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Isoreticular chemistry, which enables property optimization by changing compositions without 

changing topology, is a powerful synthetic strategy. One of the biggest challenges facing 

isoreticular chemistry is to extend it to ligands with strongly coordinating substituent groups 

such as unbound -COOH, because competitive interactions between such groups and metal ions 

can derail isoreticular chemistry. It is even more challenging to have an isoreticular series of 

carboxyl-functionalized MOFs capable of encompassing chemically disparate metal ions. Here, 

with simultaneous introduction of carboxyl functionalization and pore space partition, we have 

developed a family of carboxyl-functionalized materials in diverse compositions from 

homometallic Cr3+ and Ni2+ to heterometallic Co2+/V3+, Ni2+/V3+, Co2+/In3+, Co2+/Ni2+. Cr-

MOFs remain highly crystalline in boiling water. Unprecedentedly, one Cr-MOF can withstand 

the treatment cycle with 10 M NaOH and 12 M HCl, allowing reversible inter-conversion 

between unbound -COOH acid form and -COO- base form. These materials exhibit excellent 

sorption properties such as high uptake capacity for CO2 (100.2 cm3/g) and hydrocarbon gases 
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(e.g., 142.1 cm3/g for C2H2, 110.5 cm3/g for C2H4) at 1 bar and 298K, high benzene/cyclohexane 

selectivity (up to about 40), and promising separation performance for gas mixtures such as 

C2H2/CO2 and C2H2/C2H4. 

 

1. Introduction 

 

The concept of isoreticular chemistry is among the most useful design strategies for metal-

organic frameworks. [1–4] Isoreticular MOF chemistry is usually understood as changing 

framework building blocks while retaining topological types. [5,6] A common practice in 

isoreticular chemistry is to use ligands of different lengths or with different substituent groups. 

Changing metal ions is another method.[7,8] Isoreticular chemistry has been shown to be 

effective to tune pore size, pore shape, pore volume, and pore functionality, leading to 

dramatically improved properties such as gas uptake capacity, gas selectivity, and chemical 

stability.[7,9–11] However, there are varying degrees of limitations when deploying isoreticular 

strategy on different MOF platforms. Past research has shown that different MOF platforms 

exhibit different levels of tolerance towards attempted isoreticular replacement.[12–14] 

Noticeably, few MOF platforms are capable of isoreticular chemistry under some challenging 

situations. One such challenging situation is the creation of isoreticular MOF series that contain 

unbound functional groups (e.g., -COOH). Such functional groups possess strong coordination 

capability comparable to or even exceed (e.g., when the chelating mode becomes possible due 

to such unbound groups being adjacent to the bound groups) those used for the framework 

formation. In rare cases when such unbound groups do get included, it is another level of 

difficulty to expand metal ion types to include diverse metal compositions from homometallic 

M3+ to M2+ to heterometallic M2+/M3+ combinations.[15–17] This difficulty in expanding 

isoreticular series lies in the myriad of possible coordination modes between polyfunctional 

ligands and various metal ions, which create multiple unintended crystallization pathways and 

makes it difficult to direct the crystallization process towards the targeted isoreticular series. 

 One way to address the aforementioned challenge in isoreticular expansion is to develop 

an isoreticular platform with various embedded structure-directing effects among framework 

components, for example, by developing multi-module MOF platforms. The synergy between 

different modules can create strong inter-modular structure-directing effects that can make the 

overall assembly more accommodative to the change in each individual module. This strategy 

requires us to think beyond the traditional two-module platforms (one type of inorganic node 
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and one type of organic node) to which most well-known MOF structures belong (e.g., 

monomeric-M ZIF-8,[18] dimeric-M2 HKUST-1,[19] trimeric-M3 MIL-88/100/101[20,21] and soc-

MOFs,[22] tetrameric-M4 MOF-5,[23] hexameric-M6 UiO-66,[24] chain-type MIL-53/MIL-

160/MOF-74).[25–27] However, multi-module MOF platforms also exhibit different levels of 

tolerance towards isoreticular substitution. For example, while MOF-205[28] and UMCM-2[29] 

are both tri-module systems made from the combination between Zn4O, a dicarboxylate, and a 

tricarboxylate, they are not isoreticular, suggesting the sensitivity of such platforms towards the 

change in ligand properties (e.g., relative size of two modules) or even the molar ratios between 

two modules (i.e., dicarboxylate/tricarboxylate) used in the synthesis. Therefore, to realize the 

potential of isoreticular chemistry under chemically challenging situations, a critical first step 

is to identify or create a MOF platform highly tolerant with the change in structural building 

blocks.  

