by elemental analyses, Fourier
transform-attenuated total reflectance-infrared (FT-ATR-IR), thermal analysis, powder diffraction, and single-crystal X-ray
diffraction. We identified the propensity of H2PO4

− into a cyclic hexameric cluster (H2PO4
−)6 stabilized by a bent ligand L via a

combination of functionalities such as an amino group, pyridyl terminals, and a triazolyl core. Additionally, we also found the anion−
water clusters ranging from a cyclic tetramer [(SO4)2−(H2O)2]4− and an octameric cluster [(SiF6)4−(H2O)4]∞

8− to an acyclic
tetramer [(ClO4

−)2(H2O)2]. As shown by the study, subtle modulation in the crystallization environment offers the possibility to
yield entirely distinctive forms of molecular salts comprising both anhydrous and a few hydrates with different protonated numbers
(mono-, di- or triprotonated). A systematic study indicates that the molecular salts obtained from different anions construct diverse
supramolecular extended architectures (e.g., bricklayer, columns, zig-zag, stair-steps, wave-like, helical, double chain, and criss-cross
orientation) self-assembled by a combination of noncovalent interactions, constituting distinct H-bonded geometry patterns,
essentially depending on the molecular conformation of the bent ligand and the type of the anion utilized (linear, spherical,
triangular, tetrahedral, and octahedral) in the preparation of salts.

1. INTRODUCTION

The importance of noncovalent interactions in supramolecular
assemblies has been well acknowledged and widely demon-
strated in the elaboration of supramolecular entities in many
scientific disciplines, such as environmental, biological,
chemical, and materials sciences to name a few.1−5 Under
noncovalent interactions, hydrogen bonding remains famous
and the most reliable, together with other weak forces such as
cation−π,6 anion−π,7 π−π stacking interactions,8 and halogen
bonding,9 which have procured augmented consideration in
the field of supramolecular chemistry.
The coexistence of such noncovalent interactions plays a

vital role in anion-binding properties and the construction of
supramolecular assemblies. Anion binding has attracted
continued interest because of the pertinent role performed
by anions in biological, chemical, and environmental
processes.10−12 From a structural perspective, it is well
known that anions may perform diverse roles during
crystallization processes, which include anions acting as a

building unit, a secondary building unit (SBU) component, a
templating agent, or as a spectator solely for charge balance.13
The resulting assemblies can essentially be governed by the
nature and a wide spectrum of geometries available for
inorganic anions ranging from linear ([HF2]−), spherical (Cl−,
Br−, I−), trigonal planar ([NO3]−), and tetrahedral ([ClO4]−,
[SO4]2−, [H2PO4]−, [BF4]−) to octahedral ([SiF6]2−) geo-
metries.
Within the intrinsic anion chemistry in aqueous media,

anion−water clusters hold special interest, as a wide array of
structures encompassing a cyclic tetramer, a pentamer, a
hexamer, and an octamer can be generated, which are
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predominantly controlled by noncovalent interactions being
regulated from the surrounding ligand.14 Likewise, of all of the
oxyanion species, phosphates especially possess a natural
propensity to undergo self-aggregation to form anion
assemblies, i.e., “anion clusters”, as reported in the
literature.15−17 Indeed, phosphate recognition by receptors
has received tremendous attention owing to its substantial
influence on biological and physiological systems.18 Hence,
understanding such interanionic interactions is an interesting
challenge and is now considered a critical area of supra-
molecular focus.19−21 Nevertheless, supramolecular chemists
have devoted tremendous efforts toward understanding and
recognizing the serious concerns induced by anions, and
substantial development have been accomplished in the range
of fields as distinct as anion transport, sensing, extraction,
organocatalysts, and so forth.22−24 Subsequently, new families
of synthetic molecular systems projecting neutral, bi-, or multi-
H-bonding donor units have emerged in the literature to
acquire the desired selectivity within the fascinating area of
anion recognition.4,12,25,26
Alongside these well-preorganized synthetic receptors out-

spread in the field of supramolecular chemistry, the chemistry
of bis(pyridyl)-based molecules has been the subject of
intensive study and has brought new avenues in the
construction of elegant supramolecular entities, as aromatic
N-comprising supramolecular synthons offer a promising
platform to study the interplay of varied noncovalent
interactions employed in crystal engineering.27,28 Ding and
coworkers29 reported anion-assisted supramolecular entities of
2,5-bis(4-pyridyl)-1,3,4-oxadiazole (4-bpo), showing structural
insights into wide-ranging supramolecular networks manifested
by different noncovalent interactions and nature of inorganic
anions. To this purpose, we envisioned that the incorporation
of a 4-amino-1,2,4-triazole moiety between the two pyridyl
groups would be meaningful, as the amino group could serve
additional H-bonding sites or feature potential coordination in
controlling the formation of final higher-dimensional supra-
molecular assemblies. With this in mind, we turned our
attention to the ligand (L, Figure 1), whose capabilities for

spin crossover properties30−32 and anion−π interactions33 have
been well known. Besides, this bent ligand has been exploited
for the construction and design of novel metal−organic
frameworks (MOFS)

34−37 and documented independently by
the group Du et al.38 as cocrystals with a series of organic
carboxylic acids.
Surprisingly, the research on anion-templated supramolec-

ular assemblies of this ligand remains underexplored. This
motivated us in this study to highlight some interesting
structural insights into new diverse supramolecular networks
constructed by the bent ligand. Examination of L encouraged
us to ponder over a few points: Will anion’s steric effects

influence the molecular conformation of L? What will be the
role of counteranion geometry on H-bonding patterns? Can we
attempt to produce salts with mono-, di-, or triprotonated
ligands via tuning the acid in different crystallization
conditions? Formation of anion or anion−water clusters?
Which panel of noncovalent interactions will mediate the
molecular packing of the complexes? To address these
questions, we launched a systematic analysis on 16 new
supramolecular assemblies induced by inorganic anionic
species, implying how subtle modulation of distinct non-
covalent forces and their dependence on geometries features of
anions drive the final formation of supramolecular architec-
tures, the studies of which are submitted in this article.

2. EXPERIMENTAL PROCEDURES

2.1. Materials and Physical Measurements. All of the reagents
and solvents were obtained from standard commercial suppliers and
utilized as received unless otherwise specified.

2.1.1. Single-Crystal X-ray Diffraction (SCXRD). The diffraction
data for the single-crystal structure determination were collected on a
Rigaku SuperNova dual-source (Cu and Mo micro-sources) X-ray
diffractometer equipped with an Atlas CCD detector and multilayer
optics producing monochromatized Cu Kα (1.54187 Å) radiation.
The data collection, reduction of datasets, and analytical face-index-
based absorption correction methods were carried out using the
CrysAlisPRO39 program. All structures were solved by intrinsic
phasing (ShelXT)40,41 and refined on F2 by full-matrix least-squares
techniques with the ShelXL program in the Olex2 (v. 1.3 and 1.5)
program42 that utilizes the SHELXL-2013 module.43 All C−H
hydrogen atoms were calculated to their optimal positions and
treated as riding atoms using isotropic displacement parameters of 1.2
(sp2 group) larger than that of the host atom, whereas N−H hydrogen
atoms indicating protonation of the ligand or hydrogens of acid
groups (e.g., sulfate, phosphate) were primarily found from the
electron density maps and were refined freely.

2.1.2. Powder X-ray Diffraction (PXRD). PXRD data were
measured using a Panalytical X’Pert PRO diffractometer with Cu
Kα radiation (λ = 1.54187 Å; Ni β-filter; 45 kV, 40 mA). Each powder
sample was attached to a silicon-made “zero-background signal
generating” plate using petrolatum jelly as an adhesive. Diffraction
intensities were recorded by an X’Celerator detector at room
temperature with a 2θ range of 4−60°, a step size of 0.017°, and a
counting time of 70 s per step. Data processing, search-match phase
analyses, and Pawley fits were carried out by the program X′pert
HighScore Plus (v. 4.9). Search-match phase identification analyses
were made against the ICDD-PDF4+ database (version 2020)
implemented in the HighScore.44,45 In the Pawley fits, the unit-cell
parameters of the PXRD patterns were refined by using the
corresponding single-crystal structure parameters as the basis of
least-squares refinement. Variables for the fits were as follows: zero-
offset, polynomial background, sample height displacement, unit-cell
parameters, and peak profile parameters (peak width, shape, and
asymmetry).

2.1.3. Thermal Analysis. The thermal properties of the compounds
were examined by a Perkin Elmer STA 6000 thermogravimetric TG/
DSC analyzer (DSC stands for a differential scanning calorimetric
signal). Each sample was prepared in an open platinum pan and
heated under N2 or air atmospheres (flow rate of 40 mL/min) with a
heating rate of 10 °C/min at a temperature range of 22−600 °C. For
each run under N2, a 10 min isotherm at 22 °C was introduced to
assure proper purging of the furnace interior from the ambient air
atmosphere before the start of the heating. Temperature calibration of
the analyzer was made using melting points of the indium (156.6 °C),
zinc (419.5 °C), and aluminum (660.3°) standards. The weight
balance was calibrated at room temperature using a standard weight of
50.00 mg. The sample weights used in the measurements were about
1.5−14 mg.

Figure 1. General synthesis route for 4-amino-3,5-bis(4-pyridyl)-
1,2,4-triazole (L).
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2.2. Other Methods. The 1H NMR and 13C NMR spectra were
recorded in (CD3)2SO on a Bruker Avance 300 MHz spectrometer.
The chemical shifts were reported in ppm relative to CD3CD2HSO (δ
2.50) for 1H NMR. For the 13C NMR spectra, (CD3)2SO (δ 39.52)
was used as an internal standard. All of the FTIR spectra were
recorded using a Bruker instrument over a range of 4000−400 cm−1.
The samples were mildly ground before pressing a small amount on
the diamond ATR Prism and were baseline-corrected. Elemental
analyses (C, H, and N) were performed in-house using an Elementar
EL III elemental analyzer.
2.3. Syntheses. 2.3.1. Synthesis of 4-Amino-3,5-bis(4-pyridyl)-

1,2,4-triazole (bpt). L (bpt) was synthesized according to the
reported method with slight modification.46 4-Cyanopyridine (2.6 g,
25 mmol), hydrazine monohydrate (79%, 3 mL), water (8 mL), and
ethanol (1 mL) were sealed in a Teflon-lined autoclave (25 mL) and
heated at 120 °C for 48 h (Figure 1). Slow cooling of the autoclave to
22 °C afforded pale brownish orange crystals. The crystals were
isolated by filtration followed by washing with water and acetone and
dried in vacuo. Yield = 1.1742 g, 39.4%. Anal. Calc. for L C12H10N6:
C, 60.50; H, 4.23; N, 35.27. Found: C, 61.34; H, 4.659; N, 34.44%.1H
NMR (300 MHz, DMSO-d6): δ 8.79 (d, J = 5.5 Hz, 4H), 8.07 (d, J =
5.6 Hz, 4H), 6.51 (s, 2H). 13C NMR (75 MHz, DMSO-d6): δ 153.0,
150.1, 133.9, 122.0. 1H NMR and 13C NMR spectra of a ligand are
shown in Figures S1 and S2, respectively.
2.4. Crystallization Methods. 2.4.1. Preparation of H2LCl2 (1),

H2LBr2 (2), H2L(NO3)2 (3), HL(H2PO4) (4), H2L(H2PO4)2 (5), H2L(SO4)·
H2O (8), H2LSiF6 (9), and H2LSiF6·2H2O (10). A total of 150 mg of L
was added to 2 mL of 5 M acid solution (H2SiF6 33.5−35%, ∼2.9 M)
and shaken thoroughly. After standing undisturbed for 24 h (4 days in
the case of salt 9), single crystals formed in the case of a HNO3
solution (3) were collected and rinsed with water and acetone. To the
remaining vials, 2 mL of H2O was added (except salt 9), followed by
the addition of 8−10 mL of acetone (20 mL of acetone in the case of
salt 9, and dioxane instead of acetone in the case of salt 5) to
precipitate colorless crystals per appropriate LHx salt (fine powder in
case of salt 9). The solids obtained were filtered, washed with acetone,
and air-dried. In the case of 9, a powder containing a water solution
(25 mM) was slowly evaporated to dryness, which afforded crystals
suitable for single-crystal X-ray diffraction. The comparison of the FT-
ATR-IR (cm−1) of the salts is shown in Figures S3 and S4.
2.4.1.1. H2LCl2 (1). FT-ATR-IR (cm−1): 3159, 3064, 3038, 2967,

2850, 2092, 2051, 2016, 1944, 1895, 1830, 1626, 1588, 1520, 1506,
1483, 1453, 1418, 1364, 1323, 1312, 1287, 1225, 1195, 1182, 1093,
1077, 1051, 1029,1004, 975, 945, 845, 813, 728, 705, 686, 666, 646,
602, 563, 501, 421. Anal. Calc. for C12H12N6Cl2: C, 46.32; H, 3.887;
N, 27.01. Found: C, 46.48; H, 3.769; N, 26.96%.
2.4.1.2. H2LBr2 (2). FT-ATR-IR (cm−1): 3170, 3029, 2936, 2848,

2785, 2166, 2073, 1995, 1926, 1855, 1805, 1627, 1587, 1520, 1506,
1485, 1453, 1418, 1372, 1337, 1323, 1307, 1288, 1272, 1225, 1197,
1186, 1090, 1079, 1051, 1039, 1010, 975, 934, 887, 840, 805, 734,
724, 704, 683, 645, 602, 531, 498, 420. Anal. Calc. for C12H12N6Br2:
C, 36.03; H, 3.023; N, 21.01. Found: C, 35.93; H, 3.107; N, 21.02%.
2.4.1.3. H2L(NO3)2 (3). FT-ATR-IR (cm−1): 3328, 3250, 3111,

3076, 3051, 2630, 2113, 1751, 1627, 1596, 1529, 1518, 1498, 1462,
1392, 1339, 1310, 1294, 1238, 1198, 1127, 1111, 1099, 1086, 1054,
1039, 1006, 994, 979, 949, 886, 836, 821, 736, 719, 688, 665, 649,
602, 531, 508, 473, 418. Anal. Calc. for C12H12N8O6: C, 39.57; H,
3.320; N, 30.76. Found: C, 39.62; H, 3.324; N, 30.97%.
2.4.1.4. H2L(H2PO4)2 (5). FT-ATR-IR (cm−1): 3272, 3109, 3061,

2744, 2351, 2164, 1730, 1632, 1516, 1478, 1452, 1362, 1316, 1255,
1094, 1063, 1014, 969, 925, 851, 826, 738, 709, 694, 651, 603, 538,
484, 419. Anal. Calc. for C12H18N6O9P2: C, 31.87; H, 4.012; N, 18.58.
Found: C, 31.64; H, 3.774; N, 18.80%.
2.4.1.5. H2L(SO4)·H2O (8). FT-ATR-IR (cm−1): 3478, 3344, 3159,

3036, 2969, 2771, 2163, 2054, 2016, 1939, 1627, 1589, 1520, 1506,
1484, 1454, 1347, 1311, 1242, 1226, 1150, 1092, 1077, 1032, 970,
947, 877, 845, 831, 813, 733, 687, 647, 622, 598, 563, 502, 417. Anal.
Calc. for C12H14N6O8S2: C, 33.18; H, 3.248; N, 19.35. Found: C,
33.54; H, 3.246; N, 19.32%.

2.4.1.6. H2LSiF6 (9). FT-ATR-IR (cm−1): 3331, 3215, 3086, 2886,
2084, 1632, 1605, 1523, 1505, 1463, 1340, 1309, 1244, 1211, 1098,
984, 956, 829, 735, 724, 690, 659, 636, 601, 529, 507, 473, 418.Anal.
Calc. for C12H12N6F6Si: C, 37.70; H, 3.163; N, 21.98. Found: C,
36.91; H, 3.079; N, 21.98%.

2.4.2. Preparation of H2L(NO3)2 (7). The single crystals formed in
the case of the salt (3) were dissolved in a 1:1 methanol/water (1
mL) mixture. The faint yellow crystals were afforded within a few days
by the slow evaporation of the mixture.

2.4.3. Preparation of [H2L]2I4 (6), H2L(HF2)2 (11), H3LI3 (12),
H3L(BF4)3 (13), H3L(ClO4)3 (14), H3L(ClO4)3·2H2O (15), and H3L-
(H3O)(SiF6)2·2H2O (16). A total of 150 mg of L was added to 2 mL of
a 5 M acid solution (H2SiF6 33.5−35%, ∼2.9 M) and shaken
thoroughly. After standing undisturbed for 24 h, 2 mL of H2O was
added to the iodide salt (6) containing solution. All solutions, except
salt 15 (closed vial), were left to evaporate in open vials to yield
colorless single crystals (red-orange in the case of iodide salts).

