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Abstract: Trigonal planar M3(O/OH) trimers are among the most 

important clusters in inorganic chemistry and are the foundational 

features of multiple high-impact MOF platforms. Here we introduce a 

concept called isoreticular cluster series and demonstrate that 

M3(O/OH), as the first member of a supertrimer series, can be 

combined with a higher hierarchical member (double-deck trimer 

here) to advance isoreticular chemistry. We report here an isoreticular 

series of pore-space-partitioned MOFs called M3M6 pacs made from 

co-assembly between M3 single-deck trimer and M3x2 double-deck 

trimer. Important factors were identified on this multi-modular MOF 

platform to guide optimization of each module, which enables the 

phase selection of M3M6 pacs by overcoming the formation of 

previously-always-observed same-cluster phases. The new pacs 

materials exhibit high surface area and high uptake capacity for CO2 

and small hydrocarbons, as well as selective adsorption properties 

relevant to separation of industrially important mixtures such as 

C2H2/CO2 and C2H2/C2H4. Furthermore, new M3M6 pacs materials 

show electrocatalytic properties with high activity. 

In the pre-crystallization mixture for solvothermal synthesis of 

open-framework materials ranging from metal chalcogenides to 

metal-organic frameworks (MOFs), inorganic clusters of different 

types and sizes could co-exist, opening up opportunities for 

selecting various crystallization pathways via different 

combinations of clusters.[1] Of great significance in materials 

design is the understanding of chemical and structural factors that 

contribute to the formation and selection of specific cluster types 

in the crystallized products.[2] A special challenge is the ability to 

stabilize different cluster types and to enable their co-assembly. 

Such heterogenization of framework building blocks is useful for 

diversifying framework materials to tune their properties. 

 

Scheme 1. (A) Two types of isoreticular cluster series.[3] Among them, (M3)3 and 

(M3)4 remain to be developed. (B) The co-assembly of different isoreticular 

clusters in UCR-19 chalcogenide and M3M6-bco pacs (this work). 
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Figure 1. (A) Illustration of the M3M6 pacs system. bco = bicyclo[2.2.2]octane-1,4-dicarboxylate, cdc = 1,4-cubanedicarboxylate, tpt = 2,4,6-tri(4-pyridyl)-1,3,5-

triazine, tppy = 2,4,6-tris(4-pyridyl)pyridine, tpbz = 1,3,5-tri(4-pyridyl)benzene. (B) Structure of [(M3OH)2(ac)3(COO)6]+ double-deck trimer and cofacial stacking by 

L2 pair in M3M6-bco pacs. 

We have long been interested in heterogenizing framework 

building units to tune materials’ properties. Our approach has 

relied on using charge-complementary metal ions (e.g., M2+/M3+ 

in phosphate zeotypes, M3+/M4+ in chalcogenide zeotypes, 

M2+/M3+ in trimer-MOFs).[3a, 4] Only in chalcogenides, were we 

able to achieve isoreticular chemistry with clusters of different 

sizes (e.g., supertetrahedral Ga10S18
6- T3 and Zn4Ga16S33

10- T4 

clusters in UCR-19, Scheme 1).[3b] Prior to this work, we have no 

success in making MOFs from different-sized isoreticular clusters. 

In fact, while isoreticular chemistry is easy with different metal 

ions or ligands, rarely does it involve clusters of different sizes. 

The concept of isoreticular clusters (isoclusters) is similar to the 

recently introduced bioisosteric (BIS) concepts for organic 

ligands,[4e, 5] since both address strategies for developing 

isoreticular building blocks with comparable bond vectors (but 

different core) needed in isoreticular-chemistry-based MOF 

discovery.[6] 

One limitation in realizing cluster-size heterogenization is likely 

from the simple composition of many MOF platforms consisting of 

just one metal type and one crosslinking-ligand type. Such 

compositions offer fewer opportunities to introduce 

complementary features often needed to establish more complex 

chemical systems or drive more complex processes. We have 

therefore focused more on multi-modular MOF platforms. The 
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past decade has seen the growth of a family of isoreticular pore-

space-partitioned (PSP) MOFs called pacs (pacs = 

partitioned acs), a multi-modular system formulated as 

[M3(O/OH)(L1)3(L2)] (called M3 pacs here), where L1 (ligand 1) is 

used for forming the acs net (MIL-88/MOF-235) and L2 (ligand 2) 

is a pore-partitioning ligand.[4c-e, 5, 7] Interestingly, three pacs 

materials containing Mn6 clusters (NPU-1/2/3) were recently 

reported.[8] These past studies on the same-cluster M3- or M6-

pacs materials raised the prospect for the co-existence of 

isoreticular clusters, similar to the co-existence of 

supertetrahedral chalcogenide clusters (Scheme 1). 