 Pore space partition (PSP) proves to be a powerful concept for creating multi-modular 

MOF platforms of different types.[30–34] The PSP is the segregation of larger pores into smaller 

pockets in order to enhance the properties such as host stability and the density of guest binding 

sites. These advanced features can lead to increased gas uptake capacity or selective 

adsorption.[35–37]  A great success has been realized when the PSP concept was used to create 

the pacs (partitioned acs) system.[38–41] In a prototypical pacs system, a ditopic ligand (called 

L1 ligand, usually dicarboxylate, diazolate, or their mixed ditopic varieties) functions as the 

framework-forming module to crosslink M3(O/OH/F) trimers into MIL-88/MOF-235 topology 

while a 3-connected ligand (called L2 ligand, usually a tripyridyl ligand, but can also be a metal-

complex) partitions the pore space through M-N coordinative bonds. On the pacs platform, the 

presence of charge-, geometry-, and donor-atom-complementary L1 and L2 ligands, together 

with the inorganic node, ensures the creation of a tri-module system with strong inter-modular 

structure-directing effects. The pacs is a highly tolerant platform for the replacement of modules 

and is an ideal system for testing and expanding the limits of the isoreticular MOF chemistry 

under chemically challenging conditions such as the incorporation of coordinatively 

competitive functional groups in the unbound form.[31] 

 In this work, we undertake the challenge of introducing one or two unbound -COOH 

groups into the pacs system. Upon the initial success with Cr-pacs system, we undertake the 

greater challenge of expanding -COOH functionalized pacs materials into various homo- and 

heterometallic trimer compositions (Scheme 1). Specifically, 1,2,4-benzenetricarboxylic acid 

(1,2,4-H3btc, C6H3(COOH)3, trimellitic acid) and 1,2,4,5-benzenetetracarboxylic acid (1,2,4,5-

H4btec, C6H2(COOH)4), pyromellitic acid) are chosen as framework-forming L1 ligands while 
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2,4,6-tri(4-pyridyl)-1,3,5-triazine (tpt), 2,4,6-tris(4-pyridyl)pyridine (tppy), and 1,3,5-tri(4-

pyridyl)benzene (tpbz) are used as pore-partitioning ligand. We demonstrate the feasibility for 

the btc ligand to form the pacs structure through the pair of para carboxylate groups at 1- and 

4-positions while keeping the -COOH at the 2-position unused. We then expand our synthetic 

study to the btec ligand and are able to synthesize btec-pacs structures through further 

optimization of synthetic conditions. The use of the Cr(acac)3 metal chelate as the chromium 

source is enlightening since stable metal chelate complexes are generally not considered a 

viable source for MOF crystal growth, especially for Cr3+ which is already severely plagued by 

its kinetic inertness. Unprecedentedly, we can expand -COOH functionalized pacs materials to 

include various metal ion compositions from homometallic Cr3+ and Ni2+ to heterometallic 

Co2+/V3+, Ni2+/V3+, Co2+/In3+, Co2+/Ni2+.  

As a result of such diverse inorganic compositions, the framework charge could be 

easily tuned from anionic (for Ni2+) to cationic (for Cr3+) to neutral (for M2+/M3+ ratio =2). The 

charge properties of new Cr-MOFs can be further modified through reversible deprotonation 

and re-protonation of unbound -COOH groups. It is worth noting that achieving such a broad 

series of isoreticular MOFs with unbound -COOH groups and many metal compositions is very 

difficult to do on other MOF platforms. The broad synthetic success reported here shows the 

feasibility of introducing coordinatively competitive unbound functional sites by employing the 

intrinsic structure-directing effect of the pacs platform.  

 Due to the wide compositional tunability of these structures, we are able to tune the 

material properties in many aspects such as chemical stability and functionality, gas uptake 

capacity and selectivity. The Cr-based structures show superior chemical stability in boiling 

water. Unprecedentedly, Cr-btec-tpt is stable in both strong acid (concentrated HCl, 12 M) and 

strong base (10 M NaOH) with a large pH range of 16.1 (from -1.1 to 15). Such large pH range 

of stability is unmatched by other MOFs such as other Cr-MOFs, Zr-MOFs, and ZIFs that are 

well known for their chemical stability.[42–45] For example, UiO-66-(COOH)2 loses crystallinity 

completely in 1 M NaOH. Cr-btc-tpt is an ultrastable MOF with the BET surface area of 1112 

m2/g, high CO2 uptake (100 cm3/g), as well as high uptakes for C2H2 (142 cm3/g), C2H4 (111 

cm3/g), C2H6 (110 cm3/g), C3H6 (104 cm3/g), and C3H8 (94.8 cm3/g) at 298K and 1 bar. CoNi-

btec-tpt shows the moderate IAST selectivity of 6 and 5.3 for C2H2/C2H4 and C2H2/CO2 

separations, respectively. CoV-btec-tppy and other tppy-pacs materials show promising 

separation properties with high benzene/cyclohexane selectivity up to about 40.  
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Scheme 1. Illustration of -COOH functionalized isoreticular pacs series with six types of metal 

trimers (M2+ = Co2+, Ni2+; M3+ = V3+, Cr3+, In3+), two types of carboxyl-functionalized L1 

ligands, and three types of L2 ligands. Excluding structural variations due to different ratios 

between two types of metal ions as well as the difference in extra-framework species, there are 

36 carboxyl-functionalized pacs materials accessible from the L1/L2/M3 combinations shown 

above. All 6 possibilities are synthesized for the CoV composition. 