2.4.3.1. [H2L]2I4 (6). FT-ATR-IR (cm−1): 3252, 3164, 3090, 3031,
2970, 2910, 2801, 2001, 1916, 1837, 1726, 1625, 1597, 1580, 1510,
1487, 1451, 1363, 1340, 1283, 1239, 1209, 1188, 1100, 1085, 1076,
1051, 1010, 969, 895, 806, 724, 701, 681, 665, 644, 599, 518, 495,
445, 416. Anal. Calc. for C12H12N6I2: C, 29.17; H, 2.448; N, 17.01.
Found: C, 28.94; H, 2.541; N, 17.08%.

2.4.3.2. H2L(HF2)2 (11). FT-ATR-IR (cm−1): 3528, 3333, 3215,
3085, 2885, 1632, 1602, 1525, 1508, 1460, 1363, 1333, 1245, 1214,
1089, 1045, 977, 940, 876, 827, 733, 689, 636, 606, 508, 473, 418.
Anal. Calc. for C12H10N6: C, 60.50; H, 4.23; N, 35.27. Found: C,
60.74; H, 4.209; N 34.97%.

2.4.3.3. H3L(BF4)3 (13). FT-ATR-IR (cm−1): 3395, 3271, 3124,
2980, 2905, 1644, 1609, 1556, 1527, 1506, 1481, 1344, 1309, 1292,
1238, 1055, 993, 957, 872, 811, 793, 766, 736, 729, 710, 666, 646,
605, 522, 486, 417. Anal. Calc. for C12H13N6F12B3: C, 28.73; H,
2.612; N, 16.75. Found: C, 28.98; H, 2.633; N, 17.07%.

2.4.3.4. H3L(ClO4)3 (14). FT-ATR-IR (cm−1): 3376, 3242, 3171,
3112, 2946, 2895, 2791, 2710, 1719, 1643, 1603, 1552, 1523, 1504,
1478, 1412, 1339, 1304, 1235, 1083, 1029, 962, 919, 808, 788, 735,
723, 707, 665, 617, 603, 522, 484, 466. Anal. Calc. for
C12H13N6O12Cl3: C, 26.71; H, 2.428; N, 15.57. Found: C, 26.27;
H, 2.534; N, 15.61%.

2.5. Bulk Powder Syntheses. To probe the impact of
concentration or pH in the salt formation, the bulk samples were
fabricated under three different concentrations (1, 2.5, and 5 M) of
acid solutions (HF, HCl, HBr, HI, HNO3, H2SO4, H3PO4, HBF4,
HClO4). Note that H2SiF6 is an exception, as only 1 and ∼2.9 M were
prepared due to the low molarity (33.5−35%, ∼2.9 M) of the
commercial acid solution. The complexes were synthesized by adding
150 mg of L to 2 mL of different molarity acid solutions and shaking
thoroughly. After standing undisturbed for 48 h, 15 mL of acetone
was added to precipitate appropriate LHx salt. The powders obtained
(except in the case of HClO4 and HBF4) were suction filtered, rinsed
with acetone, and dried in a desiccator. The remaining vials (HClO4
and HBF4) were left to evaporate to dryness. The resulting products
were collected by filtration and washed with acetonitrile and diethyl
ether, respectively, and dried in a desiccator.

3. RESULTS AND DISCUSSIONS

In general, reactions between neutral ligand L and selected
mineral acids (HCl, HBr, HI, HF, HNO3, H3PO4, H2SO4,
H2SiF6, HBF4, HClO4) yield either anhydrous or hydrated salts
with a di- or triprotonated ligand and the anion(s)
corresponding to the acid. The only exception showing a
monoprotonated ligand was afforded when the ligand was
treated with phosphorus acid in different crystallization
conditions.
The reactions generally produced colorless (faint yellow and

red-orange in the case of nitrate and iodide salts, respectively)
crystals in good to quantitative yields and were readily suitable
for single-crystal structure determination without further
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recrystallization, as good quality crystals could be selected
directly from the acidic reaction solutions. The structural
analysis reveals that the ligand L practically adopts (Figure 2)
three significantly different molecular conformations, according
to which the discussions of the structures are subdivided into
future paragraphs. First, the conformational analysis of the
ligand is described, followed by the intermolecular interaction
and molecular packing analyses of the structures.
3.1. Ligand Conformation Analysis. As shown in Figure

2, group I includes Cl−, Br−, I−, [NO3]− (monoclinic structure
form), and both [H2PO4]− structures. In all six crystal
structures, the ligand shows an almost planar conformation
resulting in only very modest dihedral angles between the
pyridyl and triazole rings, the highest angles being less than
±17°. In group II (triclinic [NO3]−, [SO4]2−, both hydrated
and anhydrous [SiF6]2−, and F−), pyridyl groups merely reside
on the same plane and are equally tilted from the triazole ring,
with angles varying typically between 16 and 27°. Group III
contains all triprotonated salts ([BF4]−, I−, both [ClO4]−,
[SiF6]2−), wherein one of the pyridyl rings can either be
leveled with the central triazole ring and the second pyridyl
ring is strongly tilted or both pyridyls are strongly tilted in
opposite directions, showing up to 43° dihedral angles in

relation to the central triazole ring. For the most tilted ligand
conformations, such as in iodide and tetrafluoroborate salts,
the pyridyl rings are almost in perpendicular orientation to
each other, as shown in Figure 2c.
The six members of group I were obtained by reacting a

neutral ligand L in acidic water solutions, containing either
chloride, bromide, iodide, nitrate, or phosphate anions. All of
the formed salts in this group crystallized without solvent
molecules in their crystal lattice. Crystallographic data and the
selected structure refinement parameters are shown in Table
S1, and the asymmetric unit (AU) of the structures of all three
groups is available in Figures S5−S7. The selected depictions
of AUs per the conformation group are exemplified in Figure 3,
and all of the relevant dihedral angles are tabulated in Table 1.
In the case of a chloride solution, a diprotonated form of L,
H2L2+, was crystallized in triclinic space group P-1, giving rise
to H2LCl2 (1) with a single ligand and two chloride anions in
the AU. Pyridyl rings of the ligand make dihedral angles of
1.8(2) and −7.3(2)° with the central triazole ring, thus
showing close to the planar conformation of the ligand (Figure
3a). In the case of a bromide solution, the diprotonated
solvent-free salt H2LBr2 (2) formed. Similarly to isostructural
chloride salt (1), the ligand in the bromide salt (2) is nearly

Figure 2. Ligand conformations grouped by their similarity. (a) Group I: (1) H2L chloride (red), (2) H2L bromide (orange), (3) H2L nitrate
monoclinic form (yellow), (4) HL phosphate (green), (5) H2L phosphate (magenta), and (6) [H2L]2 iodide (purple). (b) Group II: (7) H2L
nitrate in triclinic form (red), (8) H2L sulfate (orange), (9) H2L hexafluorosilicate (purple), (10) H2L hexafluorosilicate hydrate (yellow), and
(11) H2L bifluoride (green). (c) Group III: (12) H3L iodide (red), (13) H3L tetrafluoroborate (orange), (14) H3L perchlorate (yellow), (15) H3L
perchlorate hydrate (green), and (16) H3L hexafluorosilicate (magenta).

Figure 3. Molecular conformations and the selected atom numbering of (a) group I: H2LCl2 (1), (b) group II: H2L(SO4)·H2O (8), and (c) group
III: H3L(ClO4)3 (14). The atom numbering of the ligand in (a) equals all structures. Weak intramolecular and intermolecular H bonds are
exemplified by dashed blue and red (green for chloride salt) colored lines, respectively.

Table 1. Dihedral Angles between Pyridyl Rings and a Central Triazole Ring on Ligand L in Salts (1)−(16)

group I group II group III

comp. angle 1a (deg) angle 2b (deg) comp. angle 1a (deg) angle 2b (deg) comp. angle 1a (deg) angle 2b (deg)

1 1.8(2) −7.3(2) 7 16.0(2) −18.3(2) 12 31.4(9) 42.5(9)
2 9.5(3) −5.2(3) 8 −22.22(19) 0.97(18) 13 34.08(18) 36.92(18)
3 −11.24(18) 11.44 (18) 9 26.9(6) −13.4(5) 14 −35.1(2) −35.8(2)
4 −0.5(3) 10.8(3) 10 27.8(2) 0.4(3) 15 37.7(6) −36.5(6)
5 13.0(2) −16.1(2) 11 22.7(2) −14.9(2) 16 23.9 (2) −3.4(2)
6 15.5(6) −15.5(6)

13.7(6)c −17.7(6)d

aAtoms for the dihedral angles: N3−C2−C7−C12. bAtoms for the dihedral angles: N4−C5−C13−C14, for (6) cAtoms for the dihedral angles:
N21−C20−C25−C30 and dAtoms for the dihedral angles: N22−C23−C31−C36 for the 2nd ligand in asymmetric unit.
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planar, showing only modest dihedral angles (9.5(3) and
−5.2(3)°) between pyridyl rings and the central triazole. In the
case of a nitrate solution, two different structure modifications
were afforded depending on the reaction conditions, of which
the monoclinic P21/c form H2L(NO3)2 (3) and the triclinic P-
1 form H2L(NO3)2 (7) belong to the groups I and II,
respectively. The monoclinic structure, with a composition of
one ligand and two planar nitrate anions, shows dihedral angles
of −11.24(18) and 11.44(18)° between the pyridyl and
triazole rings, hence having the third least planar ligand
geometry within group I. The next two members of group I
were cultivated from phosphorus acid solutions and displayed
either a mono- or a diprotonated ligand with one or two
dihydrogen phosphate anions (4, 5) that crystallized in a
monoclinic system with P21/c or I2/a symmetries, respectively.
For monoprotonated salt (4), consisting of a single ligand and
a dihydrogen phosphate anion, the dihedral angles between the
two pyridine rings and the central triazole ring are 10.8(3) and
−0.5(3)°. Whereas for the diprotonated phosphate salt (5)
with two [H2PO4]− anions, the dihedral angles between the
rings are 13.0(2) and −16.1(2)°, thereby showing the second
highest tilting of pyridyl rings in this group. In the case of an
iodide system, depending on the crystallization conditions, two
iodide complexes (6, 12) can be isolated that differ
considerably in their molecular conformations despite both
the complexes crystallizing in the same triclinic P-1 symmetry.
The diprotonated complex [H2L]2I4 (6) has a somewhat
planar ligand, but the triprotonated H3LI3 salt (12) has a
strongly tilted ligand and thereby belongs to group III. The
asymmetric unit of (6) comprises four iodide anions and two
ligand molecules that show dihedral angles of 15.5(6) and
−15.5(6)° (13.7(6) and −17.7(6)° for the 2nd ligand) between
the pyridyl rings and the triazole core, hence being the least
planar ligand in group I.
Molecular salts of group II, namely H2L(NO3)2 (7),

H2L(SO4)·H2O (8), H2LSiF6 (9), H2LSiF6·2H2O (10), and
H2L(HF2)2 (11), were afforded from the reactions between a
neutral ligand L and acid solutions containing either nitrate,
sulfate, hexafluorosilicate, or fluoride anions, respectively. The
structures of salts (8) and (10) crystallized with solvent
molecules in their crystal lattice. The dihedral angles for this
group are provided in Table 1, and the crystal structures are
shown in Figure S6. H2L(NO3)2 (7), crystallizes in triclinic
space group P-1 with one ligand and two planar nitrate anions
in the AU. As shown in Figure S6a, both the pyridyl groups in
(7) merely reside on the same plane and are almost equally
twisted in the same direction, forming dihedral angles of
16.0(2) and −18.3(2)° with respect to the central triazole ring.
The sulfate salt H2L(SO4)·H2O (8) crystallized in the triclinic
space group P-1, showing a single ligand, a sulfate anion, and a
water molecule in the AU (Figure 3b). In contrast to salt (7),
one of the pyridyl rings on salt (8) is located on the same plane
with the central triazole ring, whereas the other pyridyl ring is
slightly more tilted from the said plane, as manifested by the
dihedral angles of −22.22(19) and 0.97(18)°. Two members
of group II resulted from fluorosilicic acid solutions, of which
depending on the crystallization conditions, three structurally
different salts were obtained. The diprotonated salts H2LSiF6
(9) and H2LSiF6·2H2O dihydrated salt (10), belonging to
group II, crystallized in monoclinic space group P21/c, whereas
one acid solution resulted in a triprotonated hexafluorosilicate
salt (16) having strongly tilted pyridyl groups (group III). An
asymmetric unit of the solvent-free salt (9) consists of a single

ligand and a [SiF6]2− anion, and the dihedral angles between
the two pyridyl rings and the triazole ring are 26.9(6) and
−13.4(5)°. The other hexafluorosilicate salt (10) has a
[SiF6]2− anion and two water molecules along with the ligand
in an AU and exhibits the highest tilting of the pyridyl rings in
group II, dihedral angles being 27.8(2) and 0.4(3)°,
respectively. The last salt belonging to group II is H2L(HF2)2
(11), which crystallizes in a monoclinic P21/c space group with
an AU comprising one ligand and two [HF2]− anions.
Analogous to salt (7), both the pyridyl groups in (11) merely
reside on the same plane and are twisted in the same direction,
showing dihedral angles of 22.7(2) and −14.9(2)° with
relation to the triazole ring.
In group III, triprotonated forms of ligand L, H3L3+,

crystallize in the presence of iodide, tetrafluoroborate,
perchlorate, and hexafluorosilicate anions, giving rise to
H3LI3 (12), H3L(BF4)3 (13), H3L(ClO4)3 (14), H3L-
(ClO4)3·2H2O (15), and H3L(H3O)(SiF6)2·2H2O (16) salts,
respectively (Figure S7). In the case of an iodide solution, salt
(12) crystallizes in a triclinic space group P-1 with one ligand
and three iodide anions in an AU. Explicitly, both the pyridyl
groups relative to the central triazole ring are strongly tilted in
opposite directions, as indicated by the dihedral angles 31.4(9)
and 42.5(9)°. The salt (13) crystallizes in monoclinic space
group I2/a with one ligand and three tetrafluoroborate anions
in an AU. Likewise in (12), the tetrafluoroborate salt (13)
represents strong tilting of pyridyl groups in opposite
directions with corresponding dihedral angles of 34.08(18)
and 36.92(18)°, thus resulting in also the almost perpendicular
orientation of pyridyl rings in relation to each other. The next
members of this group were afforded from perchloric acid
solutions and presented either an anhydrous form H3L(ClO4)3
(14) when crystallized in an open vial or hydrate form
H3L(ClO4)3·2H2O (15) when a closed vial was used. Both
crystallized in the monoclinic crystal system with I2/a or P21/c
symmetries, respectively. The AU of salt (14) consists of one
ligand and three perchlorate anions, resembling the crystal
structures of (12) and (13) by showing dihedral angles of
−35.1(2) and −35.8(2)°, respectively (Figure 3c). Contrast-
ingly, perchlorate hydrate salt (15) with one ligand, three
perchlorate anions, and two water molecules in an AU displays
strong tilting of pyridyl rings in the same direction as defined
by the dihedral angles 37.7(6) and −36.5(6)°. The last one in
group III H3L(H3O)(SiF6)2·2H2O (16) crystallizes in a
monoclinic P21/c symmetry with a single ligand, two
hexafluorosilicate anions, one hydronium ion, and two water
molecules in its AU. Unlike other members of the group with
strongly tilted pyridyl groups, one of the pyridyl rings in the
hexafluorosilicate salt (16) is leveled with the central triazole
ring, and only the second pyridyl ring is strongly tilted as
reflected by the dihedral angles 23.9(2) and −3.4(2)°, as
shown Table 1.

3.2. Hydrogen Bonding and Molecular Packing. In
this work, we have focused on recognizing the interaction of a
ligand with anionic species and any water molecules with
special emphasis on hydrogen bonding, π−π stacking, and
anion−π interactions. We first opted to probe the connections
of each of the individual components, namely cationic ligand,
anions, and water/hydronium ion, where applicable, in terms
of the number of H-bond donor−acceptor units and the nature
of interactions. Therefore, the presented H-bonding patterns
are categorized based on graph set notations described by Etter
et al.47 From the crystal structures, we were also able to

Crystal Growth & Design pubs.acs.org/crystal Article

https://doi.org/10.1021/acs.cgd.3c00393
Cryst. Growth Des. 2023, 23, 5144−5162

5148



Figure 4. Partial view of molecular packing of the complexes (a) (1) and (b) (2) along the b-axis. The hydrogen-bonded motif present in salt (1) is
also similar in (2). Only relevant atoms are shown. Hydrogen atoms are omitted for clarity. H bonds are exemplified by blue dashed lines (cyan
dashed lines in the hydrogen-bonded motif), and the centroid−centroid distances are measured in angstrom (Å).