Here, we report a new category of pacs materials with the 

distinction of being the first to be crystallized from the co-

assembly of the first two members of an isoreticular supertrimer 

series (i.e., single-deck M3 trimer and M3x2 double-deck trimer, 

Scheme 1) as shown by the formula 

[[M3(OH)][(M3OH)2(ac)3](L1)6(L2)3] (called M3M6 pacs, Figure 

1A). By overcoming the previously-always-observed tendency to 

form same-cluster pacs, the formation of the mixed-cluster pacs 

reported here is unusual and compels us to study various 

modules and related factors from a different perspective. We 

found that the mixed-cluster pacs materials result from the 

convergence and balance of multiple chemical and structural 

features (Figure S8.5). These new M3M6 pacs materials have 

high surface area and high uptake capacity for common gases, 

together with selective sorptive properties relevant to separation 

of important mixtures such as C2H2/CO2 and C2H2/C2H4. Also, 

they show electrocatalytic properties with high activity. 

The M3M6 pacs can be made as either Mn- or Co-pacs with bco 

or cdc as L1 ligand (Figure 1A) in the non-centrosymmetric 

space group P-6m2. The pore-partition ligands (L2) identified to 

form M3M6 pacs are tpt, tppy, tpbz (Figure 1A). Among twelve 

possible M3M6 pacs from these M-L1-L2 combinations, eleven 

have been made (Mn3Mn6-bco-tpt not yet synthesized, Table S2). 

For comparative studies, also reported here are one new M6 pacs 

(Mn6-bdc-tpbz) and 23 new M3 pacs  (M = Mg2+, Mn2+, Co2+, Ni2+, 

L1 = benzene-1,4-dicarboxylate (bdc), bicyclo[1.1.1]pentane-1,3-

dicarboxylate (bcp), cdc, bco; L2 = tpt, tppy, tpbz) (Table S2).[9] 

The M3M6 pacs offers a new way to control charge of the 

building block and framework. M3M6 pacs consists of two 

isoreticular clusters, [M3(OH)(COO)6]- trimer (Figure S2.3) and 

[(M3OH)2(ac)3(COO)6]+ double-deck trimer (Figure 1B and 

Figures S2.4-S2.5). The double-deck trimer is formed by linking 

two single-deck trimers with three acetate ligands. Since M3 and 

M6 have the same D3h symmetry and are both 9-connected, the 

substitution of M3 with M6 still conforms to the site symmetry of 

the inorganic nodes, which is why isoreticular chemistry is 

preserved. For M2+, a single-deck trimer carries -1 charge and the 

resulting same-cluster M3 pacs framework would be anionic. With 

each extra deck, a [M3(OH)(ac)3]2+ unit is added, leading to an 

increase of +2 in the charge so that the double-deck trimer carries 

+1 charge (Figure S3.5). Thus, the 1:1 mixing between single- 

and double-deck trimers gives a neutral framework (Figure 

S10.1). In M3M6 pacs, through L1 ligand, each M3 trimer is linked 

to 6 double-deck trimers (Figures S2.7A, S2.8), and vice versa 

(Figures S2.7B, S2.9). The M3M6 framework can be visualized as 

alternating negative M3 and positive M6 layers along the c axis in 

staggered configuration. 
Our comparative studies show that the structural property of L1 

ligand is a contributing factor to the occurrence of M6 double-deck 

trimer. To help explain the M6 formation, we turned our attention 

to the possible L1-L1 steric repulsion between three L1 ligands 

above the trimer plane and three L1 ligands below the trimer plane 

(Figure S5.3), such steric repulsion would increase if L1 ligands 

are bulkier, but should be reduced by the M6 formation. Therefore, 

we can suggest that bulkier L1 would increase the probability for 

forming M3M6 pacs. 