 

2. Result and Discussion 

 

2.1. Pushing the Limits of Isoreticular Chemistry in Ligand Functionalization and Metal 

Compositions 

 

The presence of unbound functional groups in the framework is structurally and functionally 

interesting and significant. These functional groups can have selective interactions with guest 

molecules which can enable more efficient sequestration or separation.[46–49] In addition, the 

unbound functional groups such as carboxyl groups can offer new properties including 

increased proton conductivity, selective ion sensing, or acid catalytic activity.[50–52] Unbound 

groups such as -COOH can also be further functionalized through covalent, coordinative, or 
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ionic interactions. For example, H+ of unbound -COOH can be exchanged with other cations 

such as different metal ions, which can be further functionalized with additional ligands.[53–55]  

 However, it is difficult to introduce unbound functional groups, carboxyl groups in 

particular, into MOFs through direct crystal growth because the strength of chemical 

interactions between such groups and metal ions are comparable to the interactions involved in 

the framework formation, and thus competing pathways exist that can disrupt isoreticular 

chemistry. Several methods to incorporate unbound functional groups into MOF structures have 

been reported so far. Among them, post-synthetic modification and direct synthesis using 

ligands bearing extra functional sites are the most common approaches.[56–58] Post-synthetic 

modifications may involve harsh reaction conditions which place some stringent requirements 

on chemical stability of the parent frameworks. For direct synthesis, precise tuning of synthetic 

conditions is often needed to control reaction pathways to achieve the desired topology while 

retaining free functional groups. Unfortunately, on most MOF platforms, it has been difficult 

to generate an isoreticular series containing substituent groups such as -COOH in unbound 

forms. Even if unbound -COOH can be introduced on a particular platform such as UiO-66, it 

is difficult to expand isoreticular MOFs by changing into different metal ions, especially those 

with different oxidation states and in significantly different parts of the periodic table.[59] This 

is because a change in metal ion type (e.g., from Cr3+ to Ni2+ to Co2+/V3+ to Co2+/In3+ to 

Ni2+/V3+) can dramatically alter the coordination behavior of ligands (especially for 

polyfunctional ligands), leading to entirely different structures (or no crystallization at all) and 

the failure to achieve the intended isoreticular chemistry. 

In this work, by synthesizing 14 new pacs materials (Scheme 1), we have not only 

achieved the synthesis of mono- and di-carboxyl functionalized MOFs with both btc and btec 

ligands, but also succeeded in synthesizing these functionalized MOFs in diverse metal trimer 

compositions (Cr3+, Ni2+, Co2+/V3+, Ni2+/V3+, Co2+/In3+, Co2+/Ni2+). It is worth noting that Cr-

MOFs are among the most-difficult-to-crystalize MOFs of any metal type due to the kinetic 

inertness of Cr3+. The synthetic conditions such as acid modulators, solvent/co-solvent 

selections, and types of metal precursors played an important role in the synthesis of the desired 

phase, the degree of crystallinity, and the crystal size. For btec, more synthetic studies were 

performed to search for the optimum conditions.  

One significant synthetic finding is that while Cr-btc-tpt was synthesized from 

Cr(NO3)3.9H2O, the best result for Cr-btec-tpt was obtained by using Cr(acac)3 as the Cr3+ 

precursor. Similarly, V(acac)3 was used in the synthesis of NiV-btc-tpt in place of more 

commonly used VCl3. Given the high stability of metal chelates due to the chelating effect, 
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metal chelates are not commonly used as precursors of metal ions. This work, however, shows 

that the use of metal chelates as precursors can be critical in the development of some highly 

valuable materials.  

Acid modulators played a greater role in the synthesis of Cr-pacs and btec-pacs but are 

not essential for the synthesis of btc-pacs. Specifically, the acid modulator, acetic acid, is used 

in the synthesis of two Cr-MOFs. For other five btec-MOFs, different acid modulators are used 

(Table S2.2). For btc-pacs, the use of acid modulators is more for the purpose of growing large-

enough crystals for single-crystal diffraction. While Cr-btc-tpt and Cr-btec-tpt were 

hydrothermally synthesized at 220 C, other MOFs were synthesized solvothermally at 120 C.  

 

2.2. Crystal Structure Analysis of Pore-Space-Partition-Enabled Carboxyl-

Functionalized Materials  

 

Single crystal X-ray diffraction was used to determine crystal structures of Ni-btc-tpt, Ni-btc-

tppy, CoIn-btc-tpt, and Ni-btec-tpt. Powder X-ray diffraction was used to confirm the phase 

purity by comparing the experimental PXRD patterns with the simulated patterns obtained from 

single crystal data of Ni-btc-tpt or Ni-btec-tpt. The framework shows the pacs-type structure 

with each metal atom octahedrally coordinated to the oxygen at the center of each trimer, four 

oxygen atoms from four different carboxylate L1 ligands, and one nitrogen atom of L2 molecule 

(Figure 1). The formular unit for the framework is M3(O/OH)(L1)3(L2). Each unit cell contains 

two such formular units. 

 The following discussion of the crystal structural features is based on single-crystal X-

ray data analysis of Ni-btc-tpt and Ni-btec-tpt. There are significant differences between btc-

pacs and btec-pacs in structures and properties. For Ni-btc-tpt, the unbound carboxyl group is 

statistically distributed at the four sites (2,3,5,6 positions on the benzene ring) because L1 

ligands are located at the 2/m symmetry site of hexagonal P63/mmc space group.  