Figure 5. Partial view of molecular packing of salt (6) along (a) the b-axis and (b) c-axis. Hydrogen atoms are omitted for clarity. H bonds are
exemplified by blue dashed lines.

Figure 6. Illustration of salt (3) (a) anion−π interactions, (b) schematic representation of nitrate anion hydrogen-bonding connectivity, (c) partial
view of molecular packing along the b-axis, and (d) stacking interactions: π-stack layer 1 (blue color) and π-stack layer 2 (red color). Only relevant
atoms are shown. H bonds are exemplified by blue dashed lines, and the distances are measured in angstrom (Å).
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identify some key structural aspects of anion cluster assembly
and anion−water clusters with different counter anions, as
presented in following chapters. Hydrogen-bonding geometries
for all of the salts are summarized in Table S2. For the sake of
simplicity, all of the salts discussed follow the uniform atom
labeling of the ligand, as shown in Figure S5a. Additionally, the
geometric parameters dcentroid, dplane, and doffset were applied to
define the location of the anion from the triazole ring,48,49 and
are listed in Table S3.
Not surprisingly, salts (1) and (2) exhibit practically the

same packing modes. Both contain H-bonded linear chains of
C2

1(14) (mediated by pyNH+···X interactions) with d(N−X) =
∼3.12 to 3.36 Å, for X = Cl1/Br1 along the b-axis. These H
bonds further are joined to larger R4

2(20) H-bonded rings
mediated by four molecules (Figure 4). Additionally, (1) and
(2) feature strong face-to-face π−π interactions in a bricklayer
fashion and show centroid−centroid distances of d(π−π)
3.5105(12)−3.7239(14) and 3.5351(15)−3.9298(15) Å be-
tween the pyridyl groups, for (1) and (2), respectively.
Conversely, in the iodide salt (6), relatively weak π−π
interactions (face-to-face) between the adjacent pyridyl groups
were observed, having centroid−centroid and plane-to-plane
shift distances of 3.749(2)−3.824(2) and 1.545(7)−1.886(6)
Å, respectively (Figure 5), due to the considerable size
difference between anions (Cl− < Br− < I−). The diprotonated
ligands are packed in antiparallel alignment, resembling
columns when viewed along the c-axis.

In the salt structure (3), anion−π interaction is evident with
one of the nitrate anions (designated by N23), which is located
3.2221(8) Å from the centroid of the triazole ring (Figure 6a)
with an angle of 9.19(5)° to the plane of the triazole ring. The
geometric parameters describing the anion−π interactions are
as follows: O26···ring−centroid d(3.0680(11)) Å and O26···
ring−plane d(3.0569(11))Å, offset with respect to the normal
to the plane is 0.26 Å. The same oxygen atom is involved in
strong and almost linear pyNH+···O connections (N−H···O
distance, 1.81(2) Å) (Figure 6b). The second oxygen atom
(O24) is engaged with amine NH (d(N−O) = ∼3.10 Å),
resulting in the formation of infinite zig-zag chains of the
ligands with a C2

2(12) H-bond motif, running parallel to the c-
axis (Figure 6c). The other nitrate anion (designated by N19)
forms an angle of 73.46(5)° to a triazole ring plane, one of its
oxygen atoms (O22) bifurcating one short H bond to a
pyridinium NH+ and an amine NH, thus forming infinite zig-
zag chains of the ligands with C2

1(10) motifs running parallel to
the b-axis. The other oxygen atom (O21) shows H bonds with
amine NH, of which donor−acceptor distances (N···O) vary
from ∼2.7 to 3 Å (Figure 6b). This HB arrangement involving
amino groups generates H-bonded chains of the C2

2(6) motif
that runs along the crystallographic a-axis. In addition to N−
H···O H bonds, oxygen atoms participate in a set of weak but
potentially structure-stabilizing aromatic C−H···O interactions
(Table S2). The partial view of molecular packing along the
crystallographic a- and c-axis is shown in Figure S8. One of the
interesting features of this structure is the origin of [NO3]−···

Figure 7. Partial view of molecular packing of the salts (a) (4) along the c-axis and (b) (5) along the b-axis. H bonds are exemplified by blue dashed
lines.

Figure 8. (a) Space-filling representation of hydrogen-bonded dihydrogen phosphate anions forming a helical chain in the salt (4) and (b)
schematic representation of dihydrogen phosphate anion hydrogen-bonding connectivity. (c) Hydrogen-bonded motifs present in the salt (4) and
(d, e) in the salt (5). H bonds are exemplified by cyan dashed lines. Only relevant atoms are shown.
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[NO3]− interactions. The nitrate anion (N19) is located
adjacent to its symmetry twin with an interplanar distance
d(N19−N19′) of 3.2905(10) Å. They seem to participate in
weak dimer associations, where the central nitrogen atom
associates with the oxygen atom of the symmetry-related anion
with a short contact of 2.8272(15) Å and d(O22−O22′) being
2.8689(19) Å (Figure 6). Also, the second nitrate anion (N23)
is similarly located close by its symmetry twin having two of
the oxygen atoms in a face-to-face orientation with a d(O26−
O26′) distance of 2.7177(19) Å. The short contacts between
these two like-charged ions have been reported also in the
literature, e.g., by Kim et al.,50−53 who suggested that the short
contact between two nitrate ions can possibly be caused by
packing constraints or supportive attractive interactions further
stabilizing the molecular packing. It is worth mentioning that
the intriguing work by Mooibroek and coworkers54 revealed
that [NO3]− in the solid state could also tend to behave as
Lewis π acids, considering that the negative charge of a
[NO3]− anion is reasonably dampened by interactions, for
instance, H bonding or coordination to a metal.55−57 The
packing arrangement of (3) exemplifies an intriguing zig-zag π
stack: alternately stacking of π-stack layer 1 and π-stack layer 2.
As shown in Figure 6d, complex (3) illustrates two kinds of
interlayer distances of 3.6584(7) and 3.7185(7) Å.
These results indicate the influence of anion’s steric effects

on the molecular conformations and the packing. In the salts
(1) and (2), because of the better planarity of ligands and the
small size of anions, the interplanar separation between the
pyridyl moieties is short, indicating relatively strong π−π
interactions. However, in complex (3), nitrate anions exhibit
polyhedron conformation, thus forming H bonds with different
oxygen atoms and involving other multiple interactions, which
stabilize the overall molecular packing. Thus, steric hindrance
provided by nitrate anions leads to a modest tilting of pyridyl
rings and slightly longer interplanar separation between the
pyridyl moieties, indicating relatively weak π−π stacking.58
Salts (4) and (5) form layered structures composed of

chains or H-bond-directed cluster assemblies of dihydrogen
phosphate anions (Figure 7). The monoprotonated salt (4)

also comprises a layered structure of anions and cations like
complex (5) but with a distinct H-bonding arrangement. The
change is reflected in the formation of an infinite helical chain
around a 21-screw axis sustained by O−H···O H-bonds with
d(O22−O21) being 2.5417(18) Å and propagating along the
b-axis (Figure 8a). The helical chains are further connected
across by the monoprotonated ligand, in a “stair-steps” manner
(Figure 8b). Thus, two hydrogen atoms from amino groups, in
a syn manner, connect the two oxygen atoms (O20 and O22)
of [H2P(19)O4]− to form an infinite C2

2(6) type H-bonded
chain that runs parallel to the b-axis and being orthogonal to
the H-bonded chain of C2

2(16) type (mediated via O23−
H23···N16 and N10−H10···O20). As a result of the
intersection of these chains, the H-bonded ring patterns
R4
2(20) and R4

4(24) are generated in the structure (Figure 8c).
The partial view of the molecular packing along the c-axis is
shown in Figure 7a. The complex (5) contains two
crystallographic distinct dihydrogen phosphate anions [H2P-
(24)O4]− and [H2P(19)O4]−, with [H2P(24)O4]− possessing
a disordered hydrogen atom over two positions (H26 and
H27) with 0.5 occupancies each. Both dihydrogen phosphate
anions exhibit different coordination environments. Anion
[H2P(24)O4]− develops an infinite zig-zag chain involving two
sets of O−H···O hydrogen bonds (O···O = ∼2.5 Å) that run
parallel to the a-axis. Most interestingly, two equivalent zig-zag
chains are interlinked by a second phosphate anion via a strong
O−H···O H bonds with the R6

6(24) motif forming a hexameric
cluster (H2PO4

−)6, which consists of alternating two P(24)
and P(19) anions that propagate into a H-bond-directed anion
cluster assembly when viewed down the c-axis, as shown in
Figure 9. In this R6

6(24) motif generated, the dihydrogen
phosphate anion P(19) is involved in a total of four H bonds
with neighboring chains by acting both as an acceptor (O21)
and a donor (O23−H23), respectively. Thus, the hexameric
cluster identified resembles a cyclohexane-like structure,17
wherein four dihydrogen phosphate anions (P24) of the cyclic
ring reside on the same plane and two other anions (P19) lie
above and below the plane. The anion cluster assembly formed
is not flat, but it displays kind of a corrugated pattern. The

Figure 9. Illustration of the salt (5), (a) dihydrogen phosphate anion assembly, (b) hydrogen-bonding motif found in the (H2PO4
−)6 aggregate, and

(c) space-filling representation of the anion cluster. Cations are omitted for clarity. Only relevant atoms are shown. H bonds are exemplified by
cyan dashed lines.
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observed intermolecular O···O contact distances in this anionic
hexamer cluster range between 2.51 and 2.63 Å and are similar
to one observed by Hoque et al. and Mahe ́ et al.17,5917,59

Further, the dihydrogen phosphate anion [H2P(19)O4]−

interacts with two cationic ligands through a triazole ring
nitrogen acceptor (N4) and to a pyridinium NH+ donor
(N16−H16) with infinite C2

2(11) H-bonded motif chains
running parallel to the b-axis, while the other [H2P(24)O4]−

form contacts with a ligand via amino (N6−H6a and N6−
H6b) and pyNH+ donors (N10−H10) forming R2

2(8) and
R4
4(28) geometry types (Figure 8d,e). The partial view of

molecular packing along the b-axis is shown in Figure 7b.
The molecular packing arrangements of the group II salts

(7−11) exhibit also layered H-bonded networks comprising
anions and cationic ligands. Salts (8) and (10) of the group are
slightly different from the others as they also contain water
molecules and by that represent a somewhat wider range of H-
bonding motifs. Interestingly, two types of H-bonded cyclic
ring motifs were observed, namely, R4

2(20) and/or R4
4(24)

(Figure 10) as structural units governed by the conformation
of the bent ligand and the type of the anion.
Differing from the previously considered salt (3), in the

triclinic nitrate salt (7), the nitrate anions do not participate in
any dimer associations. The nitrate anion (N19) is located

4.2263(11) Å from the centroid of the triazole core with an
angle of 125.31(7)° to a triazole ring plane, while another
nitrate anion (N23) is 5.5793(12) Å apart with an angle of
42.41(6)° to the said plane. The nitrate anions occur in pairs
with an interplanar distance of 3.2642(10) Å and are canted by
12.5° relative to each other (Figure 11a). The hydrogen
bonding of salt (7) is also significantly different compared to
salt (3). Both pyNH+ donors are engaged in bifurcated H-
bonding, wherein one protonated pyridyl (N10) bifurcates two
oxygen atoms (O21 and O22) of one anion to form the R1

2(4)
structural motif, whereas the other protonated pyridyl (N16)
bifurcates two oxygen atoms (O20 and O26) of two anions,
overall facilitating the formation of infinite linear H-bonded
chains of C2

2(16) type, running parallel to the c-axis (Figure
11c). The hydrogen atoms of the 6-NH2 groups act as H-bond
donors to the oxygen atom (O21) of one nitrate anion (N19)
and the oxygen atom (O26) of a second nitrate anion (N23)
and unite these chains into layers via N−H···O H bonds
(d(N···O) = ∼2.8 to 3.0 Å), forming a combination of two H-
bonded ring patterns of R4

2(20) and R4
4(24) types (Figure 10a).

The intermolecular H bonds are further stabilized by weak C−
H···O interactions, π−π stacking interactions between the
adjacent pyridyl groups (N10) with a centroid−centroid
distance d(π−π) of 3.7574(7) Å, and anion−π interactions

Figure 10. Hydrogen-bonded motifs present in the salts of group II. (a) In salt (7), (b) salt (8), (c) salt (9), (d) salt (10), and (e) salt (11). Only
relevant atoms are shown. Hydrogen atoms are omitted for clarity. H bonds are exemplified by cyan dashed lines.

Figure 11. (a) Canted anion pairs in the salt (7), (b) anion−π interactions, and (c) partial view of molecular packing along the b-axis. Hydrogen
atoms are omitted for clarity. H bonds are exemplified by blue dashed lines. Only relevant atoms are shown, and the distances are measured in
angstrom (Å).
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d(O22−centroid\offset distances of 3.0455(16)/1.26 Å), as
shown in Figure 11b. The molecules are assembled in layers
parallel to the ac-plane, as shown in Figure 11c.
The most appealing feature of (8) is the presence of an

anion−water cluster.17 The single water molecule (O24) is H-
bonded with two neighboring sulfate anions [O24···O22 =
2.7955(17) Å and O24···O21 = 2.7921(17) Å] to give a cyclic
tetramer [(SO4)2−(H2O)2]4− cluster of R4

4(12) geometry type,
located around the inversion center (Figure 12). Noticeably,
the small sulfate−water cluster does not engage in any
interactions between themselves but instead forms contacts
with pyridinium NH+ and 6-NH2 groups. As shown in Figure

12c, one hydrogen atom of the protonated pyridyl (N16)
bifurcates two oxygen atoms of a sulfate anion (O21 and O20)
to construct the R1

2(4) structural motif and the other,
pyridinium (N10) forms a single bond with sulfate oxygen
(O23). The N−H+···O bonds link the cationic ligands and
anions into infinite chains of C2

2(16) type parallel to the c-axis
with N···O distances of about 2.65−2.98 Å. The 6-NH2 groups
are engaged in a C2

2(6) chain which propagates along the a-axis
orthogonal to the C2

2(16) H-bonded chain. As a result, the
combination of HB geometries generates R4

2(20) and R4
4(24)

types of H-bonded rings mediated by four molecules, as shown
in Figure 10b. The molecular packing along the b-axis displays

Figure 12. (a) Hydrogen-bonding motif found in the sulfate−water cluster in the salt (8), (b) space-filling representation of the sulfate−water
tetramer, and partial view of molecular packing along the (c) b-axis and (d) c-axis. Hydrogen atoms are omitted for clarity. H bonds are exemplified
by blue dashed lines (cyan dashed lines in the sulfate−water cluster). Only relevant atoms are shown.

Figure 13. Partial view of molecular packing of the salt (9) (a) along the a-axis, (b) along the b-axis, and (c) stacking interactions. Only relevant
atoms are shown. H bonds are exemplified by blue dashed lines, and the centroid−centroid distances are measured in angstrom (Å).
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a layered array of cationic ligands with the inclusion of a
sulfate−water cluster inserted in the space between H2L2+, as
shown in Figure 12.
The hexafluorosilicate salts displayed a diverse range of

structural features. Two of the hexafluorosilicate structures
(10) and (16) comprise water in their lattice, while (9) is
anhydrous. As shown in Figure 13, salt (9) exhibits wave-like
layers of ions when viewed along the a-axis. The 6-NH2 groups
are engaged in N−H···F interactions, forming H-bonded
chains of C2

2(6) type parallel to the c-axis, whereas wave-like H-
bonded chains of C2

2(16) type (mediated by protonated pyridyl
rings and fluorine atoms) go along the b-axis. There is also
R4
4(24) H-bonded geometry type analogous to those observed

for other members of this group (Figure 10c). Moreover, the
packing is facilitated by C−H···F contacts and weak face-to-
face π···π stacking with the pyridyl groups’ centroid−centroid
distance being d(π−π) 3.9079(11) Å (Figure 13).
Contrary to (9), in the salt (10), the layered array of cationic

ligands and fluorosilicate anion exists, as alternating anion−
water sheets, to generate a wave-like layered structure when
viewed along the a-axis (Figure 14). The H-bond environment
around the hexafluorosilicate unit is intriguing, where each
[SiF6]2− anion accepts eight hydrogen bonds, out of which, 6-
NH2 groups and pyridinium NH+ of cationic ligands
contribute to three N−H···F interactions and water molecules
via five O−H···F H-bond interactions. The water molecule
(O26) also acts as a H-bond acceptor toward the pyridinium
(N10) group via a single N−H···O H-bond, while as H donors
they connect two [SiF6]2− anions, with one bifurcating
hydrogen (H26) and one with a single contact (H26B) to

form infinite chains of C2
2(6), running parallel to the a-axis.