We selected four L1 ligands (H2bdc, H2bcp, H2cdc, H2bco) to 

compare their effects (Figure 2 and Figure S8.1). Not surprisingly, 

the planar 2-D ligand bdc (C6H4 core) did not produce M6, leading 

to the same-cluster M3 pacs. For bcp, cdc, and bco, they all have 

a 3-D core. Based on the number of core carbon and hydrogen 

atoms, the degree of their bulkiness can  be ranked as bcp (C5H6) 

< cdc (C8H6) < bco (C8H12). Experimentally, we found that bcp also 

gives M3 pacs. Apparently, for small bcp ligand, L1-L1 interactions 

are insignificant. For cdc and bco ligands with bulky and 

protruding cores, L1-L1 interactions may be significant enough so 

that M3 and M6 clusters can co-exist in the reaction mixtures. 

(Figure S5.3). Whether bco and cdc forms M3 pacs or M3M6 pacs 

also depends on other factors. 

The next factor that can move the equilibrium between M3 pacs 

and M3M6 pacs is the nature of pore-partition ligands (L2). Past 

studies have shown that M3 pacs can accommodate a wide range 

of L2 types. However, here we found that the formation of M3M6 

pacs is sensitive to L2 type. This is due to a prominent difference 

between M3 pacs and M3M6 pacs in terms of ligand-ligand 

interaction (L2 to L2) which is absent in M3 pacs, but is an 

unavoidable feature in M3M6 pacs. Because of the co-existence 

of single- and double-deck trimers in M3M6 pacs, there are two 

accompanying L2 arrangements: single-deck L2 and double-deck 

L2. Constrained by coordination with double-deck trimers, the L2 

pair has no choice but to adopt an unusual cofacial pi-stacked 

configuration between four 6-membered aromatic rings (Figure 

1B and Figure S2.12).[10] The separation between L2 pair is 

related to the gap between two trimer decks. Of great influence 

on the competing formation of M3 pacs and M3M6 pacs is the fact 

that the gap between trimer decks (related to ionic radii of M2+), is 

around 338-352 pm (M-M distance, for M3M6-bco pacs, Figure 

S5.5) which is close to the minimum pi-pi stacking separation 

(about 340 pm, based on van der Waals radius of 170 pm for C). 

As a result, chemical properties of L2 ligands that can help or 

hinder the formation of the L2 pair play a key role in the phase 

selection between M3 pacs and M3M6 pacs. 
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Figure 2. Sequentially optimized synthesis of M3M6 pacs by tuning ligand 1 (A) and fine-tuning ligand 2 (B). The illustrated phase selectivity in (B) is for Mn-pacs. 

We studied five different L2 ligands with L1 bco. They are N,N-

di-4-pyridinyl-4-pyridinamine (tpa), tpt, tppy, tpbz, and 2,5,8-tri-(4-

pyridyl)-1,3,4,6,7,9-hexaazaphenalene) (H-tph) (Figures S1.4, 

S8.2). Neither tpa nor tph have been found to form M3M6 pacs. 

For tpa, there is only one nitrogen atom at the core, the cofacial 

stacking of two electronegative N atoms (plus 3 pyridine rings) 

seems less probable. Likewise, tph tends to carry a negative 

charge at its core which can hinder the formation of L2 pair. Note 

that tpa and tph can easily form M3 pacs because observed L2-

L2 separation is > 500 pm in M3 pacs so that no L2-L2 interactions 

are present.[7g, 11] 

For tpt, tppy, and tpbz, which have a 6-membered aromatic ring 

at the core (Figure 1A), their phase-selection behavior for M3 

pacs and M3M6 pacs is subtly different. These L2 ligands allow 

the fine-tuning of L2-L2 interaction for better synergy with 

attached double-deck trimers. We found that the ability to form 

M3M6 pacs over M3 pacs follows the order tpbz > tppy > tpt. This 

is based on our synthesis results that for Mn-bco-pacs, tpbz gives 

M3M6 pacs, tppy gives both M3M6 pacs and M3 pacs, and tpt gives 

M3 pacs (Figure 2). Additionally, for Co-bco-pacs, both tpbz and 

tppy give M3M6 pacs, while tpt gives a mixture of M3M6 pacs and 

M3 pacs. This trend is related to the cofacial (eclipsed) stacking 

by L2 pairs which can be more easily achieved by benzene rings 

than by pyridine/triazine rings with one/three electronegative N 

atoms that should be less favorable in the eclipsed configuration. 