 For Ni-btec-tpt, even with a tetrafunctional L1 ligand, the framework is formed through 

only one pair of carboxyl groups, and the other pair at 2,5-positions remain unbound and are 

statistically distributed over four sites. Like Ni-btc-tpt, the unbound carboxyl groups take up 

the pore space adjacent to metal trimers, except that more such pore space is taken up by btec 

ligands due to twice as many unbound -COOH groups.   
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Figure 1. Crystal structures of Ni-btc-tpt and Ni-btec-tpt. a) The 9-connected trimer of Ni-btc-

tpt with one unbound -COOH group. b) The 9-connected trimer of Ni-btec-tpt with two 

unbound -COOH groups. c) Ni-btc-tpt viewed along c-axis. d) Ni-btec-tpt viewed along c axis. 

Atom color code: cyan for nickel, red for oxygen, blue for nitrogen, grey for carbon. 

 

The overall charge of the framework can be tuned with the oxidation state of metal ions 

within the trimer. As a result, the frameworks formed with M2+ metal trimers are anionic (Ni-

btc-tpt, Ni-btec-tpt, Ni-btc-tppy, CoNi-btec-tpt) while the M3+ metal trimer gives cationic pacs 

(Cr-btc-tpt, Cr-btec-tpt). M2+/M3+ combinations (CoV-btc-tpt, CoV-btec-tpt, CoV-btc-tppy, 

CoV-btec-tppy, CoV-btc-tpbz, CoV-btec-tpbz, CoIn-btc-tpt, NiV-btc-tpt) give neutral 

frameworks when the M2+/M3+ molar ratio is 2 under the ideal situation.  

In the as-synthesized forms, unbound -COOH groups remain protonated and likely 

hydrogen-bonded to adjacent COO- groups that are bonded to metal trimers. As described below 

in the section for chemical stability, such unbound -COOH groups can be neutralized (ion-

exchanged) with NaOH and re-protonated with HCl. The feasibility of tuning the framework 

charge using oxidation states of metal ions as well as reversible deprotonation and reprotonation 

of unbound -COOH groups is one of the most unique features of the pacs materials reported 

here.   

Since each metal trimer is bonded to six COO- groups (two COO- links per M3 triangular 

edge), significant steric repulsion between adjacent L1 ligands can be expected. The degree of 

the repulsion depends on the size and the number of substituents on L1. For btc-pacs, on average 

there are three unbound -COOH groups near the trimer whereas for btec-pacs, there are six 

unbound -COOH groups. We also experimented with benzenehexacarboxylic acid 
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(C6(COOH)6, mellitic acid), but no pacs-materials were synthesized. The expected repulsion 

between 12 -COOH groups around the trimer should be the main reason. It is also worth noting 

that the pacs materials with more substituents surrounding the metal trimers, if synthesized, 

could be more stable from the shielding effects of the substituents.  

 

2.3. Ultra-High Chemical Stability of Cr-based Carboxyl-Functionalized Materials. 

 

The stability of MOFs is important for their applications. For example, the application of proton 

conductivity could benefit from stability in water and acidic conditions. The 14 pacs materials 

reported here are all stable towards activation to generate porosity for gas sorption applications 

(Table S3.1), however, their chemical stability in water (also boiling water) or under different 

pH values vary significantly depending on specific M3-L1-L2 compositions. Compared to 

prototypical benzenedicarboxylate (bdc) based pacs materials, btc-pacs and btec-pacs materials 

can be more susceptible to the attack by polar solvents due to the presence of extra polar groups 

(-COOH) on L1 ligands. For example, Ni3-btc-tpt and Ni3-btec-tpt pacs are not stable in water 

as evidenced by their loss of crystallinity after soaking in water (Figure S2.2). Fortunately, the 

chemical stability can be tuned with metal trimers. The highest stability in the carboxyl-

functionalized pacs family was found in Cr-btc-tpt and Cr-btec-tpt. In the octahedral 

configuration, Cr(III)-MOFs offer the advantage of high ligand-field stabilization energy due 

to its d3 electronic configuration. From the perspective of hard-soft acid-base principle, hard-

acid Cr3+ has a strong bonding interaction with hard carboxylate groups, adding to the strength 

of the Cr-carboxylate linkage.[60]  

  The stability of Cr-btc-tpt and Cr-btec-tpt pacs was studied by refluxing in boiling water 

and soaking in concentrated acid (12M HCl) and basic solutions (1M to 10M NaOH) for 24 or 

48 hours. The PXRD patterns of the materials treated under the above conditions were 

compared with the pristine pacs. The PXRD patterns indicate that both Cr-btc-tpt and Cr-btec-

tpt retained their high crystallinity in boiling water and concentrated HCl (Figures 2a and 2b). 

The nitrogen gas sorption at 77K (Figures 2c and 2d) indicates that both Cr-btc-tpt and Cr-

btec-tpt retained their N2 uptakes after treatments with either the boiling water or concentrated 

HCl. In-fact, Cr-btec-tpt shows higher N2 uptake after treatment probably due to better 

activation from treatments with boiling water and strong acid. 

 The stability under basic conditions is also interesting and impressive. It is more 

complicated due to the presence of unbound -COOH groups and different number of them in 

btc and btec materials. The PXRD shows that both Cr-btc-tpt and Cr-btec-tpt are stable when 
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treated in 1M to 5M NaOH solutions (Figures 2a and 2b). Cr-btec-tpt showed better stability 

in more basic solutions than Cr-btc-tpt based on the observation that Cr-btec-tpt could withstand 

10 M NaOH for 48 hours whereas Cr-btc-tpt starts to collapse in 10M NaOH solution after 24 

hours and decomposes completely after 48 hours of soaking.  