Two identical chains are further strongly stitched via a second
water molecule (O27) via two O27−H27A···F22 and O27−
H27b···F23 H-bonds, forming cyclic octameric clusters
[(SiF6)4−(H2O)4]∞

8− with a structural motif R8
8(24) that results

in undulated sheet propagating along the a-axis (Figure
15a).60,61 Further, each cationic ligand bridges the anion−
water cluster assembly via N−H···O and N−H···F H bonds,
resulting in structural motifs R4

4(24) with D···A distances of
about 2.6−3.0 Å (Figure 10d). Apart from N−H···O, O−H···
F, and N−H···F H-bond interactions, the hydrogen bonding-
driven assembly is further stabilized by anion−π interactions
d(F25−centroid\offset distances of 3.1717(12)/1.35 Å), as
shown in Figure 14a.
Ions in the salt (11) pack as layered sheets held by a

network of N−H···F and C−H···F interactions, as shown in
Figure S9. The F2 atom of [H(2)F2]− ions is linked with
pyridine NH+ units that assemble into linear H-bonded chains
of C2

1(14) running parallel to the a-axis. These chains are
further linked in the second direction via C9−H9···F3
interactions (Table S2). Further, H bonds involving 6-NH2
groups are centered on F1 and F4 atoms of the second
[H(2)F2]− ion facilitating H-bonded chains of C2

2(6) type
running parallel to the b-axis. The F4 atom also forms contacts
via N10−H10···F4 and C15−H15···F4 interactions in
alternating layers. As a result, analogous to previous structures,
the crystal structure of (11) is also built by the combination of
R4
2(20) and R4

4(24) H-bonded ring patterns (Figure 10e).
The iodide salt (12) in group III differs completely from the

iodide structure (6) belonging to group I, as it exhibits

Figure 14. (a) Anion−π interactions and (b) partial view of molecular packing along the a-axis in salt (10). Only relevant atoms are shown. H
bonds are exemplified by cyan dashed lines, and the distance is measured in angstrom (Å).

Figure 15. Illustrations of the salt (10). (a) Anion−water assembly, (b) hydrogen-bonding motif found in the cyclic octameric cluster, and (c)
space-filling representation of the anion−water cluster. Cations are omitted for clarity. Only relevant atoms are shown. H bonds are exemplified by
cyan dashed lines.
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anion−π interaction with the following features: I20···ring−
centroid distance d(3.495(2)) Å and I20···ring−plane distance
d(3.456(3)) Å with the offset of 0.52 Å to the normal of the
plane. The same anion (I20) is also involved in a weak N10−
H10···I20 H-bond interaction with a distance d(N−I) of
3.506(7) Å. The partial view of molecular packing displaying
anion−π interactions along the a- and b-axes is shown in
Figure 16.
The structure of salt (13) reveals a layered arrangement

stabilized by mainly N−H···F H-bonds (Figure 17) and
anion−π interactions, as shown in Figure S10. In total, three
tetrafluoroborate anions accept seven H bond interactions with
N···F distances varying from ∼2.7 to 3 Å. One tetrafluor-

oborate anion [B(29)F4]− involves two different fluoride
atoms to link two cationic ligands via N4−H4···F32 and N16−
H16···F33 H bonds in a continuous fashion, forming 1D
chains (C2

2(11)) related by the 21-screw axis (Figure 18) that
develops along the b-axis. In this H-bonded 1D chain, one of
the fluorine atoms (F31) being only 3.3691(14) Å apart from
the triazole ring centroid appears to engage in anion−π
interactions (Figure 18). These 1D H-bonded chains are then
assembled into a 2D layered arrangement along the b-axis by
another [B(19)F4]− anion that serves as a bridge to link these
adjacent chains via N10−H10···F22 and N6−H6A···F22
(Figure 19), resulting in the R4

2(20) H-bonded structural
motif (Figure 17a). The third tetrafluoroborate [B(24)F4]−

Figure 16. Partial view of molecular packing of (12) (a) along the a-axis, (b) along the b-axis, and (c) anion−π interactions. Hydrogen atoms are
omitted for clarity. Only relevant atoms are shown. H bonds are exemplified by blue dashed lines, and the distance is measured in angstrom (Å).

Figure 17. Hydrogen-bonding motifs present in the salts of group III. (a) In salt (13) and (b) and (c) in salt (15). Only relevant atoms are shown.
Hydrogen atoms are omitted for clarity. H bonds are exemplified by cyan dashed lines.

Figure 18. Illustrations of salt (13) (a) anion−π interactions and (b) hydrogen-bonded 1D chain along the c-axis. Only relevant atoms are shown.
H bonds are exemplified by cyan dashed lines.
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anion engages in three N−H···F H-bond interactions, where
the fluoride atom (F26) behaves as a bifurcated H-bond
acceptor involving protonated pyridyl (N10−H10···F26 and
N16−H16···F26) to form a helical chain of the C2

1(14)
structural motif, which propagates parallel to the c-axis (Figure
S10). The further link of the fluoride atom (F25) of the
[B(24)F4]− anion with an amino group (N6−H6A···F25)
facilitates the formation of a double chain arrangement
(C2

2(12)) along the b-axis, as shown in Figure S10.

In the perchlorate salt (14), the ligand is triprotonated with
three perchlorate anions of which molecular packings are
shown in Figure 20 along a-, b-, and c-axes. The [Cl(24)O4]−

oxygen atom (O27) is engaged in two H bonds with two
protonated ligands forming an infinite zig-zag H-bonded chain
of the C2

1(14) motif, propagating along the a-axis. Both the
triazole (N4) and amino (N6) are connected to the other two
perchlorate anions Cl(29)O4

− and Cl(19)O4
− via N−H···O H

bonds, respectively. Interestingly, there are also anion−anion
interactions between the perchlorate anions with distances of

Figure 19. Partial view of the 2D layer of (13) (a) along the a-axis, (b) along the b-axis, and (c) along the c-axis. Hydrogen atoms are omitted for
clarity. Only relevant atoms are shown. H bonds are exemplified by blue dashed lines.

Figure 20. Partial views of molecular packing of (14) (a) along the a-axis, (b) along the b-axis, (c) along the c-axis, and (d) anion−π interactions.
Hydrogen atoms are omitted for clarity. H bonds are exemplified by blue dashed lines, and the distance is measured in angstrom (Å).
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3.006(2), 2.9631(19), and 3.040(2) Å for d(O33−O22),
d(O23−O27), and d(O27−O33), respectively.61 Notably, the
oxygen atom (O25) of [Cl(24)O4]− is also in close proximity
to the triazole ring centroid with an O25···ring−centroid
distance of d(3.0468(17)) Å and an O25···ring−plane distance
of d(2.845(2)) Å with an offset distance of 1.09 Å, indicating
anion−π interaction (Figure 20d).
Considerably different structural features are observed for

the salt (15) containing water molecules, which seems to
participate in the formation of an acyclic (ClO4

−)2(H2O)2
tetramer moiety (Figure 21a). One of the [ClO4]− anions is
disordered with approximate occupancies of 0.8 and 0.2,
respectively, for Cl34 and Cl33, and the four oxygen atoms for
the same anion are disordered over three positions with
approximate occupancies of 0.4:0.4:0.2. Similarly, in case of the
second [Cl(24)O4]− anion, its oxygen atoms are disordered
over two positions with approximate occupancies of 0.6 and
0.4. In contrast to another perchlorate salt (14), the number of
H bonds varies significantly due to the presence of water
molecules. In total, three cationic ligands surround the acyclic
cluster via N−H···O and C−H···O H-bond interactions
(Figure 21b). In this perchlorate−water−perchlorate−water
cluster, there are two crystallographically distinct perchlorate
ions and two crystallographically distinct water molecules
(O48 and O47). The [Cl(19)O4]− anion is not H-bonded to
the protonated ligand but instead has two water O−H···O
intracluster H bonds (O47−H47B···O21 and O48−H48A···

O22). Both water molecules are then H-bonded to the cationic
ligand (Figure 21b). The oxygen (O47) of a water molecule is
engaged with pyridinium N10−H10B···O47, whereas the
second water molecule (O48) is coordinated through a strong
N4−H4···O48 H bond, forming zig-zag chains parallel to the
b-axis (Figure 21c). The coordination environment of the third
perchlorate ion [Cl(24)O4]− is entirely different, as it only
bounds to the protonated ligand and has no contact with
nearby water molecules (Figure 21c). Each [Cl(24)O4]−

participates in three N−H···O bonds by three cationic ligands.
The perchlorate oxygen atoms O29 and O32 (0.6 occupancy
each) are in contact with pyridine hydrogen donor N16−H16,
forming a centrosymmetric R2

4(8) H-bonded ring motif (Figure
17b). The amino group hydrogen (N6−H6B) is shared by the
third oxygen atom O26 of [Cl(24)O4]−, facilitating the
formation of H-bonded chains C2

2(12), propagating along the
a-axis and being part of the R4

4(24) H-bonding motif (Figure
17c). Interestingly, the direct interactions between two cationic
ligands are also observed. This mediates via an amino donor
(N6−H6B) and a triazole nitrogen acceptor (N3) with a
contact distance d(N6−N3) of 2.981(5) Å, and also facilitates
the formation of C1

1(5) H-bonded chains propagating along the
c-axis (Figure 21c). The molecular packing when viewed along
the c-axis shows the criss-cross orientation of cationic ligands
(Figure 21d). Besides the multisite (N−H···O, C−H···O and
O−H···O) H-bond interactions around the anions, the
molecular packing is further stabilized by anion−π contacts.

Figure 21. Illustration of (15) (a) acyclic (ClO4
−)2(H2O)2 tetramer and anion−π interactions, (b) coordination environment around the acyclic

(ClO4
−)2(H2O)2 tetramer, and (c) molecular packing along the a-axis and (d) along the c-axis. Only relevant atoms are shown. Hydrogen atoms are

omitted for clarity. H bonds are exemplified by cyan dashed lines (blue dashed lines in molecular packing), and the distance is measured in
angstrom (Å).
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The perchlorate anion [Cl(19)O4]− contributes to anion−π
interactions, as one of its oxygen atoms (O20, with no
disorder) is at close proximity from the triazole ring with a
distance d(O20−centroid) of 3.129(4) Å and an offset of 1.19
Å to the centroid (Figure 21a).
Different from the other hexafluorosilicate structures, the

ligand in the salt (16) is triprotonated, and the salt contains
water along with the anions of which also a hydronium ion was
found to balance the overall charge due to two hexafluor-
osilicate anions. In this structure, infinite H-bonded sheets
comprised of water molecules, hexafluorosilicate anions, and
hydronium ions can be observed. The sheet-like arrangement
features several cyclic motifs, namely, tetrameric and 16-
membered cyclic motifs, all interconnected, as shown in Figure
22. In the cyclic tetramer ring, a hydronium ion (O35) serves
as a H-bond donor toward F29 and F30 of [Si(26)F6]2−, giving
a centrosymmetric R4

4(12) H-bonded structural motif that
eventually brings together two hydronium units and two
[Si(26)F6]2− anions. Thus, the hydronium ion (O35) is
situated between two Si(26)F62− anions and one water
molecule (O34), instead of between two water molecules.
Therefore, aggregation can be described in terms of [Si(26)-

F6]2− and [Si(19)F6]2− anions interconnecting [H7O3]+ ions.
The second four-membered ring is completed by two
crystallographically distinct water molecules, a hydronium ion
and one [Si(26)F6]2− anion. In this ring, the hydronium ion
(O35) serves as a H-bond donor toward F29, the water
molecule (O34), and a water molecule (O34) acts as an H-
bond donor toward the second water molecule (O33), and the
water molecule (O33) acts as a H-bond donor toward F32 of
the [Si(26)F6]2− anion. The H-bonding environment of
different water molecules and a hydronium ion is highlighted
in Figure 23, and detailed H-bonding parameters are provided
in Table S2. Next, the 16-membered cyclic motifs comprise
crystallographically distinct water molecules, hexafluorosilicate
anions, and hydronium ion units, creating a supramolecular
assembly that propagates along the b-axis.
Apart from O−H···F interactions, anions are engaged with

cationic ligands via N−H···F contacts. The [Si(26)F6]2− anion
reveals the bicoordinated nature of H-bonding acceptance of
one fluoride atom (F27) and in total binds two cationic ligands
via protonated pyridyls (N10−H10···F27 and N16−H16···F27
contacts) with the formation of C2

1(14) H-bonded zig-zag
chains parallel to the a-axis. In contrast, the second

Figure 22. Illustrations of (16) (a) hydrogen-bonded sheet of water molecules, hexafluorosilicate anions and hydronium ions, (b) side view of the
same sheet, (c) hydrogen-bonding motif found in the cyclic tetrameric cluster, and (d) space-filling representation of the cyclic tetrameric cluster.
Cations are omitted for clarity. Only relevant atoms are shown. H bonds are exemplified by cyan dashed lines.

Figure 23. Hydrogen-bonding environment of different water molecules and the hydronium ion in the structure (16). Only relevant atoms are
shown. H bonds are exemplified by cyan dashed lines.
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hexafluorosilicate [Si(19)F6]2− anion accepts three H bonds
from three cationic ligands out of which two are contributed by
an amino group, such that the C2

2(6) H-bonded chain is
formed, which is mediated via two trans-fluoride ligands (N6−
H6A···F25 and N6−H6B···F20) parallel to the b-axis. The
third H bond is assisted by triazole nitrogen (N3) and
facilitates the generation of C2

2(9) H-bonded linear chains
mediated by cis-fluoride ligands (N6−H6A···F25Si(19)F23···
H3−N3), running along the C2

2(6) H-bonded chains. As a
result, bilayer arrangement is sustained by intermolecular H-
bond interactions when viewed down the b-axis. The molecular
packings along the a-, b-, and c-axes are shown in Figure S11.
Additionally, anion−π interactions further contribute to the
strengthening of the hydrogen bonding-driven assembly. The
triazole ring establishes anion−π interactions involving both
crystallographically distinct hexafluorosilicate anions with the
fluorine atoms F21 and F32 of the [Si(19)F6]2− and
[Si(26)F6]2− anions being only 2.7913(13) and 2.7690(13)
Å apart from the ring centroid, respectively (Figure S11).
3.3. Thermogravimetry. Thermogravimetric analyses

were made to examine and compare the thermal stability of
the ligand and the prepared salts at 10 °C/min under a N2
flow. As shown in Table S4 and Figure 24, the neutral ligand L
has an onset decomposition temperature of 328 °C, and all of
the examined salts illustrate decomposition temperatures
between 154 and 240 °C, with salt (11) having the lowest
and salt (2) the highest decomposition temperature. The
observed decomposition temperatures and the corresponding
weight losses indicate that the (first dehydrated in the case of
hydrates) salts demonstrate the decomposition of anions as a
free acid, followed by the formation of volatile products in the
first stage. For instance, chloride and bromide salts underwent
three prominent rapid weight losses, where the first step ended
at around 283 and 270 °C with a weight loss of about 23.58 wt
% (calcd. 23%) and 33.08 wt % (calcd. 40%) owing to the
expected formation of volatile products such as HCl and HBr,
respectively. The following weight loss corresponds to the
decomposition of the ligand L itself, which is analogous to the
behavior seen for the other halide salts (Figure 24). Regarding
thermal stability, halide salts exhibited pronounced differences
showing a gradual decline with the sequence of bromide,
chloride, iodide, and fluoride.

