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ABSTRACT: Minimal edge-transitive nets are regarded as suitable blueprints for the successful practice of reticular chemistry, and
par excellence ideal for the deliberate design and rational construction of highly-coordinated metal-organic frameworks (MOFs).
We report the systematic generation of the highly-connected minimal edge-transitive related nets (transitivity [32]) from parent
edge-transitive nets (transitivity [21] or [11]), and their use as a guide for the deliberate design and directional assembly of highly-
coordinated MOFs from their associated net-coded building units (net-cBUs), 12-connected (12-c) double six-membered ring (d6R)
building units. Notably, the generated related nets enclose the distinctive highly-coordinated d6R (12-c) due to the subsequent co-
ordination number increase in one node of the resultant new related net; that is, the (3,4,12)-c kce net is the (4,6)-c soc-related net,
and the (3,6,12)-c kex and urx net are the (6,6)-c nia-related nets. Intuitively, the combination of 12-connected hexagonal pris-
matic rare-earth (RE) nonanuclear [REo(z3-O)2(u3-OH)12(02C—)12] carboxylate-based cluster, with purposely-chosen organic or
organic-inorganic hybrid building units, led to the formation of the targeted highly-coordinated MOFs based on selected minimal
edge-transitive related nets. Interestingly, the kex-MOFs can alternatively be regarded as a zeolite-like MOF (ZMOF) based on the
zeolite underlying topology afx, by considering the dodecacarboxylate ligand as a d6R building unit, delineating a new avenue to-
ward the construction of ZMOFs through the composite building units as net-cBUs. This represents a significant step toward the
effective discovery and design of novel minimal edge-transitive and highly-coordinated materials using the d6Rs as net-cBUs.

n>12 are appropriate targets in crystal chemistry, as they not
only limit the number of outcome nets for the assembly of
their associated highly-connected building blocks but also are
the most amenable nets to be realized in synthesis. We defined
those highly-coordinated building units as net-coded building
units (net-cBUs) because they embed unique geometrical in-

INTRODUCTION

Metal—organic frameworks (MOFs)!? represent a distinct
class of porous materials with prospect applications pertaining
to catalysis®*, selective sensing™$, gas storage’” and separa-

tion'*!2. Advances in MOF chemistry afforded the successful f . di selv f d One distincti
practice of reticular chemistry using pre-selected metal- ormation coding precisely for a targeted net. One distinctive

containing molecular building blocks (MBBs), that is, well- way to yield highly-coordinated minimal edge-transitive nets
defined molecular clusters rather than from single atoms.'*'s is to generate related nets from the edge-transitive net by re-
The MBB approach permitted access to MOFs with simple pl'(}cing one of the. nodes with an e.:dge—tral.ls.itive binod'a I group
topologies, such as minimal edge-transitive nets (especially (Figure 1).2* For instance, nets with transitivity [32] (i.e. three
those with only one or two kinds of edges).!*? Isolation of the typ es of n(‘)(‘ie.s and two pres Of_ edges) are generated from nets
reaction conditions that consistently allow the in situ for- with trangltmty [21] with vertices pre A anfi type B, where
mation of the desired inorganic MBB (especially highly- vertex A is replaced by a group of linked vertices. If the coor-
connected MBB with connectivity higher than eight), match- dination number of B is increased the new net is a related net.

ing the augmented basic building units (vertex figures) of the
targeted net, is the key prerequisite for the successful imple-
mentation of the MBB approach for the rational design and
construction of MOFs. "2

Minimal edge-transitive 3-periodic nets, enclosing edge-
transitive hierarchical building units that are distinctively cod-
ing for the associated net, are of special interest in crystal
chemistry.'® 2* Practically, highly-coordinated minimal edge-
transitive nets with at least one node having a connectivity

The newly generated minimal edge-transitive related nets
based on the double six-membered ring (d6R or hexagonal
prism), offer great potential as blueprint nets for the rational
design and deliberate assembly of highly-connected crystalline
materials from their net-cBUs, thanks to the generally high
coordination number for one of the nodes. All of those novel
highly-coordinated related nets with transitivity [32] have
been included in the Reticular Chemistry Structural Resource
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(RCSR) database, and will offer a new and unique toolbox for
the design of periodic solids such as MOFs.?