 The study by nitrogen adsorption at 77K shows a decrease in gas uptakes after the NaOH 

treatments (Figures 2c and 2d). It is worth noting that the decrease in N2 uptake is unlikely due 

to the loss of crystallinity from the framework collapse. The replacement of H+ in unbound 

COOH by sodium ion plays a key role. This is due to the neutralization reaction between the 

dangling -COOH and NaOH solution, leading to the formation of the -COONa salt.  The higher 

base stability of Cr-btec-tpt compared to Cr-btc-tpt may be related to the greater amount of Na+ 

inclusion in Cr-btec-tpt, because twice as many Na+ ions can be included into Cr-btec-tpt than 

in Cr-btc-tpt. The presence of Na+ ions adjacent to -COO groups may provide greater steric 

hindrance to better shield the metal trimers from attack by OH-, thus making Cr-btec-tpt more 

stable than Cr-btc-tpt under highly basic conditions.  

The presence of sodium ion was supported by Energy Dispersive X-ray Spectroscopy 

(EDS) analysis of the samples after the NaOH treatment. The measured Na/Cr ratio ranges from 

0.82 to 1.2 for Cr-btc-tpt and 1.8 to 2.4 for Cr-btec-tpt. Given the framework formula of 

(Cr3O)(L1)3(L2), the above measured Na/Cr ratios are consistent with the theoretical numbers 

of unbound -COOH groups per Cr atom in the framework (1 in btc-pacs and 2 in btec-pacs), 

indicating that unbound -COOH groups were nearly stoichiometrically ion-exchanged 

(neutralized) with NaOH to form -COONa. The incorporation of Na+ ions in the framework 

thus reduces nitrogen uptakes due to the increased molecular weight and the possible pore 

blockage from the Na+ ion (and its hydration sphere if not thoroughly activated). 

The reversibility of deprotonation and re-protonation of the unbound -COOH groups 

and their effects on N2 adsorption were tested by soaking Cr-btec-tpt in 1M, 5M, and 10 M 

NaOH solutions for 48h followed by soaking in 12 M HCl for 24h (Figures 2d). While the N2 

uptake first decreases on NaOH treatments, these samples regain their initial N2 uptakes upon 

subsequent HCl treatment. Such reversible N2 uptakes after sequential base-acid treatments 

further confirm the ultra-high stability of Cr-btec-tpt. Furthermore, these results also show that 

the -COOH groups are initially present in the protonated form in the pristine pacs and can be 

reversibly deprotonated and re-protonated by increasing or decreasing the pH of the solution, 

respectively. The ultrahigh stability and the acidic nature of Cr-btec-tpt suggest its potential use 

as a solid weak-acid catalyst.  
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Figure 2. Chemical stability of Cr-btc-tpt and Cr-btec-tpt under harsh conditions. PXRD of 

Cr-btc-tpt (a) and Cr-btec-tpt (b) after boiling water, acid and base treatments; N2 isotherms of 

Cr-btc-tpt (c) and Cr-btec-tpt (d); (e) Comparison of stability with other MOFs. The arrow 

indicates stability at pH< 0 or pH> 14. # indicates stability determined from PXRD; (f) The 

stability range defined by the difference between the lowest and the highest pH values for 

select MOFs. The red dotted line is the maximum limit of the pH range (16.4) from 12 M HCl 

(pH = -1.1) to 19M NaOH (pH = 15.3). 
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To compare the stability of Cr-btec-tpt with non-carboxyl-functionalized material, 

CPM-243(ac) (Cr-bdc-tpt-ac, made with CH3COOH modulator) was first treated with 10 M 

NaOH for 48 hours and followed by 12 M HCl. The NaOH-treated CPM-243(ac), upon further 

HCl treatment, instantly gets digested giving a clear solution (Figure S2.7). This implies that 

Cr-btec-tpt is more stable than CPM-243(ac). Figures 2e and 2f compare the chemical stability 

of Cr-btec-tpt with other highly respected stable MOFs.[42,43,45,60–65] It is remarkable that Cr-

btec-tpt is not only stable over the widest pH range (from -1.1 to 15), but it also retains its 

robustness after cycle of extreme pH treatments. 

 

2.4. Gas Sorption Properties 

Nitrogen adsorption-desorption isotherms at 77K confirmed the permanent porosity of all 14 

pacs materials synthesized in this work (Figure S3.1). For 8 btc-pacs, the Brunauer–Emmett–

Teller (BET) surface area ranges from 591.4 m2/g for Ni-btc-tppy to 1112 m2/g for Cr-btc-tpt 

(Table 1).  The btec-pacs materials have lower surface area than btc-pacs (from 278.0 m2/g for 

CoNi-btec-tpt to 592.3 m2/g for Cr-btec-tpt) likely due to the presence of the extra -COOH 

group. Cr-pacs materials have the highest surface area in either the btc family or the btec family. 