The TG curve of H2L(NO3)2 (3) demonstrates a sharp mass
loss (58 wt %) at 159−273 °C corresponding to exothermic
decomposition. This can be the result of the decomposition of
nitrate anion [NO2 + 1/2H2O +1/4O2 (20%)]. Nevertheless,
at this temperature range, there are combinations of changes
occurring as a byproduct of some chemical process
accompanied by effusion of the gaseous species. Complex
H2L(H2PO4)2 (5) experienced gentle descending weight loss
(2.15 wt %) corresponding to an endothermic reaction, which
ended at around 237 °C, suggesting that this originates from
surface-bound water, which is also consistent with aggregable
EA results indicating the presence of a single water molecule.
As shown in Figure 24, there is no clear-cut plateau on the TG
curve of salt (5), hence deducing plausible polymerization of
dihydrogen phosphate ions. The TG curve of salt H2L(SO4)·
H2O (8) displays a weight loss of 2.45 and 2.92 wt % (calcd.
5.07%) in two steps, originating from a loss of the water
molecule in the temperature range of 62−140 and 140−242
°C, respectively. It can be speculated that the relatively high
release temperature observed for the water molecule can be
attributed to the strong H-bonding interactions by two sulfate
anions involved in a cyclic sulfate−water cluster, which was
shown in the single-crystal structure. The salt H2LSiF6 (9)
shows the first weight loss of about 35.41 wt % (calcd. 37.67%)
up to 231 °C corresponding to an endothermic reaction, which
can be ascribed to the decomposition of a [SiF6]2− anion. This
is then followed by the thermal decomposition of the neutral
ligand. The observed results are consistent with both
crystallographic and elemental analysis results. The hydrated
salt H3L(ClO4)3·2H2O (15) decomposes in four stages of
which the first step occurs in the temperature range of 44−104
°C, with a weight loss of about 7.92 wt % (calcd. 6.25%)
corresponding to the release of crystal water and surface
moisture. This is then followed by the initiation (onset 206
°C) of exothermic decomposition that ends at around 244 °C.
The final two weight losses occurring in the temperature range
of 244−375 °C (50.17 wt %) and 375−588 °C (7.51 wt %),
respectively, correspond to the decomposition of the remaining
ligand. Note that, as indicated by TG/DSC graphs, no melting
points were observed before decomposition for all of the salts.
Among the examined salts, H2LBr2 (2) salt shows the highest
decomposition temperature, which is close to 240 °C.
H2L(HF2)2 (11), H3L(BF4)3 (13), and H2LSiF6 (9) display

Figure 24. TG curves of the (a) ligand L, H2LCl2 (1), H2LBr2 (2), [H2L]2I4 (6), and H2L(HF2)2 (11) and (b) H2L(NO3)2 (3), H2L(H2PO4)2 (5),
H2L(SO4)·H2O (8), H2LSiF6 (9), H3L(BF4)3 (13), and H3L(ClO4)3·2H2O (15).
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the lowest thermal stability, which is <163 °C. Chloride-,
iodide-, nitrate-, sulfate-, phosphate-, and perchlorate-based
salts demonstrated onset decomposition temperatures in the
intermediate range, which is >163 and <240 °C and can be
assembled in the following series: H2L(HF2)2 < (11)
H3L(BF4)3 (13) < H2LSiF6 (9) < [H2L]2I4 < (6) H2L(SO4)·
H2O (8) < H3L(ClO4)3·2H2O (15) < H2L(NO3)2 (3) ≈
H2LCl2 (1) < H2L(H2PO4)2 (5) < H2LBr2 (2). All of the
thermal analysis results are presented in Table S4 for
comparison.
3.4. Powder X-ray Diffraction Methods (PXRD). For

the most part, the Pawley refinement of the lattice parameters
for each of the bulk powders was determined to be structurally
analogous to the respective single-crystal structures. The fitted
diffraction graphs, refined unit cells, and resulting R-factors/
goodness-of-fits are shown in Figures S12−S21 and Table S5,
respectively. According to obtained results, phase purity of the
powder samples at all three different concentrations was
confirmed for H2LCl2 (1), H2LBr2 (2), and [H2L]2I4 (6). In
the case of nitrate, where both monoclinic and triclinic
structure modifications were obtained, the PXRD analysis
clearly indicates that the bulk material corresponds to the
monoclinic H2L(NO3)2 (3) salt in 2.5 and 5 M concentrations
used in the reactions. However, with a low concentration (1
M), along with the major monoclinic product, some unreacted
ligands remained as well, indicating that milder 1 M HNO3 is
not sufficient to fully protonate the ligand within the tested
reaction conditions (Figure S14). For both phosphate
structures, displaying either mono- or diprotonated ligand
with one or two dihydrogen phosphate anions (4, 5), the
PXRD analysis confirmed that the bulk powder corresponds to
the H2L(H2PO4)2 (5) salt in all three different concentrations.
The biggest differences between single crystals and their

corresponding bulk powders were witnessed for the H2L(SO4)·
H2O (8) and H2L(HF2)2 (11). For the salt (8), powders
resulting from the tested acid concentrations differed
significantly. The PXRD pattern of the powder product
yielded from a 1 M solution corresponds somewhat well to
the simulated pattern of the single-crystal data. The powder
product obtained from a 2.5 M acid concentration contained a
trace amount of a polymorph. However, the pattern measured
from the 5 M concentration was completely different from the
expected simulated patterns and can be assumed to be either
some polymorph of the sulfate salt or hydrogen sulfate salt,
agreeably confirmed with elemental analysis results. For crystal
structure H2L(HF2)2 (11), based on the Pawley fit, all three
acid concentrations resulted in bulk powders consisting merely
of the neutral ligand, which was also confirmed by the
elemental analysis. This could be possibly attributed to the
weak acidic nature of the acid, ligand neutralization, or salt
instability. For the salt H3L(BF4)3 (13), the powder product
obtained from a 1 M acid concentration contained a trace
amount of some unknown impurity, which does not match the
simulated pattern or the PXRD pattern of the neutral ligand.
However, the bulk products obtained at other concentrations
(2.5 and 5 M) were structurally similar to the single-crystal X-
ray structure of salt (13), as shown in Figure S20. The best
Pawley fits were made with H2LSiF6 (9) and H3L(ClO4)3
(14), as the PXRD patterns from all three acid concentrations
match the corresponding single-crystal structures.

4. CONCLUSIONS

In this study, we have focused on designing new anion-
templated supramolecular assemblies of the bent 4-amino-3,5-
bis(4-pyridyl)-1,2,4-triazole ligand constituting distinct H-
bonded geometry ring [R2

2(8), R2
4(8), R4

2(20), R4
4(24), and

R4
4(28)] and chain [C1

1(5), C2
1(10), C2

1(14), C2
2(6), C2

2(9),
C2

2(11), C2
2(12), C2

2(16)] patterns. We explored how subtle
modulation in a crystallization environment and conditions
offers the possibility to yield entirely different forms of
molecular salts with mono-, di-, or triprotonated ligands. Three
significantly different conformations of these 16 molecular salts
were differentiated, and the influence of anion’s steric effects
on the molecular conformations suggested that steric
hindrance provided by the polyhedron conformation of anions
accounts for the twisted conformation of the ligand. On the
other hand, ligands showcased better planarity with smaller
spherical anions (Cl− and Br−), with strong π−π interactions
(bricklayer fashion) further reinforcing the molecular packing.
With in-depth studies on the crystal structures, we were able to
unveil some key structural aspects of hexameric anion cluster
assembly [(H2PO4

−)6] of the R6
6(24) motif and anion−water

clusters ranging from a cyclic tetramer [(SO4)2−(H2O)2]4− of
the R4

4(12) motif and an octameric cluster [(SiF6)4−
(H2O)4]∞

8− of the R8
8(24) structural motif to an acyclic

tetramer [(ClO4
−)2(H2O)2].

Focusing on intrinsic anion chemistry, we demonstrate key
structural insights into vast and varied ranging supramolecular
networks of the bent ligand manifested by a synergistic
interplay of multiple noncovalent interactions with a panel of
different anion geometries ranging from linear ([HF2]−),
spherical (Cl−, Br−, I−), trigonal planar ([NO3]−), and
tetrahedral ([ClO4]−, [SO4]2−, [H2PO4]−, [BF4]−) to
octahedral ([SiF6]2−). The hydrogen bonding-driven assem-
blies alongside anion−π interactions and π−π stacking
emerged as key players in establishing entirely diverse
supramolecular entities, distinctive H-bonded motifs, and
intriguing anion−water clusters. Thus, this work with detailed
examples of specific inorganic anions warrants the relevant
information associated with the rational design of anion-
mediated supramolecular entities and aids in understanding
how the coexistence of different noncovalent interactions
mutually influences the supramolecular systems. Indeed,
insights obtained can be grasped to acquire a wider
understanding of new families of synthetic molecular systems
and leverage the application of noncovalent interactions as a
supramolecular tool to manipulate preferred binding systems
for the complexation of a particular anion.
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ABSTRACT: In this study, for the first time two new inter-
penetrated 3D pillared-layer metal−organic frameworks (MOFs),
namely, {[Zn(bpt)(tdc)]·dmf}n (MOF-1-Zn) and {[Zn2(bpt)-
(tdc)2]·2(dmf)}n (MOF-2-Zn), as well as a homochiral 3D
framework {[Zn(bpt)(tdc)(H2O)]·dmf}n (MOF-3-Zn), were
prepared under different synthesis conditions (bpt = 4-amino-
3,5-bis(4-pyridyl)-1,2,4-triazole, H2tdc = 2,5-thiophenedicarboxylic
acid, and dmf = N,N′-dimethylformamide). Synthesis products
were thoroughly characterized by single-crystal and powder X-ray
diffraction and thermoanalytical methods. Remarkably, in the case
of MOF-2-Zn, dmf molecules in the voids can be exchanged for
different solvents, e.g., chloroform, methanol, ethanol, isopropyl
alcohol, acetonitrile, acetone, tetrahydrofuran, 1,4-dioxane, and
cyclohexane in a single-crystal-to-single-crystal (SCSC) manner. With different solvent types, the bpt ligands adapted slightly
different conformations by adjusting the orientation of the NH2-triazole core unit and the tilting of the pyridyl groups. In
comparison, most changes for planar tdc ligands were observed on the dihedral angles of the adjacent thiophene rings (e.g., 69.5 vs
78.5° for MOF-2-Zn and 2-CHCl3, respectively). Desolvation of the MOF illustrated systematic structural adaptability of {Zn2}-
“paddlewheel” in SCSC fashion, and the MOF’s crystallinity and 3D networked structure were preserved even after vacuum and
heat-assisted desolvation. Finally, preliminary CO2 adsorption tests for MOFs were conducted utilizing a custom-built fixed-bed
adsorption/desorption device, resulting in about 0.1 mmolCO2

/gsorbent at 400−4000 ppmv CO2 and about 1 mmolCO2
/gsorbent at 15 vol

% CO2.

1. INTRODUCTION

Metal−organic frameworks (MOFs) are highly ordered
crystalline structures possessing potential voids.1 MOFs are
derived from metal nodes linked by polytopic organic linkers
and nowadays are at the forefront in the material science field
and chemistry research.2 Over the past few decades, MOFs
have successfully established themselves as a highly com-
petitive candidate for their practical utility in the plethora of
chemistry-related fields varying from gas/liquid separations,
storage applications, drug delivery, and chemical sensors to
catalysis and beyond.3−8 Among the wealth of MOFs, most
structures have “rigid” networks and only limited examples
have been reported to have structural flexibility as a
characteristic feature of a MOF. In such cases, network
structure can undergo a structural transition in response to a
wide range of external chemical or physical stimuli (e.g., guest
change and removal, heat, light, or mechanical pressure). Such
structures form an appealing subclass of MOFs frequently

recognized as flexible or breathing MOFs or simply soft porous
crystals.1,9−11

In general, structural flexibility can be realized in different
ways, including displacement of interpenetrated frameworks,12

ligand motions,13 and deformations at M−L bonds,9 to name a
few.14 Thanks to single-crystal X-ray diffraction (SCXRD),
these structural details can be directly determined and
visualized. However, the shear force and stress generated by
the solvent exchange can often significantly increase a crystal’s
mosaicity and fragmentation, resulting in unmeasurable single
crystals. Therefore, single-crystal-to-single-crystal (SCSC)
transformation is often challenging to observe structurally
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and is a topical subject in the MOF community, as indicated by
continually growing publishing output. Consequently, this
phenomenon is a powerful tool for producing the most
accurate property−structure correlations in atomic resolution.
However, discovering new coordination frameworks that
sustain sufficient crystallinity through the SCSC transformation
is a continuous challenge.11,15−18

In this study, we present three new mixed-ligand MOFs
prepared from identical starting components by mixing 4-
amino-3,5-bis(4-pyridyl)-1,2,4-triazole (bpt) ligand, 2,5-thio-
phenedicarboxylic acid (H2tdc), and Zn(NO3)2. Composition-
ally different MOFs were obtained concomitantly under
identical solvothermal conditions, with a formula of {[Zn-
(bpt)(tdc)]·dmf}n and {[Zn2(bpt)(tdc)2]·2(dmf)}n, hence-
forth named MOF-1-Zn and MOF-2-Zn, respectively. The
former MOF could also be isolated alone by a judicious
selection of synthetic conditions. Along with attempts to
optimize single-crystal growth and phase purity, a third
structural modification with a formula of {[Zn(bpt)(tdc)-
(H2O)]·dmf}n, named MOF-3-Zn, was also obtained.
The bpt ligand used in the syntheses was selected based on

our previous studies,19 wherein the ligand conformational
changes were examined by crystallizing it from different
mineral acids. Investigation resulted in 16 distinct crystal
structures, demonstrating the ligand’s ability to exhibit a
versatile spectrum of molecular conformations ranging from
planar to nearly perpendicularly tilted pyridyl end groups. To
date, the bpt ligand has already been utilized in the MOF
syntheses;20−22 however, pairing it with the tdc ligand has not
yet been reported. Second, considering aspects of a secondary
building unit (SBU) with metal centers supported by
carboxylates, tdc ligand may provide alternative binding
modes, potentially endowing frameworks with unique coordi-
nation environments. Additionally, structural changes involving
the “kneecap” rotational axis of the carboxylates may further
contribute to a greater flexibility of the framework.23
With bpt, we envisaged that its versatile molecular

conformations might enable structurally altered frameworks
via a guest exchange, which could be monitored through SCSC
transformations. Several solvents were employed to test
whether they may replace dmf molecules and induce
observable SCSC transformation. As a result, along with the
crystal structures of three new pristine MOFs, their ten solvent
exchange products and one desolvated crystal structure were
obtained. Thermal stabilities of the crystalline products were
also characterized by thermogravimetric analysis. Powder X-ray
diffraction (PXRD) studies provided insights into the phase
purity of bulk powders and in-depth structural insights into the
framework’s flexibility. In addition, the CO2 adsorption
capabilities of pillared-layer MOFs were also examined,
utilizing a custom-built fixed-bed adsorption/desorption device
under dry 400, 4000 ppm, and 15% CO2 balanced with N2.

2. METHODS

2.1. Material Syntheses and Characterization. The synthetic
procedures for the 4-amino-3,5-bis(4-pyridyl)-1,2,4-triazole (bpt)
ligand can be found in the Supporting Information. In general, the
synthesis of bpt ligand followed the procedure reported in the
literature.19
2.1.1. Preparation of MOF-1-Zn. A mixture of Zn(NO3)2·6H2O

[120.19 mg, 0.404 mmol], 4-amino-3,5-bis(4-pyridyl)-1,2,4-triazole
(bpt) [65.04 mg, 0.273 mmol], and thiophene-2,5-dicarboxylic acid
(H2tdc) [47.00 mg, 0.273 mmol] was added to dimethylformamide
(dmf) [12 mL] in a Teflon-lined steel-made reaction vessel [22 mL]

and heated at 120 °C for 72 h, followed by cooling to room
temperature over a period of 24 h in an oven. The colorless plate-
shaped crystals obtained were isolated by filtration, washed with dmf,
and briefly air-dried (yield 117.70 mg, ∼78.84%, based on bpt). Anal.
Calcd for C21H19N7O5SZn: C, 46.12; H, 3.50; N, 17.93. Found: C,
45.33; H, 3.33; N, 17.80%.

2.1.2. Preparation of MOF-2-Zn. A procedure similar to that of
MOF-1-Zn was followed but with the exception of component ratio,
as a 1:1:1 metal-to-ligands ratio was used instead of 1.48:1:1. The
reaction produced simultaneously single crystals of MOF-2-Zn and
MOF-1-Zn. The quantities used in the synthesis for Zn(NO3)2·6H2O,
bpt, H2tdc, and dmf were [89.24 mg, 0.3 mmol], [71.48 mg, 0.3
mmol], [51.65 mg, 0.3 mmol], and [24 mL], respectively. Synthesis
resulted in plate- and block-like single crystals, indicating the presence
of both MOF-1-Zn and MOF-2-Zn, respectively. The colorless
crystals obtained were filtered, washed with dmf, and briefly dried in
air (yield 120.30 mg, % yield, and EA not calculated because of a
mixture).

2.1.3. Preparation of MOF-3-Zn. Zn(NO3)2·6H2O [44.92 mg,
0.151 mmol], bpt [23.83 mg, 0.1 mmol], and H2tdc [17.22 mg, 0.1
mmol] were dissolved separately in deionized water [5 mL], hot
ethanol EtOH [30 mL], and dmf [5 mL], respectively. A clear
solution of the zinc salt and bpt was mixed, and subsequently, the
H2tdc solution was added dropwise to this solution with vigorous
stirring at 80 °C. After 1 h, the cooled solution was filtered to remove
the remaining residue. Finally, colorless rod-shaped crystals were
afforded by slow solvent evaporation at room temperature from the
resulting solution within a week. The crystals obtained were decanted
from the mother liquor and stirred in fresh dmf for a few hours to
ensure the removal of unreacted materials and unwanted species and
then dried in air (yield 17.30 mg, ∼30.63% based on bpt). Anal. Calcd
for C21H21N7O6SZn: C, 44.65; H, 3.75; N, 17.36. Found: C, 44.37; H,
3.53; N, 17.07%.