By using optimized L1 ligand (bco) and L2 ligand (tpbz > tppy > 

tpt), we studied the phase selectivity by metal ions such as Mn2+, 

Co2+, Ni2+, and Zn2+ (Figure S8.2). So far, only Mn2+ and Co2+ 

have formed M3M6 pacs. Various factors such as ionic radii and 

electron configuration could play a role. Our analysis indicates 

that compared to M3 pacs that can take metal ions with a large 

range of ionic radii from 62 pm (Cr3+) to 95 pm (Cd2+),[7f, 7h, 12] the 

range of ionic radii for M3M6 pacs is narrower to better 

accommodate the formation of double-deck trimers and cofacially 

stacked L2 pairs (Figure S5.5). We note that a decrease in ionic 

radii of metal ions (e.g., from Mn2+ 83 pm high spin to Co2+ 74.5 

pm high spin) would cause an overall shrinkage of double-deck 

trimers (i.e., shorter M to M distance within M6 cluster, 11-13 pm 

decrease from Mn-bco to Co-bco, Figure S5.5) which could have 

significant consequence on the formation of M6 clusters and L2 

pairs.[12a] There is a limit to how small the metal ions could be 

since the L2-L2 distance (358-364 pm) and acetate-acetate 

distance (280-286 pm between adjacent O sites) in Mn3Mn6-bco 

pacs and Co3Co6-bco pacs are already short enough compared 

to the sum of van der Waals radii (Figure S5.7). Any factor (e.g., 

smaller metal ions) that requires L2 pairs and acetate-acetate-
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acetate triangles to contract further may cause unfavorable 

repulsion and prevent the formation of M3M6 pacs. So far, M3M6 

pacs has not yet been made from Ni2+ (69 pm), likely due to the 

extra difficulty from its smaller size compared to Mn2+ and Co2+.[12a] 

For Zn2+ (74 pm),[12a] its d10 configuration make it more 

accommodative of different coordination numbers (4-6), leading 

to more pre-nucleation species and crystallization pathways and 

reduced probability to competitively form M3M6 pacs. 

The above discussions suggest that L1-L1 interaction, L2-L2 

interaction, and the type of metal ions all have impact on the 

formation of M3M6 pacs. While L1-L1 repulsion helps the 

formation of M6, L2-L2 interaction has the opposite effect. The 

strength of L1-L1 and L2-L2 interactions is affected by both 

structures of ligands and properties of metal ions. Given the 

complexity of the multi-modular co-assembly, other synthetic 

parameters and structural features (e.g., pH, acetate 

concentration) could impact the equilibrium between M3 and M6 

clusters and products as shown by the synthesis of NPU-1/2/3 M6-

pacs from planar aromatic ligands. The discussions here are 

based on keeping other synthetic conditions as identical as 

possible. Ligand-ligand interactions have been shown by Yaghi et 

al. to affect the framework topology in ZIFs.[13] Here in the multi-

module pacs system, there are two different ligand-ligand 

interactions in competition. Instead of affecting the framework 

topology, they impact the type of clusters in the final products. 

 

Figure 3. Gas adsorption isotherms of Co3Co6-bco-tppy (A) and Co3-bco-tpt at 298 K (D). The IAST (50/50 v/v) selectivities for various gas pairs at 298 K of Co3Co6-

bco-tppy (B) and Co3-bco-tpt (E). Three cycles of experimental breakthrough curves at room temperature with an equimolar C2H2/CO2 gas mixtures for Co3Co6-bco-

tppy (C). For OER, the LSV curves of different catalysts (F). 

Thermal stability of M3M6-bco pacs (Figures S6.1-S6.2) and 

M3-bco pacs (Figures S6.5-S6.7) were studied by TGA and all 

samples remained stable up to about 300 °C. Different 

compositions of M3M6-bco pacs and M3-bco pacs were used for 

gas sorption studies. PXRD shows no difference in diffraction 

patterns before and after sorption, suggesting all samples were 

stable after adsorption test (Figures S6.1-S6.2 and Figures 

S6.6-S6.7). The Brunauer–Emmett–Teller (BET) surface area 

from N2 sorption at 77 K (Figure S9.1) ranges from 921 to 1048 

m2/g for M3M6-bco pacs and from 951 to 1020 m2/g for M3-bco 

pacs (Table S4.2), indicative of high porosity. 