While there are MOFs with much higher surface areas than the Cr-pacs materials reported here, 

their chemical stabilities (and uptake capacities for CO2 and hydrocarbon gases under ambient 

conditions) are often much lower than Cr-pacs materials. 

 

Table 1. Gas sorption and separation properties of btc and btec pacs materials. 

Name BET 
surface 

area 
(m2/g) 

Uptake at 1 bar and 298K (cm3/g) IAST Selectivity for 50/50 mixtures 

CO2 C2H2 C2H4 C2H6 C3H6 C3H6 C2H2/CO2 C2H2/C2H4 C2H6/C2H4 C3H6/C3H8 

Cr-btc-tpt 1112 100.2 142.1 110.5 109.8 104.1 94.8 4.2 2.3 1.3 1.4 

Ni-btc-tpt 865.5 81.6 118.0 85.7 83.2 88.4 79.5 4.4 2.0 1.2 1.5 

Ni-btc-tppy 591.4 58.4 88.2 65.7 64.9 78.7 70.0 4.5 2.6 - - 

CoV-btc-tpt 752.3 82.1 113.9 92.0 89.2 96.4 88.3 3.6 2.0 1.2 1.4 

CoV-btc-tppy 783.2 82.4 112.9 88.6 88.6 97.7 88.1 3.7 2.1 1.2 1.5 

CoV-btc-tpbz 805.5 78.1 113.9 85.7 85.1 95.2 84.9 3.7 2.0 1.3 1.5 

CoIn-btc-tpt 866.6 92.1 123.9 100.8 102.0 110.1 101.7 2.9 1.6 1.3 1.3 

NiV-btc-tpt 798.5 - - - - - - - - - - 

Cr-btec-tpt 592.3 59.6 68.2 55.9 54.0 55.4 49.8 3.6 1.7 1.3 1.4 

Ni-btec-tpt 351.2 47.9 62.4 39.6 37.2 50.3 43.4 3.9 3.5 - 1.9 

CoV-btec-tpt 455.5 48.1 63.6 49.8 49.7 57.2 52.7 5.5 2.9 - 1.7 

CoV-btec-tppy 469.5 42.5 56.5 37.5 36.8 48.7 43.0 4.4 3.9 - 1.9 

CoV-btec-tpbz 551.9 48.1 56.7 35.4 34.4 52.8 43.8 4.3 4.3 - 1.8 

CoNi-btec-tpt 278.0 37.9 52.3 31.2 26.9 44.3 40.0 5.3 6.0 1.4a) 1.4 

a) (Shows C2H4/C2H6 selectivity) 
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These pacs materials has two cage types: a triagonal-bipyramidal cage (t2-cage) made of 

five trimers and an octahedral cage (o-cage) made of six trimers (Figure S1.17). The diameters 

of the t2 cage calculated from the crystal structures for Ni-btc-tpt and Ni-btec-tpt are 6.69 Å 

and 6.63 Å, respectively. The diameters of the o-cage were calculated to be 4.95 Å and 5.07 Å 

for Ni-btc-tpt and Ni-btec-tpt, respectively. These cage diameters are larger than the kinetic 

diameters of small hydrocarbon molecules such as CO2, C2H2, C2H4, C2H6, C3H6 and C3H8 

(Table S5.3). To evaluate applications of these new pacs materials for gas storage and 

separation, adsorption-desorption isotherms of CO2, C2H2, C2H4, C2H6, C3H6 and C3H8 gases 

were systematically studied at 298K and 273K (Figures S4). The uptake capacities of these 

pacs materials are particularly impressive and are in fact outstanding compared to other highly 

stable MOFs or carboxyl-functionalized MOFs. Similar to the trend in the surface area, for all 

gases, btc-pacs materials have higher uptake capacity than corresponding btec-pacs materials. 

For CO2, these pacs materials show high uptakes such as 100.2 and 59.6 cm3/g for Cr-

btc-tpt and Cr-btec-tpt, 81.6 and 47.9 cm3/g for Ni-btc-tpt and Ni-btec-tpt, 82.1 and 48.1 cm3/g 

for CoV-btc-tpt and CoV-btec-tpt (1 bar and 298K). These values (especially 100.2 cm3/g for 

Cr-btc-tpt) compare favorably with some other stable MOFs such as JUC-1000 (80 cm3/g at 

298K), [66] UiO-66 (64.5 cm3/g at 273K),[67] NU-1000 (39.2 cm3/g at 293K),[68] and solvent-

free-synthesized CPM-243 (90 cm3/g at 298K).[31] The high uptake, combined with high 

chemical stability, enables Cr-pacs materials for potential applications involving CO2 capture 

or reduction under harsh conditions.  

The C2H2 uptakes at 298K are considerably higher and the adsorption isotherms much 

steeper compared to CO2, C2H4, and C2H6 gases (Figures S4.1-S4.24). The C2H2 uptakes of 

select pacs materials at 1 bar and 298K are 142.1 vs. 68.2 cm3/g for Cr-btc-tpt vs. Cr-btec-tpt, 

118.0 vs. 62.4 cm3/g for Ni-btc-tpt vs. Ni-btec-tpt, and 113.9 vs. 63.6 cm3/g for CoV-btc-tpt vs. 