2.2. Single-Crystal X-ray Diffraction. Single crystals suitable for
the SCXRD analyses were typically picked directly from the
crystallization solvent. For testing solvent exchange, fresh crystals of
pristine MOF type were submerged into the desired solvent for 2−7
days, and the solvent was changed at 12- or 24 h intervals three times
(more details in the Supporting Information).

Crystal data for MOF-1-Zn, MOF-2-Zn, MOF-3-Zn, and for other
samples were collected sample dependently by Rigaku XtaLAB
Synergy-R high flux rotating anode X-ray diffractometer equipped
with HyPix-Arc 100° curved photon counting detector, and
PhotonJet-R source with MicroMax-007 rotating anode (Cu Kα, λ =
1.54184 Å); Rigaku SuperNova single-source diffractometer (Eos
CCD detector) using mirror-monochromatized Mo Kα radiation (λ =
0.71073 Å); or Rigaku SuperNova dual-source (Cu and Mo
microsources) X-ray diffractometer equipped with Atlas CCD
detector (for few samples, HyPix-Arc 100°) and multilayer optics
producing monochromatized Cu Kα radiation (λ = 1.54184 Å). Data
collection, reduction, and analytical face-index-based absorption
correction methods were performed using the CrysAlisPRO24

program. All structures were solved by the ShelXT25 (intrinsic
phasing) program implemented in the Olex2(v.1.5)26 and refined on
F2 by full-matrix least-squares techniques with the ShelXL27 program.
All non-hydrogen atoms were refined anisotropically. Hydrogen
atoms were calculated to their ideal positions using isotropic
temperature factors 1.2 or 1.5 times their parent atom and were
refined as riding atoms. Occupancies of disordered moieties were first
determined using free variables in the refinement but, at the final
stages, were typically fixed to help converge the refinement,
particularly in the case of solvent molecules with low occupancies.
Electron densities of severely disordered solvents were removed on
the final refinement of the structure through the OLEX2 solvent mask
(SM) tool after their chemical composition was confirmed first (when
applicable). The removed electron density was not considered when
determining the chemical formula. The contact surface calculations to
determine void spaces (radius: 1.2 Å) and figures were generated by
the Mercury program.28 Further details about all of the SCXRD
structures can be found in the provided crystallographic information
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files deposited at the Cambridge Crystallographic Data Centre
(CCDC) under deposition numbers CCDC 2279907 [MOF-1-Zn],
2279908 [MOF-2-Zn], 2279909 [MOF-3-Zn], 2279898 [2-CH3Cl],
2279904 [2-MeOH], 2279901 [2-EtOH], 2279902 [2-i-PrOH],
2279903 [2-MeCN], 2279897 [2-acetone], 2279905 [2-THF],
2279900 [2-dioxane], 2279899 [2-cyclohexane], 2279906 [guest-
freed, 2-gf], and 2279896 [1-MeOH].
2.3. Powder X-ray Diffraction. PXRD data were measured using

a Panalytical X’Pert PRO MPD diffractometer with Cu Kα radiation
(λ = 1.54184 Å; Ni β-filter; 45 kV, 40 mA). Each powder sample was
placed on a silicon-made “zero-background signal generating” plate
using petrolatum jelly as an adhesive. Diffraction intensities were
recorded by an X’Celerator detector at room temperature with 2θ-
range of 3−60°, a step size of 0.017°, and a counting time of 70 s per
step. Data processing, search-match phase analyses, and Pawley
whole-pattern fits were carried out by the program X́pert HighScore
Plus (v. 4.9). Search-match phase identification analyses were made
against the ICDD-PDF4+ database (version 2022) implemented in
the HighScore.29,30 In the Pawley fits, the unit cell parameters of the
PXRD patterns were refined using the corresponding single crystal
structure parameters as the basis of least-squares refinement. Variables
for the fits were as follows: zero-offset, polynomial background,
sample height displacement, unit cell parameters, and peak profile
parameters, including peak width, shape, and asymmetry.
2.4. Thermal Analysis. The thermal properties of the compounds

were examined using a PerkinElmer STA 6000 simultaneous
thermogravimetric-calorimetric TG/DSC analyzer. Each sample was
measured in an open platinum pan and heated under an N2
atmosphere (flow rate of 40 mL/min) with a heating rate of 10
°C/min on a temperature range of 22−600 °C. For each run under
N2, 10 min isotherm at 22 °C was introduced to ensure proper
purging of the furnace interior from the ambient air atmosphere
before the start of the heating step. Temperature calibration of the
analyzer was made using melting points of the indium (156.6 °C),
zinc (419.5 °C), and aluminum (660.3 °C) standards. The weight
balance was calibrated at room temperature using a standard weight of
50.00 mg. The sample weights used in the measurements were about
1−8 mg.
2.5. CO2 Adsorption Tests. CO2 adsorption tests were

conducted at VTT Technical Research Centre of Finland using a
custom-built fixed-bed adsorption/desorption device used earlier for
lab-scale direct air capture experiments with an amine-functionalized
resin.31,32 Approximately, 100 mg of the MOF sample was packed

into the adsorption column with quartz wool below and above the
adsorbent bed. The sample was first regenerated using nitrogen purge
at 100 °C, then cooled down to the adsorption temperature of 12 °C.
Adsorption was then initiated using dry 400, 4000 ppm, or 15% CO2
balanced with N2. Desorption was carried out at 100 °C using N2.
The total flow rate was 200 mL/min, corresponding to a superficial
velocity of 0.052 m/s inside the column. The CO2 capacities were
calculated by numerical integration of the flow rate and CO2
concentration profiles and using the ideal gas law.

The effect of the dead volume of the adsorption rig and the CO2
analyzer lag was considered by measuring CO2 capacities in the same
conditions without a sample and subtracting these capacities from the
ones measured with the sample. The adsorption results in the 15%
CO2 tests were measured using a %-scale CO2 analyzer, while the
desorption results were measured using the ppm-scale sensor.
Although the ppm-scale sensor only measured up to 5000 ppm, its
higher accuracy in the ppm region allowed for better comparison
between the two samples. However, for this reason, it should be noted
that the reported desorption results may be lower than the actual total
desorption capacity, and care should be taken in comparison to
literature values. More details of the experimental device and the
calculation methods can be found in ref 33 while an in-depth
discussion of the experimental uncertainty of the device is available
elsewhere.32 The methanol-exchanged MOF-1-Zn sample was
activated at 120 °C overnight under vacuo, and the mixture was
heated at 180 °C overnight under vacuo before the CO2 adsorption
tests.

3. RESULTS AND DISCUSSION

3.1. Syntheses and Structure. All three compounds,
MOF-1-Zn, MOF-2-Zn, and MOF-3-Zn, were synthesized
under somewhat different synthetic conditions, resulting in
structures with distinct void volumes, featuring different
coordination geometries, binding modes, and alignments of
organic ligands, as well as dissimilar topologies (Scheme 1).
MOF-1-Zn and MOF-2-Zn, as well as their mixtures, resulted
from solvothermal reactions (at 120 °C) using different metal-
to-ligand ratios and solvent volumes (more details in the
Supporting Information). MOF-3-Zn was obtained by slow
evaporation from an EtOH/water/dmf solvent mixture. All
three crystal structures were solved by SCXRD. The reaction

Scheme 1. Representation of tdc2− Carboxylate Group Binding Modes, Dihedral Angles between the Two-Pyridine Rings and
the Central Triazole Ring of bpt, Coordination Geometry around ZnII Ion in MOF-1-Zn, MOF-2-Zn, and MOF-3-Zn,
Respectively; Only Relevant Atoms Are Shown
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of bpt, H2tdc, and Zn(NO3)2·6H2O in a molar ratio 1:1:1.48 at
120 °C for 72 h resulted in MOF-1-Zn obtained as plate-
shaped crystals. It is built on trigonal bipyramidal coordination
geometry where tdc2− adopts coordination mode 1 (Scheme
1). Under the same conditions but with a changed
concentration and a molar ratio of 1:1:1, it resulted in a
mixture of MOF-1-Zn and MOF-2-Zn, entailing the same
metal and organic building blocks. MOF-2-Zn was obtained as
block-shaped crystals built on paddlewheel units, where each
tdc2− adopts alternative bridging mode 2 (Scheme 1). The
underlying reason for the dissimilar geometries of SBU could
be that both trigonal bipyramidal and square pyramidal
coordination geometries have nearly the same energies.
Thus, the switching from trigonal bipyramidal to square
pyramidal or vice versa is reasonably straightforward.34 From
the available literature, we know that paddlewheel core is
common in flexible MOFs with zinc- and copper-based
systems, and the Zn-based paddlewheel MOFs have overall
lower stability and higher flexibility in comparison to copper-

based systems attributed to respective electronic structures
[d10 Zn(II) and d9 Cu(II)].35 Contrarily, ZnII in MOF-3-Zn
adopted octahedral geometry instead of trigonal bipyramidal or
square pyramidal, as in this case, water molecules (solvent)
interfere by directly coordinating to the Zn center, in contrast
to solvothermal conditions wherein dmf molecules do not
show any interaction with a metal center. Significant
differences observed between the frameworks are further
examined in detail in Sections 3.1.1−3.1.3. Crystallographic
data and the selected structure refinement parameters are
summarized in (Table S1).

3.1.1. Crystal Structure of MOF-1-Zn. Based on the X-ray
crystallographic structure determination, MOF-1-Zn crystal-
lizes in the orthorhombic space group Pcca (Figure 1a), having
a single ZnII, bpt ligand, fully deprotonated tdc2− ligand, and a
single dmf molecule in an asymmetric unit (AU). As visualized
in Scheme 1, the ZnII center site, exhibiting a distorted trigonal
bipyramidal coordination geometry, is defined by three
carboxylate oxygen atoms from three tdc2− ligands located in

Figure 1. Depiction of the crystal structure of MOF-1-Zn. (a) Coordination environment around ZnII, (b) partial view of 2D networked layer, and
(c,d) views of the single-net 3D pillared-layer framework along the a- and c-axes, respectively, with a view of π−π interactions between bpt ligands.
All hydrogen atoms are omitted for clarity; only relevant atoms are shown; interatomic distances are given in Å (applies to all figures).

Figure 2. Depiction of the crystal structure of MOF-1-Zn. (a,b) Space-filling representation of 2-fold interpenetration (red and green) along the b-
and c-axes, respectively, (c,d) potential void space visualized by yellow/gray (outer/inner) colors, and (e,f) simplified view of a (3,5)-connected
network.
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the equatorial plane. Two pyridyl nitrogen atoms (N10 and
N16) from two bpt ligands occupy the axial positions,
respectively. Both pyridyl rings of the bpt ligand feature
almost equal and significant twisting in parallel directions with
respect to the central triazole ring, as manifested by dihedral
angles 26.79(11) and 28.17(11)°, respectively.
Herein, each tdc2− adopts binding mode 1 (Scheme 1),

bound to three different ZnII, where one carboxylate group
adopts monodentate and the other carboxylate functions as
bridging mode, respectively. Thus, the dimeric unit built by
carboxylate groups separates Zn···Zn by 4.1655(6) Å and
propagates along the ac-plane to form a planar 2D layer with
square grid dimensions of about 12.4699(7) × 16.8556 (5) Å2

(based on Zn···Zn separation) along the b-axis (Figure 1b).
Furthermore, the neutral ditopic bpt ligands act as pillars
where each bpt coordinates with two ZnII by its two pyridyl
end groups to interconnect the resulting 2D layers, affording a
3D pillared-layer MOF (Figure 1c,d). Interestingly, two similar
3D nets interpenetrate each other in such a way that a 2-fold
interpenetrating network holds 23.4% solvent-accessible void
corresponding to ∼1026 Å3 volume, as determined by contact
surface calculations (Figure 2).
The structure of MOF-1-Zn is also stabilized both by π−π

interactions between the adjacent pyridyl groups of bpt with a
centroid−centroid d(π−π) distance being 3.710(2)−3.856(2)
Å, and via framework−solvent interactions involving between
pendant −NH2 group of bpt pillar and the oxygen atom of the
solvent molecule (dmf). Topological examination of the MOF-

1-Zn structure made with the ToposPro program reveals the
structure to be an unusual (3,5)-connected net (Figure 2e,f).36

3.1.2. Crystal Structure of MOF-2-Zn. MOF-2-Zn crystal-
lizes in a monoclinic I2/a space group and has two ZnII atoms,
one bpt ligand, two fully deprotonated tdc2− ligands, and two
disordered dmf guest molecules in an AU. One pyridyl group is
disordered over two positions with approximate occupancies of
0.6:0.4 on its carbon atoms (Figure 3a). Each ZnII furnishes a
distorted square-pyramidal [ZnO4N] geometry coordinated
equatorially to four oxygen atoms from four different tdc2−

ligands and apically to one nitrogen atom of the bpt ligand.
Unlike in MOF-1-Zn, each tdc2− in MOF-2-Zn adopts binding
mode 2 (Scheme 1), wherein ZnII is in a bridging mode and as
a result [Zn2(tdc)2] lattice forms rhombic grids with diagonal
distances about ca. 13.0950(3) × 15.9577(4) Å2 along the
crystallographic c-axis (Figure 3b). In terms of nodal geometry
(SBU), Zn-node is a typical {Zn2}-“paddlewheel”, which is
bridged by bpt pillars along the axial position of the
paddlewheel, and in overall furnishing 3D pillared-layer
MOF-2-Zn (Figure 3c,d). Compared to MOF-1-Zn, some
characteristic differences in the molecular conformation of the
pillar can be noted as the MOF-2-Zn does not contain any
π−π stacking interactions of bpt pillars. In addition, there are
noticeable differences in dihedral angles between the pyridyl
groups and the central triazole ring, indicating modest tilting of
the pyridyl groups with the central triazole ring [18.0(3) and
15.73(18)°]. The 2D layers in MOF-2-Zn are kind of
corrugated, whereas in MOF-1-Zn, they are planar. However,
MOF-2-Zn is also an interpenetrated 3D framework (Figure

Figure 3. Depiction of the crystal structure of MOF-2-Zn. (a) Coordination environment around the ZnII, (b) view of the 2D networked layer, and
(c,d) views of the single-net 3D pillared-layer framework along the a- and b-axes, respectively.
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4a,b) having an adequate free volume of 35.3% (corresponding
to 2544 Å3 when solvents are removed), as shown in Figure
4c,d. Topologically, MOF-2-Zn can be represented as (4,5)-
connected net (Figure 4e,f).
3.1.3. Crystal Structure of MOF-3-Zn.MOF-3-Zn features a

homochiral 3D framework with high hexagonal symmetry
(space group P61) formed despite achiral bpt and tdc2− ligands.
As illustrated in Figure 5a, AU consists of a single ZnII, bpt,
fully deprotonated tdc2− ligand, single water coordinated to the
Zn, and one dmf molecule hydrogen-bonded to the
coordinated water molecule. In MOF-3-Zn, ZnII adopts a
distorted octahedral geometry containing three carboxylate
oxygen atoms from two tdc2− ligands, one in monodentate and
the other in chelating binding mode (mode 3, Scheme 1), as
well as one oxygen atom of a water molecule, and two pyridyl
nitrogen atoms from two adjacent bpt ligands.

Notably, both the pyridyl rings of the bpt ligand are
significantly tilted in the opposite direction relative to each
other [56.61(10)°]. Dihedral angles of the pyridyls to the
central triazole ring are 24.69(11) and 32.73(11)°, respec-
tively. Overall, infinite single-stranded one-handed wavy 31-
helices are formed via Zn-bpt bridging that progress along the
c-axis. All helical chains are arranged in parallel and are further
interconnected, forming the 3D honeycomb framework along
the c-axis, as shown in Figure 5. Described interconnections are
formed via tdc2− ligands, which bind to ZnII by a single
carboxylate in bidentate and the other one in monodentate
fashion to form 1-D linear chains that are rotated by 120°
along the crystallographic c-axis. These chains, while passing
from one to the next successive layer, possess three different
orientations (Figure 5c).
Noteworthily, MOF-3-Zn features a 2-fold interpenetrating

network (Figure 6a,b) wherein the subnets interact via

Figure 4. Partial views of MOF-2-Zn crystal structure. (a,b) Space-filling representation of 2-fold interpenetration along the a- and b-axes,
respectively, (c,d) potential void space visualized by yellow/gray (outer/inner) colors, and (e,f) simplified view of a (4,5)-connected network.