M3M6-bco pacs has enhanced C2H2/CO2 selective adsorption 

property over M3-bco pacs. At 298 K and 1 atm, the C2H2 and CO2 

uptakes are 5.12 and 2.01 mmol/g for Mn3Mn6-bco-tpbz, 5.38 and 

2.27 mmol/g for Co3Co6-bco-tppy, and 5.12 and 2.11 mmol/g for 

Co3Co6-bco-tpbz (Figure 3A and Figures S9.2-S9.4, Table S4.2). 

In comparison, for M3-bco pacs at 298 K and 1 atm, the C2H2 and 

CO2 uptake are 4.77 and 2.13 mmol/g for Mn3-bco-tpt, and 5.14 

and 2.40 mmol/g for Co3-bco-tpt (Figure 3D and Figures S9.5-

S9.6, Table S4.2). The isotherms of C2H2 and CO2 at 298 K were 

used to fit with the Dual-Site Langmuir-Freundlich (DSLF) model 

to calculate the ideal adsorbed solution theory (IAST, 50/50) 

selectivities. M3M6 pacs including Mn3Mn6-bco-tpbz (6.23), 

Co3Co6-bco-tppy (7.22), and Co3Co6-bco-tpbz (6.80) show better 

C2H2/CO2 selective adsorption property than M3 pacs such as 

Mn3-bco-tpt (4.45), and Co3-bco-tpt (4.19). (Figures 3B, 3E and 

Figures S9.2-S9.6, Table S4.5). The breakthrough experiments 

showed that Co3Co6-bco-tppy has a long breakthrough time and 

excellent separation performance for C2H2/CO2 (Figure 3C). 
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We also explored the selective adsorption capacity for C2 

gases of M3M6-bco pacs, because the C2H4 purification directly 

from C2H2/C2H4/C2H6 three-component mixture is of great 

significance.[8, 14] At 298 K and 1 atm, for Co3Co6-bco-tppy, the 

C2H2, C2H4, and C2H6 uptakes are 5.38, 4.05 and 4.12 mmol/g, 

respectively (Figure 3A and Figure S9.3, Table S4.2). In 

comparison, for Co3-bco-tpt at 298 K and 1 atm, the C2H2, C2H4, 

and C2H6 uptake are 5.14, 4.13 and 4.47 mmol/g, respectively 

(Figure 3D and Figure S9.6, Table S4.2). The isotherms of C2H2, 

C2H4, and C2H6 at 298 K were used to fit with the DSLF model to 

calculate the IAST (50/50) selectivities. For Co3Co6-bco-tppy, the 

selectivity is 2.01 (C2H2/C2H4) and 1.38 (C2H6/C2H4) (Figure 3B, 

Table S4.5), and for Co3-bco-tpt, the selectivity is 1.31 (C2H2/C2H4) 

and 1.60 (C2H6/C2H4) (Figure 3E, Table S4.5). Other M3M6-bco 

pacs and M3-bco pacs show similar properties for C2H2/C2H4/C2H6 

(Figures S9.2, S9.4, S9.5, Table S4.5). M3M6-bco pacs has 

better C2H2/C2H4 selective adsorption property than M3-bco pacs, 

but M3-bco pacs has higher C2H6/C2H4 inverse selectivity than 

M3M6-bco pacs. In addition, M3M6-bco pacs has 

benzene/cyclohexane selective adsorption property (Figures 

S11.1-S11.4, Table S5.2). 

Co3Co6-bco pacs has good electrocatalytic activity for oxygen 

evolution reaction (OER). Linear sweep voltammetry (LSV) 

curves of different samples are investigated (Figure 3F). Both 

Co3Co6-bco-tppy and Co3Co6-bco-tpbz have relatively low 

overpotential of 376-393 mV at current density of 10 mA cm−2 and 

low Tafel slope of 87.1-95.1 mV dec−1, which is better than IrO2 

(Figure S12.1). 

In conclusion, a series of highly porous pore-space-partitioned 

metal-organic frameworks have been synthesized from the co-

assembly between isoreticular M3 single-deck trimer and M3x2 

double-deck trimer. The formation of M3M6 pacs results from the 

synergistic co-assembly of multiple structural components 

including M3 cluster, M6 cluster, L1, solo L2, and L2-L2 pair. The 

work reported here reveals greater scope of isoreticular chemistry 

enabled by isoreticular cluster concept. Further challenges and 

opportunities could come from the expansion of new isoreticular 

clusters and applications of isoreticular clusters to MOF platforms 

beyond the pacs platform reported here. 
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