CoV-btec-tpt. Noticeably, Cr-btc-tpt (142.1 cm3/g at 298K) outperforms most top-preforming 

MOF adsorbents such as UTSA-222a (103.4 cm3/g),[69] UTSA-300 (69 cm3/g),[70] JNU-1(63 

cm3/g),[71] and SNNU-98-Co (72 cm3/g).[72] Another interesting aspect is that both btc and btec 

pacs materials show high C2H2 uptakes at low pressure region (<0.1 bar). C2H2 uptakes of the 

btc pacs (Cr-btc-tpt, Ni-btc-tpt) at 0.1 bar and 298K are 59.5 cm3/g and 40.3 cm3/g (Figure 4a), 

whereas the btec pacs materials (Cr-btec-tpt, Ni-btec-tpt) show uptakes of 33.5 cm3/g and 29.9 

cm3/g at 0.1 bar and 298K (Figure 4b). Table S5.1 compares the acetylene uptakes of the btc 

and btec pacs at around 0.1 bar with some of the best performing MOFs. 
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The C2H4 uptakes for select pacs materials reported here are 110.5 vs. 55.9 cm3/g for 

Cr-btc-tpt vs. Cr-btec-tpt, 85.7 vs. 39.6 cm3/g for Ni-btc-tpt vs. Ni-btec-tpt, and 92.0 vs. 49.8 

cm3/g for CoV-btc-tpt vs. CoV-btec-tpt at 1 bar and 298K. Interestingly, the C2H6 uptakes are 

very similar to C2H4 uptakes, as shown by C2H6 uptakes of  109.8 vs. 54.0 cm3/g for Cr-btc-tpt 

vs. Cr-btec-tpt, 83.2 vs. 37.2 cm3/g for Ni-btc-tpt vs. Ni-btec-tpt, and 89.2 vs. 49.7 cm3/g for 

CoV-btc-tpt vs. CoV-btec-tpt. Apart from CoNi-btec-tpt (IAST selectivity 1.4 for C2H4/C2H6), 

all other pacs materials reported here are ethane-selective with IAST selectivity (C2H6/C2H4) 

around 1.3. It is worth noting that the IAST selectivity for inverse C2H6-selective C2H6/C2H4 

separation is typically below 2 and the higher inverse selectivity is usually accompanied by 

much lower uptake capacity (sometimes much lower sample stability as well). In the pacs 

materials reported here, the C2H6 uptake capacity of Cr-btc-tpt (109.8 cm3/g) is higher than 

most of the ethane-selective MOFs such as PCN-245 (73.2 cm3/g, C2H6/C2H4 selectivity = 

1.8),[73] ZIF-8 (45.4 cm3/g, C2H6/C2H4 selectivity = 1.8),[74,75] and ZIF-7 (41.1 cm3/g, 

C2H6/C2H4 selectivity = 1.5).[76] The overall separation performance of the pacs  materials can 

be boosted by their significantly higher-than-normal uptake capacities for C2H4 and C2H6. 

The C3H6 uptakes for select pacs materials at 298K and 1 bar are 104.1 and 55.4 cm3/g 

for Cr-btc-tpt and Cr-btec-tpt. For all btc and btec pacs materials, C3H8 uptakes are slightly 

lower than C3H6 values and are 94.8 and 49.8 cm3/g for Cr-btc-tpt and Cr-btec-tpt. The C3H6 

uptakes of these pacs are higher than some top performing MOFs such as Co-gallate (40.3 

cm3/g),[77] KAUST-7 (44.8 cm3/g),[78] Y-abtc (44.8 cm3/g).[79] A steep rise in C3H6 and C3H8 

adsorption isotherms and high uptake at low pressure region (<0.1 bar) are seen in both btc and 

btec pacs. At around 0.1 bar pressure and 298K, Cr-pacs materials show the C3H6 uptake of 

82.4 cm3/g and 43.9 cm3/g for Cr-btc-tpt and Cr-btec-tpt, respectively (Figure S9.3). The IAST 

selectivity of these pacs materials for C3H6/C3H8 are generally around 1.5-1.9. Combined with 

high uptake values, such selectivity is capable of the C3H6/C3H8 separation. 

To evaluate the effect of L2 ligand on properties of btc and btec pacs, L2 ligand was 

tuned from tpt to tppy and tpbz in CoV-btc and CoV-btec pacs. Overall, it can be said that tpt, 

tppy, and tpbz offer comparable high gas sorption performance for the CoV compositions 

studied here. However, the benzene/cyclohexane selectivity can be much improved by 

optimizing the L2 ligand as described in Section 2.6. 
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Figure 3. C2H2, C2H4 and CO2 isotherms of Cr-btc-tpt (a), Cr-btec-tpt (c), Ni-btc-tpt (e), and 

Ni-btec-tpt (g) at 298K. The IAST selectivity for C2H2/CO2 and C2H2/C2H4 at 298K for Cr-btc-

tpt pacs (b), Cr-btec-tpt (d), Ni-btc-tpt (f), and Ni-btec-tpt (h).  
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For the btc composition, the BET surface areas are 752.3, 783.2, and 805.5 m2/g for 

CoV-btc-tpt, CoV-btc-tppy, and CoV-btc-tpbz, respectively. In the same L2 sequence and at 1 

bar and 298K, the CO2 uptakes are 82.1, 82.4, and 74.1 cm3/g, the C2H2 uptakes are 113.8, 

112.9, and 113.8 cm3/g, and the C2H4 uptakes are 92.0, 88.7, 85.7cm3/g.  It is clear that in 

addition to tpt, other L2 ligands can also offer high adsorption performance. 