Figure 5. Depiction of the crystal structure of MOF-3-Zn. (a) Coordination environment around ZnII, (b) space-filling view of the 31-helix along
the b-axis, (c) view of three different orientations of tdc2− linkers (A: blue, B: red, and C: green), and (d) single-net of the 3D framework along the
b-axis.
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multiple hydrogen-bond interactions involving coordinated
water molecule and the nitrogen atom of the triazole ring
[d(O···N) = 2.69 Å]. Moreover, the −NH2 group of bpt ligand
is H-bonded to both the coordinated as well as uncoordinated
carboxyl groups on the tdc2− linkers with d(N−O) distances of
∼2.82−2.89 Å (Figure S1a). When viewed along the b-axis, the
channels are filled with dmf molecules in a row formation,
arranged as hexagonal helical chains along the c-axis (Figure
6c,d). The guest-freed MOF-3-Zn incorporates a potential free
volume of about 22.9%, equivalent to ∼812 Å3 (Figure 6e,f).
Topologically, MOF-3-Zn exhibits a uninodal 4-connected net
(Figure S1b), which differs from the nets in MOF-1-Zn and
MOF-2-Zn, respectively.
3.2. Single-Crystal-to-Single-Crystal Guest Exchange.

The presence of elastic paddlewheel units in the pillared-layer
MOFs typically endows the framework with inherent
flexibility.1,37,38 With this in mind, the guest-exchange
properties of MOF-2-Zn (henceforth 2) were further examined
to observe whether solvents can be removed and introduced to
the voids in the single-crystal-to-single-crystal (SCSC) manner.
The first solvent selected for the tests was chloroform, widely
used in MOF-activation procedures (Figure 7). In the

experiment, single crystals of 2 were submersed in chloroform
for 48 h under ambient conditions (Figure 8). Crystals
obtained from the solvent exchange showed some cracking and
some degree of fragmentation for larger crystals. However,
there was no evident change in color (still transparent), and
the fact that even the crystal fragments retained their
crystalline features; some crystals were subjected to SCXRD
analysis. As a result, the solvent exchanged 2-CHCl3
crystallizes in the P21/c space group (I2/a for 2 with dmf in
the pores), and the asymmetric unit comprises four ZnII, two

bpt ligands of which one triazole and pyridyl ring of a single
bpt are disordered over two locations with occupancies of
0.85:0.15. The AU also contains four fully deprotonated tdc2−

linkers and 3.85 CHCl3 molecules, of which all except one
CHCl3 are disordered. A single CHCl3 is disordered over two
locations (0.9:0.1), whereas one CHCl3 shows partial Cl
disorder over two locations (0.6:0.4), and a single CHCl3 with
0.85 occupancies and is located as disorder pair for the
disordered pyridyl group of bpt. Compared to structure 2, the
volumetric (V) change of the new unit cell is −0.49%, the β-
angle increases by +1.08% while more markedly a-, b-, and c-
axes change by +6.08, −5.20 and −0.89%, respectively as
shown by the unit cell parameters of 2 and 2-CHCl3,
respectively: a = 13.095/13.890 Å, b = 15.957/15.127 Å, c =
34.566/34.259 Å, β = 94.306/95.321, and V = 7202/7167 Å3.
The exchange of CHCl3 molecules to the structure of 2

induces the most pronounced changes in the pillar region
(Figure 9). Interestingly, the changes in the shape of the
channels (Figure S2) are provoked by the changes in molecular
conformations of the pillars (bpt), which are accompanied by
subtle alterations in the metal-carboxylate bonding scheme.
Evidently, two ZnII nodes and pillared ligands deviate slightly
from linearity, as indicated by the N−Zn···Zn−N torsion
angles, which were changed from 163.5(15) to 157.2(16)/
179.2(19)° for 2 and 2-CHCl3, respectively. Concurrently,
across the bpt direction (Zn···Zn-(bpt)-Zn···Zn), the Zn2···Zn2
angles have clearly changed from 32.45(8) to 22.49(10)/
36.60(9)°, respectively. The modest variation in the angle
between the Zn−N coordination bond and the pyridine plane
(angle of ligation) and the angle between the Ctriazole−Cpyridine
covalent bond and pyridine plane are further responsible for
the observed distortion on the Zn2···Zn2 angles. The
conformational flexibility of the pillar can also be verified by
broadly varied tilting between the pyridyl and triazole rings, as
shown by the range of dihedral angles 18.0(3)−15.73(18) and
22.1(3)−28.3(3)/30.3(3)−31.2(2)° for 2 and 2-CHCl3,
respectively. In the case of structure 2, both pyridyl rings are
almost perfectly aligned on the same plane in relation to each
other [5.8(2)°], whereas, in the 2-CHCl3, pyridyls are strongly
tilted in opposite directions to each other [dihedral angle
∼60.6(3)°]. Besides tilting the pyridyl units, the bpt pillar can
readjust the NH2-triazole ring in response to the guest solvent
(Figure 8). The angle “Ø”, defined as the angle between two
adjacent planes of triazole rings, describes the orientation of
the triazole core. Particularly, the change in the orientation of
the triazole core from 45.9(3) to 37.7(5)/40.0(4)° in part

Figure 6. Depiction of the crystal structure of MOF-3-Zn. (a,b) Space-filling representation of 2-fold interpenetration along the b- and c-axes,
respectively, (c,d) dmf (in blue) filled channels viewed along the b- and c-axes, respectively, and (e,f) potential void space along the b- and c-axes
respectively, visualized by yellow/gray (outer/inner) colors.

Figure 7. Crystal structure illustration of 2-CHCl3. The 2-fold
interpenetration (red and blue nets) of a 3D pillared framework
displaying accommodated chloroform molecules (space-fill represen-
tation) along the (a) a-axis and (b) c-axis.
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facilitates the host framework to accept chloroform solvent.
Concurrently with the observed rhombohedral distortion along
the pillar (bpt) axis, distinct rectangular-shaped channels (rect)
emerge. As a result of the structural changes described above,
the free void volume (on guest-freed structure) in the lattice
decreased from 2544 Å3 (35.3%) of 2 to 2264 Å3 (31.6%) on
2-CHCl3 (Figure 8).
More intriguingly, in framework 2, the dihedral angles of

metal-carboxylate junctions vary from 5.2(4)−13.3(5) to
6.4(5)−12.1(5)° for O−Zn−Zn−O and to carboxylate plane
(O2−C−), respectively. However, in 2-CHCl3, the correspond-
ing junctions are somewhat less bend with dihedral angles of
3.7(5)−12.4(7), 3.3(7)−5.6(7), 4.7(3)−12.6(6), and 8.2(4)−
12.3(6)°. Concurrently, the dihedral angles between two
adjacent thiophene rings (herein, designated as δ) increase
from 69.5(17) to 78.5(2)° on 2 and 2-CHCl3, with increasing
elongation in the rhombic grids. Another intriguing feature
discerned in 2-CHCl3 is the slight subnetwork displacements.

This further reflects the framework’s flexibility, which is
typically suggested to be driven by the combined effects of the
sliding of interpenetrated nets, ligands motion, and metal-node
coordination sphere changes.1,13,39−41

Encouraged by the successful structural evaluation of the
chloroform exchange test, MOF-2-Zn was subjected to three
new classes of organic solvents, each with different sizes and
polarities as determined by the normalized (EN

T)42,43 value
(Table S2). The resulting solvated structures were analyzed,
and some generalized correlations were identified, as shown in
Figure 10 and Tables S3−S6. The selected solvents comprised
polar protic solvents (methanol, ethanol, isopropyl alcohol),
polar aprotic solvents (acetonitrile, acetone, tetrahydrofuran,
1,4-dioxane), and one nonpolar solvent (cyclohexane).

Figure 8. Guest-responsive SCSC structural transformation determined by SCXRD. Views in (a) 2 (with dmf) and (b) 2-CHCl3 “image sides”
demonstrate structural transformation along the pillar (bpt)-axis; packing diagram along the pillar (bpt)-axis with potential void space shown by
yellow/gray (outer/inner) colors; views of the two interpenetrated frameworks (red and green) viewed along linker (tdc2−)-axis and pillar (bpt)-
axis, respectively.

Figure 9. (a) Overlay of single frameworks emphasizing the relative
distortion at metal-carboxylate junction and bpt ligand conformations
on 2 (dmf) and 2-CHCl3 (2 in red and 2-CHCl3 in green and blue).
The overlays are set considering the ZnII atoms on the coordination
sphere (a,b), and triazole ring atoms on the bpt ligands (c) as
matching atoms.

Figure 10. Overlay with emphasis on the relative distortion at metal-
carboxylate junction and pillar conformations. Polar protic solvents:
(a,b) 2-MeOH (blue), 2-EtOH (red), 2-i-PrOH (green); polar
aprotic and nonpolar solvents: (c,d) 2-MeCN (red), 2-acetone (blue),
2-THF (green), 2-dioxane (magenta), and 2-cyclohexane (yellow).
The overlays are set considering the ZnII atoms on the coordination
sphere (a,c) and triazole ring atoms on the bpt ligands (b,d) as
matching atoms.
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Interestingly, the crystal structures revealed complete
replacement of dmf molecules when using polar and polar
aprotic solvents, while only partial exchange occurred with
nonpolar cyclohexane. This shows the clearest evidence that
the host−guest interactions depend on the proper interplay
between the H-bonding donors and acceptors. Hence, with
rather noninteractive cyclohexane, no proper H-bond acceptor
is available for the strongly H-bonding amino group during the
exchange. Therefore, a single dmf molecule per AU remains H-
bonded to the −NH2 group on the bpt ligand, while the
remaining void is changed to cyclohexane.
In general, it can also be noted that the −NH2 group and

two nitrogen atoms of the triazole rings of the pillar (bpt) are
disordered over two positions with approximate occupancies of
0.67:0.33 and 0.6:0.4 for 2-MeOH and 2-dioxane structures,
respectively. Moreover, in the case of 2-i-PrOH, 2-acetone, 2-
THF, and 2-dioxane structures, one of the pyridyl rings is
disordered over two positions with its four carbon atoms
having occupancy shares of 0.75:0.25, 0.6:0.4, 0.5:0.5, and
0.5:0.5, respectively. In 2-MeCN, the tdc2− linker is disordered
over two positions, with its two carbon atoms sharing 0.5:0.5
occupancies.
To avoid complexity in the discussion, the following

conformation analysis of the pillars considers only the
structural interpretation via the dominant parts of the pillaring
ligands. For further interest, all the structural values
corresponding to the ligand orientations with lesser occupan-
cies are gathered in Tables S3−S5. Unlike 2-CHCl3, all the
other solvent-exchanged structures exhibit the same mono-
clinic space group I2/a (equal to 2) with just marginal
variations in their unit cell settings. Typically, per structure-
related differences are seen as mild contractions along β-angle,
c-, and a- or b-axes with simultaneous increase along a- or b-
axes. Among the organic solvents employed in this study,
MeCN exchanged structure 2-MeCN is the only one
manifesting contraction of all three-unit cell axes with β-
angle reduction of −3.66%, as a result of which volumetric
reduction of about −2.14% is observed for the structure. The
observed shrinkage of the framework may be related to the less
steric shape of the MeCN, which enables better molecular
packing arrangement of the solvent molecules and adaption of
the framework dimensions.
Examination of the conformation modes of the bpt ligands

per different solvent exchange structures reveals that the
dihedral angles between the pyridyl rings depend on the kinetic
diameter of solvent molecules. For instance, smaller MeCN

and MeOH molecules in 2-MeCN and 2-MeOH cause the
pyridyl rings of the bpt ligand to adopt a near-planar
orientation (dihedral angles varying ∼2−8°) in relation to
each other (Figure 11). However, under the influence of steric
hindrance of larger solvents, a considerable degree of variation
in the tilting of the pyridyl rings is observed, as recognized in
the dihedral angles ranging from ∼32 to 46°. As anticipated,
these results suggest that the orientation of the pyridyl rings in
the pillars is highly influenced by the molecular size of the
guest solvents.19
Further inspection of the pillars suggests that the

conformation of the amino-triazole ring is driven by its
feasibility of forming host−guest interactions via H-bonding.
For instance, as seen in Figure 11, while the highly polar (EN

T =
0.762) protic and small MeOH molecules accommodate the
voids, the afforded structure demonstrates a striking difference
in amino-triazole ring orientation (69.6°) as compared to other
solvated structures that typically covers an angular Ø range of
∼47−55°. MeOH fits perfectly in the channels with prominent
host−guest interactions, enabling the −NH2 group and one of
the triazole nitrogen atoms to H-bond with MeOH, which also
participates in intermolecular H-bonding between MeOH
molecules and with the carboxyl group of the tdc2− linker
located in the adjacent framework (Figure S3).
As described above, the frameworks accommodating guest

molecules to their confided space undergo structural
alterations, which can be seen as changes in the δ-angles and
geometric changes on the metal-carboxylate junctions (Figure
10). However, the δ-angles do not seem to illustrate a clear
correlation with the kinetic diameter or polarity of the confined
guest (Figure 11). The 2D line chart showing the comparison
of the dihedral angles between the metal-carboxylate and
thiophene planes in the solvated structures is presented in
(Figure S4).
Figure 11b illustrates the range of solvent-accessible volumes

accomplished upon different guest solvent exchanges in the
host frameworks. MeOH and cyclohexane lead to larger
solvent-accessible volumes, whereas MeCN exhibits the
smallest void volume. The discrepancies witnessed in the
voids involving two solvents (MeOH and MeCN) with near
identical sizes but different EN

T can be partially explained by the
effective interactions that the highly polar MeOH molecules
have with the host framework (as described above).
Consequently, more H-bonds are formed with the framework,
resulting in a higher number of guest molecules being
accommodated inside the channels of 2-MeOH. In the case

Figure 11. Comparative analysis of the structural differences between the SCSC guest exchange complexes. (a) Dihedral angles between the pyridyl
rings (blue), Ø-(red), and δ-angles (pink), and (b) solvent-accessible volume (green).
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of 2-cyclohexane, wherein only partial exchange of dmf
molecules resulted in a solvent mixture of dmf and cyclohexane
in a 1:2 ratio, somewhat more steric crowding, and imperfect
molecular packing occurs between solvent molecules that are
mismatching in their size, shape, and interaction properties.
Collectively, favorable framework−solvent interactions (N−
H···O) and the steric hindrance imparted by solvent molecules
are likely the underlying reason for the relatively larger void
observed in 2-cyclohexane. Overall, it is apparent that the pore
structure is adaptive in the sense that it can accommodate
various solvent guests without losing the structural integrity
and crystallinity of the resulting frameworks (Figures 12 and
S5).
3.3. Single-Crystal-to-Single-Crystal Guest Removal.

The observed structural changes with retained crystallinity on
the solvent exchange process prompted us to explore whether
crystal structure could be obtained for a solvent-free
framework. Structure determination was attempted with a
desolvated framework of 2-EtOH, in which single crystals were
kept at 110 °C in vacuo for 5 h. Upon visual inspection, the
quality of the individual crystals was lowered significantly due
to the desolvation process. Nevertheless, with few attempts, a
crystal with bearable quality resulted in a data set sufficient for
structure determination (see the Supporting Information).

The guest-freed crystal structure 2-gf was solved in triclinic
space group P1̅ symmetry with two ZnII, one bpt ligand, two
tdc2− ligands, and one water molecule in an AU. With a
different symmetry, some ∼80% reduction in the unit-cell
volume was observed compared to 2 (or 2-EtOH). While the
crystal structure of 2-gf preserves the overall framework
connectivity like in 2, the network undergoes severe changes
during the desolvation, contracting solvent-accessible voids to
only 56 Å3 (4.0%) with the transformation of the channels into
discrete voids as shown in Figure 13. Accordingly, the diagonal
dimensions of the channel changed from 12.71 × 16.17 Å (2-
EtOH) to 10.50 × 16.67 Å, and the angles changed from 76.44
× 103.69° (2-EtOH) to 64.37 × 115.63°, joined with a
considerable reduction of δ-angle from 65.6° (2-EtOH) to
36.7°, resulting in narrowing of the lozenge-shaped channels.
As evident in Figure 13, the coordination geometry of the

zinc center changes dramatically. In contrast to the
paddlewheel structure in 2, the 2-gf experiences a structural
transition to the distorted paddle wheel. One ZnII geometry
remains in square pyramidal as in parent framework 2, whereas
the other zinc ion transforms toward distorted tetrahedral
geometry with one of the bridging carboxylate groups being
splintered to monodentate binding mode. Following this
deformation, the ligated oxygen atoms try to enlarge their

Figure 12. Illustration of solvent molecules (a,b) MeCN, (c,d) acetone, (e,f) THF, (g,h) 1,4 dioxane, and (i,j) cyclohexane/dmf mixture (in space-
fill representations) filling the voids along the a- and c-axes, respectively.

Figure 13. In response to guest removal, SCSC structural transformations between 2-EtOH and guest-freed 2-gf (a) along the a-axis, (b) potential
void space visualized by yellow/gray (outer/inner) colors with two interpenetrated frameworks in blue and green, (c) a view demonstrating
structural transformation when viewed along the pillar (bpt)-axis, and (d) illustration of changes in the coordination geometry of ZnII nodes and
bpt different angles.
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mutual distances, having a significant distortion of adjacent
∠(O−Zn−O) bond angles. The distances for the cleaved
bonds are 3.446(12) Å for d(Zn1−O25) and 6.014(12) for
d(Zn2−O25), respectively. Concurrently, the two zinc atoms
spacing inside the cluster changes with d(Zn−Zn) being
3.374(3) Å, which is markedly different from the “classical”
paddlewheel unit (average 2.7 Å).44 Somewhat similar
behavior has been reported for the “classical” Zn-paddlewheel
unit in case of the Zn2(bdc)2L MOF (where L = 2,3-difluoro-
1,4-bis(4-pyridyl)-benzene). The transition of the geometry
from a square pyramidal to a tetrahedral geometry is
accompanied by the change in d(Zn−Zn) from 3.00 Å (parent
framework) to 3.43 Å (evacuated framework) during the “gate
opening.”44,45
In terms of structural properties, the plausible explanation

for this alteration could be to compensate for the free space
induced by the solvent removal, which then propagates to the
bending of the strong metal−ligand bonds instead of bond
cleavage.46 By this, the 2-gf undergoes extreme deformation,
sequentially weakening and breaking one of the bonds in a
bidentate carboxylic group. This deformation also leads to
pillar tilting while preserving the periodic connectivity and
movement of the two interpenetrated nets (Figure S6). Hence,
these observations are indicative that the pillared-layer
framework does not “collapse” during desolvation. Indeed, it
adapts its structural conformations to minimize empty void
space while maintaining its integrity as a 3D framework.
3.4. Powder X-ray Diffraction Methods. The Pawley

refinements were facilitated using the X́pert HighScore Plus
program to examine the purity of the studied MOFs and to
confirm the correspondence of the bulk powder structures by
fitting the expected unit-cell dimensions obtained by the
single-crystal structures to the measured PXRD patterns. The

resulting crystallographic data are tabulated in Tables S7 and
S8. As verified by SCXRD data, the PXRD patterns obtained
for the prepared MOFs also confirm that all three MOFs
possess different structures, which can be established by the
obvious differences in the respective PXRD plots (Figure S7).
The high phase purity of MOF-1-Zn was confirmed by the
excellent fit with corresponding single crystal unit cell
parameters (Figure 14). For MOF-2-Zn, the best Pawley fit
was achieved using unit cell parameters of both MOF-1-Zn
and MOF-2-Zn (approximately in equal weight fraction), as
shown in Figure S8. Several attempts were made to isolate
MOF-2-Zn as a pure phase. However, none of the synthesis
strategies was fully successful, as MOF-1-Zn and MOF-2-Zn
either coexisted (from dominant to minor) or MOF-1-Zn was
the sole phase evident in the PXRD patterns (Figures S26 and
S27). The PXRD pattern obtained for the MOF-3-Zn agreed
well with the corresponding SCXRD data, indicating the high
phase purity of the synthesis product (Figure S9).
For most solvent-exchanged samples analyzed, the Pawley

fits suggested that bulk powder is structurally consistent with
corresponding SCXRD data (Figures S10−S21). For example,
after immersing the mixture in chloroform, only MOF-2-Zn
was exchanged with chloroform, supported by the PXRD
pattern corresponding to 2-CHCl3 and dmf containing MOF-
1-Zn phases. Indeed, this was also reflected by our several
failed attempts to exchange a range of solvents in an SCSC
manner to MOF-1-Zn. For MOF-1-Zn, the polarity,
particularly the solvent size, plays an essential role in dictating
the success or failure of the solvent exchange in the case of
pure MOF-1-Zn phase. As shown by the crystal structure, dmf
molecules are somewhat locked in the pore structure and are
hydrogen bonded to the NH2 group, which may limit their
removal, as discussed above. After several attempts, we could

Figure 14. Pawley refinement plot of MOF-1-Zn. The experimental pattern is shown in black and the refined profile in red, whereas green colored
markers on top correspond to characteristic Bragg peak positions of the refined unit cell of MOF-1-Zn. The difference plot of the experimental vs
refined profile is shown below in blue.
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successfully determine the single crystal structure for partially
exchanged dmf with MeOH molecules. The obtained 1-MeOH
structure shows a rather disordered mixture of dmf and
MeOH, which was also confirmed by the thermogravimetric
analysis. The Pawley refinement plot for 1-MeOH is shown in
Figure S21. It can also be noted that the Pawley refinement of
the PXRD pattern corresponding to 2-MeOH bulk powder is
in excellent agreement with SCXRD data of both 2-MeOH and
1-MeOH structures. This further proves that MOF-1-Zn
undergoes at least partial solvent exchange when exposed to
MeOH, as shown in Figure S11.
Pawley analyses of both 2-EtOH and 2-i-PrOH were

consistent with unit-cell dimensions determined for corre-
sponding SCXRD structures. Likewise, similar results were
observed for all the polar aprotic and nonpolar solvents
(Figures S14−S18), except for 2-MeCN, which showed a
couple of unindexed diffraction peaks in the fit, suggesting the
presence of some minor unknown phase (Figure S14).
In the case of various guest-freed samples analyzed by

PXRD, it is clearly seen that the 2-EtOH sample heated at 110
°C for 5 h under vacuo (or phase mixture heated at 180 °C
overnight under vacuo) shows no signs of degradation,
implying that MOFs remains intact even after being subjected
to high-temperature heating for extended hours. However,
after the desolvation process, both examples still contained
some dmf, indicating that it is challenging to remove from the
pore structure of MOF-1-Zn. For the solvated and solvent-

evacuated PXRD patterns, the refined unit-cell parameters of
PXRD and SCXRD data are tabulated in Tables S7 and S8,
suggesting that subtle changes in unit-cell dimensions originate
from the framework flexibility.

3.5. Thermogravimetry. The thermal stability of studied
materials was evaluated using thermogravimetric analyses at 10
°C min−1 under a N2 flow. All pillared-layer MOFs and the
products from solvent exchange tests were analyzed using this
method. Representative TG runs for MOF-1-Zn, phase
mixture, and MOF-3-Zn are demonstrated in Figure 15. The
determined onset decomposition temperatures for the studied
MOFs appear <310 °C and can be arranged in the following
series: MOF-3-Zn (257.25 °C) < MOF-1-Zn (298.38 °C) <
phase mixture (309.84 °C). MOF-1-Zn starts to lose weight
between ∼84 and 282 °C, demonstrating a weight loss of 13.54
wt % (calcd. 13.36%) assigned to releasing dmf trapped in the
pores. However, the phase mixture sample and MOF-3-Zn loss
dmf between ∼70−269 and 120−247 °C corresponding to
weight losses of 14.70 wt % (calcd. 15.63%) for the phase
mixture (assuming a 1:1 ratio), and 11.61 wt % (calcd.
12.93%) for MOF-3-Zn, respectively. Above the given
temperatures, gradual weight loss can be seen, seemingly
involving the breakdown of organic moieties. The loss of
solvent up to the temperature of 282 °C (bp of dmf 153° vs
282 °C for its desolvation) in the case of the MOF-1-Zn
confirms the strong interaction of dmf with the framework as
mentioned above.

Figure 15. (a) TG curves of the MOF-1-Zn (black), phase mixture (MOF-1-Zn + MOF-2-Zn, red), and MOF-3-Zn (blue), (b) TG curves of the
MOF-1-Zn exposed to MeOH, and phase mixture exposed to chloroform and alcohols, 2-CHCl3 (black), 1-MeOH (red); and in case of polar
protic solvents: 2-MeOH (blue), 2-EtOH (green), 2-i-PrOH (purple), (c) TG curves of the phase mixture exposed to polar aprotic and nonpolar
solvents: 2-MeCN (black), 2-acetone (red), 2-THF (blue), 2-dioxane (green), and 2-cyclohexane (purple), and (d) TG curves of the partially
desolvated MOF-1-Zn and phase mixture, guest-freed 1-gf (black), guest-freed 2-gf (EtOH, red), and guest-freed 2-gf (dmf, blue).
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As mentioned earlier, the solvent exchange tests were made
using phase mixture samples, and considering the complexity
of solvates included (guest solvent, dmf, and water impurities
in some cases), it is not straightforward to calculate the correct
ratios of solvents trapped inside the frameworks. However, for
the comparison, the detailed wt. losses (%) observed in the
respective temperature range are shown in Table S10 for all the
samples. Typically, solvent-exchanged phase mixture samples
demonstrate weight loss covering the region ∼22−150 °C,
varying by the type of the solvent and by the host−guest-
related physicochemical properties prevailing in the solvated
structures (more details in the Supporting Information). For
instance, in 2-CHCl3, the loss of solvents proceeds in two
steps, the first being from room temperature to ∼142 °C (bp
of CHCl3 = 61.2 °C), representing the release of CHCl3 from
MOF-2-Zn phase. The second step extends to ∼274 °C,
indicating the gradual release of dmf from the MOF-1-Zn
phase. Thermal decomposition of the phase mixture starts
above ∼307 °C (Figure 15).
Thermogravimetric analyses were also made for the solvent-

freed samples (Figure 15). For the vacuo evacuated 1-MeOH
(1-gf), the curve is practically unchanged until ∼187−268 °C,
wherein modest weight loss indicates the removal of residual
amounts of dmf molecules followed by initiation of thermal
decomposition above 296 °C. The 2-gf sample afforded from
the evacuation of 2-EtOH (5 h at 110 °C) shows 2.37% mass
loss at 187−275 °C corresponding to the removal of dmf from
the channels, indicating incomplete exchange of dmf to EtOH,
as verified by the PXRD results. However, the second 2-gf
(overnight under vacuo at 180 °C) sample remained stable
until 230 °C, beyond which decomposition gradually started.
Based on the PXRD analyses, the sample still contains residual
amounts of pristine MOF-1-Zn with dmf, which gradually
releases the remaining dmf prior to the decomposition at ∼301
°C (Table S10).
3.6. CO2 Adsorption Studies. Based on the literature,

incorporating thiophene moieties in the MOFs has enhanced
CO2 and improved CO2/N2 adsorption selectivity owing to
the induced dipole interactions.23,47 Hence, we hypothesize
that the available pendant NH2 group of the bpt ligand might
be capable of interacting with quadrupolar CO2. In addition,
channels decorated with polarizable sulfur atoms realized in
these MOFs may bind CO2 via an induced dipole interaction.
Therefore, considering these framework−CO2 interactions that
may prove beneficial in CO2 sorption experiments, we carried
out the CO2 adsorption tests using a custom-built fixed-bed
adsorption/desorption device under dry 400, 4000 ppm, and
15% CO2 balanced with N2 (more details in the Methods).
However, the experimental CO2 adsorption capacities

measured for both samples were relatively low, as shown in
Table 1. In the ultradilute region, CO2 adsorption on MOF-1-
Zn is nearly negligible, resulting in only around 0.04−0.05

mmolCO2
/gMOF at 4000 ppm, while at 400 ppm, the measured

capacities were close to zero. At 15% CO2, around 0.2
mmolCO2

/gMOF is measured in adsorption and desorption
phases for the pure MOF-1-Zn. Based on the above
observations, only 15% CO2 condition was tested for the
phase mixture samples. With three repeats made for the phase
mixture samples, CO2 adsorptions ranged from around 0.2 up
to 0.9 mmolCO2

/gMOF, imparting that the %-scale measurement
had a high uncertainty. However, the desorption results for the
MOF-1-Zn and the phase mixture are comparable, although
the possibility of unaccounted CO2 desorption should be
considered, as mentioned in the Methods section. Indeed, the
main reason for the high uncertainty in the %-scale
measurements was the small amount of sample combined
with the low adsorption capacity of the samples, which is why
the response curves with and without sample differed only
slightly, as shown in Figure 16.

These results suggest that the samples do not host a
significant CO2 adsorption performance in postcombustion
capture (PCC) conditions, let alone in direct air capture
conditions. Presumably, this might be associated with a shrunk
framework after solvent evacuation, resulting in severe channel
contraction that could hamper CO2 diffusion. It is worth
noting that these tests were conducted below room temper-
ature (12 °C), though this temperature is not relevant for the
PCC scenario. Likely, the CO2 uptakes are expected to be even
lower at higher temperatures since the adsorption-based
process is exothermic, and CO2 uptake reduces at elevated
temperatures. However, to properly characterize the CO2
adsorption performance of the samples, a larger amount of
measurement points at higher partial pressures should be
conducted at different temperatures. This is especially true for
the pressure-swing adsorption application of flexible MOFs,

Table 1. CO2 Adsorption Experimental Conditions and the Measured Capacities

experiment cCO2
(vol %) Tads (°C) Tdes (°C) qCO2,ads (mmolCO2

/g) qCO2,des (mmolCO2
/g)

MOF-1-Zn 0.04 12 100 0.01 ± 0.00 0.00 ± 0.00
MOF-1-Zn 0.4 12 100 0.04 ± 0.00 0.05 ± 0.00
MOF-1-Zn 15 12 100 0.18 ± 0.11 0.16 ± 0.01a

phase mixture, cycle 1 15 12 100 0.24 ± 0.14 0.13 ± 0.00a

phase mixture, cycle 2 15 12 100 0.33 ± 0.19 0.17 ± 0.01a

phase mixture, cycle 3 15 12 100 0.88 ± 0.52 0.17 ± 0.01a

aMeasured with ppm-scale sensor, thus omitting possible CO2 desorption at concentrations above 5000 ppm.

Figure 16. Adsorption breakthrough data using 15% CO2 on MOF-1-
Zn.
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which may have steep isotherm shapes at certain partial
pressure ranges.23,41

4. CONCLUSIONS

In conclusion, three new mixed-ligand MOFs from identical
components have been synthesized and structurally charac-
terized. The resulting interpenetrated 3D MOFs exhibit
different coordination environments around the Zn node,
ranging from trigonal bipyramidal and square pyramidal to
octahedral. Additionally, various binding modes were observed
for the thiophene carboxylate ligand, including monodentate,
bidentate, and bridge binding modes. Interestingly, structural
variations associated with network topologies, and in turn
intermolecular and intramolecular interactions, manifested
significant differences between the MOFs, for instance, in
forms of void spaces (varying from ∼23 to 35%) and solvent-
exchange properties being robust for MOF-2-Zn structure type
but severely restricted in MOF-1-Zn.
We further elaborated that pillared-layer MOF-2-Zn,

entailing elastic paddlewheel building units, which readily
undergoes single-crystal-to-single-crystal transformation upon
guest exchange of dmf solvent with chloroform and eight other
solvents of distinct kinetic diameters and different polarities,
including polar protic and aprotic, as well as nonpolar solvents.
Intriguing structural peculiarities in the frameworks were
realized through molecular conformations of the pillar and
distortion at the metal-carboxylate junction.
Interestingly, the SCXRD studies revealed that the

integration of MeOH into the channels subtly directs the
orientation of the NH2-triazole core, favoring guest−guest,
host−host (adjacent H-bond acceptors on the thiophene
carboxylates), and host−guest interactions with the solvent
guest. Additionally, the mutual effect of steric hindrance and
weak interactions imposed by relatively larger solvents leads to
the tilting of pyridyl rings and a less favored orientation of the
triazole core. MOF-2-Zn showed a specific differentiation
between polar and nonpolar solvents, indicating the clearest
evidence of host−guest interactions. Altogether, upon different
guest solvent exchanges, we observed that the void space
adapts depending on the solvent type via the framework’s
flexibility.
Furthermore, we illustrated how, in the guest release

process, a SCSC transformation takes place. In the case of
solvent-emptied MOF (e.g., 2-EtOH to 2-gf), the structure had
undergone severe contraction during the evacuation, showing
significantly diminished solvent-accessible voids and trans-
forming the channels into discrete voids. The structural
changes are attributed to the variation of alterations such as
deformation in paddlewheel moiety, the transformation of
channel shape and sizes, and the closer proximity of two
interpenetrated nets. This is a notable example showing the
fragility of {Zn2}-“paddlewheel” triggered by MOF solvent
evacuation. More importantly, we demonstrate that the
pillared-layer framework sustains its crystallinity and 3D
networked structure under vacuum and heating-assisted
desolvation.
Overall, a detailed picture of the different framework−guest

interactions was accomplished via SCXRD, PXRD, and TG
analyses, providing meaningful insights into a system that
behaves adaptively while illustrating subtle structural trans-
formations induced by the solvent molecules. The key
properties demonstrated in this study are desirable in
applications that depend on understanding how MOFs

respond to external stimuli, like molecular sensing, catalysis,
and separation. It is anticipated that the presented results will
not only broaden the knowledge of structural isomers in MOF
synthesis but also foster the understanding of delicate host−
guest chemistry that plays a critical role in MOF changing its
geometrical features.
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