For the btec composition, the BET surface areas are 455.5, 469.5, 551.9 m2/g for CoV-

btec-tpt, CoV-btec-tppy, and CoV-btec-tpbz, respectively. In the same L2 sequence and at 1 

bar and 298K, the CO2 uptakes are 48.1, 42.5, and 40.7 cm3/g, the C2H2 uptakes are 63.6, 56.5, 

and 56.7 cm3/g, and the C2H4 uptakes are 49.8, 37.5, and 35.4 cm3/g. Overall, the uptakes of 

these pacs materials decrease slightly from tpt to tppy to tpbz. Corresponding, the IAST 

selectivity for C2H2/C2H4 separation increases from 2.9 to 3.9 to 4.3, but the C2H2/CO2 

selectivity shows a slight decrease from 5.5 to 4.4 to 4.3 from tpt to tppy to tpbz (Table S3.2)

Figure 4. C2H2 uptakes of a) btc and b) btec pacs at low pressure region at 298K. 

 

To evaluate the potential of these new pacs materials for industrial gas separation, the 

IAST selectivity for C2H2/C2H4 and C2H2/CO2 separations were calculated. Table S3.2 shows 

the IAST selectivity of btc and btec pacs. The IAST selectivity of Ni-btec-tpt is 3.5 for 

C2H2/C2H4 and 3.9 for C2H2/CO2. Its uptake capacity at 1 bar and 298K is 62.4 cm3/g for C2H2, 

47.9 cm3/g for CO2, and 39.6 cm3/g for C2H4. Three cycles of column breakthrough experiments 

were carried out on Ni-btec-tpt pacs to evaluate the actual separation efficiency. From the 

experimental breakthrough curves (Figures 5a and 5b), the breakthrough time for C2H2/CO2 

separation is around 40 minutes while for C2H2/C2H4 separation, the breakthrough time is 

around 20 minutes. Based on the results from multiple breakthrough cycles, Ni-btec-tpt is stable 

towards gas separation and can achieve the selective separation of C2H2/C2H4 and C2H2/CO2 

mixtures.  



  

17 

 

 

Figure 5. Three cycles of breakthrough curves of Ni-btec-tpt at 1 atm and 298K for a) C2H2/ 

CO2 separation with a flow of C2H2/ CO2 /He (1/1/2 mL/min). b) C2H2/C2H4 separation with a 

flow of C2H2/ C2H4 /He (1/1/2 mL/min).  

 

2.6. Benzene/Cyclohexane Separation Properties. 

 

Cyclohexane is an important petrochemical used in the production of various intermediates. 

However, its production results in a mixture of benzene and cyclohexane that must be separated 

to produce pure cyclohexane. Benzene-selective adsorptive removal of benzene from 

C6H6/C6H12 over porous materials can directly yield pure cyclohexane. Vapor sorption 

experiments from a mixture of benzene and cyclohexane were carried out on Ni-btc-tpt, Ni-btc-

tppy and Ni-btec-tpt and the separation efficiency was studied using nuclear magnetic 

resonance spectroscopy (1H NMR). 1H NMR spectra of the Ni-pacs materials after the sorption 

experiments are given in the supporting information. Ni-btc-tpt has benzene/cyclohexane 

selectivity of about 14 whereas Ni-btec-tpt shows a selectivity of about 17 (Table S4.1). The 

selectivity can be further improved by tuning L2 ligand. Changing the L2 ligand from tpt in Ni-

btc-tpt to tppy in Ni-btc-tppy enhances the selective interaction with benzene molecules, 

leading to a higher selectivity of about 38 for benzene/cyclohexane mixtures compared to Ni-

btc-tpt pacs (14). A higher preference for benzene can be seen and the affinity for benzene over 

cyclohexane increases with the number of carboxyl groups. This shows the preferential 

interaction of the aromatic hydrogens with the framework oxygen atoms. In addition, the planar 

benzene molecule might be more permeable to the confined pores than the twisted cyclohexane 

molecule. Based on these results, these Ni-based frameworks show capability to separate 

C6H6/C6H12 mixtures.  
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3. Conclusion 

 

We have demonstrated the feasibility of introducing competing unbound functional groups into 

MOF structures by employing the inter-modular structure directing effects of the pacs platform. 

The synthesis of an isoreticular series of the pore-space-partitioned frameworks based on btc 

and btec ligands opens up new possibilities among the pore-partitioned materials. These novel 

frameworks offer great potentials in the separation and purification applications of small 

hydrocarbon molecules. Importantly, the Cr-based frameworks (Cr-btc-tpt and Cr-btec-tpt) 

provide two novel chemically stable MOFs with high porosity and potential for post-synthetic 

modifications. The properties of these frameworks can be further enhanced, and new potential 

applications can be discovered through post-synthetic modifications of the unbound -COOH to 

generate new functional sites. 

 

 

[CCDC 2239850, 2246486, 2266503 and 2266527 contains the supplementary crystallographic 

data for this paper. These data can be obtained free of charge from The Cambridge 

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.]  
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