Several key prerequisites have to be delineated in order to
tackle the prospective design and rational construction of the
highly-connected MOF platform using the minimal edge-
transitive nets based on d6R as a met-cBU. These include,
most notably readily access to i) 12-connected (12-c) hexago-
nal prismatic (d6R) inorganic polynuclear clusters, matching
the vertex figure of the d6R building unit; ii) the appropriate
highly-connected polycarboxylate ligands or cluster-based
branched building units, which can be viewed as tertiary
building units (i.e. the combination of triangles and square or
hexagon); iii) the suitable solvothermal reaction conditions
that permit the assembly of single crystals for the conclusive
structural determination, from the combination of the afore-
mentioned inorganic and organic MBBs.

In this contribution, we systematically generated minimal
edge-transitive related nets with transitivity [32] from parent
edge-transitive nets (transitivity [21] or [11]), with a specific
focus on the highly-coordinated related net based on the d6R
(i.e. kce, epw, urp, urx, kex net). In this work, three of these
minimal edge-transitive related nets have been used as a blue-
print net guiding the rational design and assembly of highly-
connected MOFs based on 12-c hexagonal prismatic (d6R)
building units. The pre-programmed 8-c organic ligand, con-
taining the intricate triangular and square building units, com-
bined with the previously reported 12-c hexagonal prismatic
rare-earth (RE) nonanuclear [REo(u3-O)2(u3-OH)12(02,C—)12]
carboxylate-based cluster, led to the formation of the first kce-
MOF based on the (3,4,12)-c soc-related kce net.

The (3,6,12)-c kex (triangle, hexagon, and d6R) and urx (tri-
angle, octahedron trigonal anti prism), and d6R) nets are the
(6,6)-c nia-related nets (octahedron and trigonal prism).
Markedly, we successfully constructed the first RE-kex-MOF,
RE-kex-MOF-1, by employing the aforementioned nonanu-
clear carboxylate-based cluster as the requisite 12-c d6R
building unit and the recently reported dodecacarboxylate
ligand, 1,2,3,4,5,6-hexakis[3,5-bis(4-
carboxyphenyl)phenoxymethyl]benzene (H;;HBCPB), em-
bedding elaborate triangular arms and hexagonal core.? Alter-
natively, this 12-c organic MBB can act as a 12-c MBB, con-
ceivably affording the positioning of the carbon centers of the
twelve carboxylate groups on the vertices of the hexagonal
prism. Thus, the RE-kex-MOF-1 can also be regarded as a
zeolite-like MOF (ZMOF)**?” based on (4,4)-c afx net with
pure d6Rs as composite building units. It is worth to mention
that this is the first ZMOF based on the pure organic d6R,
presenting a new approach for the rational construction of
ZMOFs through the composite building unit approach.

Moreover, the careful combination of heterobifunctional trian-
gular tetrazole-based ligand, 5'-(1H-tetrazol-5-yl)- 1,1":3",1"'-
terphenyl-4,4"'-dicarboxylic acid (H;TTDA)?, and the poly-
nuclear RE clusters, led to the construction of the highly-
connected MOF based on the (3,6,12)-c urx net, namely RE-
urx-MOF-1. The benzene-1,3-dibenzoate part coordinated to
the nonanuclear carboxylate-based clusters (d6Rs) and the
tetrazolate moiety directed the formation of tetrazolate-based
hexanuclear RE cluster. Remarkably, this tetrazolate-based
hexanuclear cluster is 6-connected instead of 12-connected, as
previously  reported  hexanuclear  cluster  [REg(us-
OH)3(0,C—)6(N4C—)s] in RE-fcu-MOF-1 with heterofunction-
al ditopic linkers.!” Additionally, this 6-connected hexanuclear
cluster can be viewed as trigonal antiprismatic building units.
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It is to be noted that it represents the first example of urx-
MOF with triangle, trigonal anti prism, and d6R as building
units.

Therefore in this study the deliberate construction of highly-
connected MOFs based on highly-coordinated and minimal
edge-transitive related nets from their related net-cBUs illus-
trates: i) the importance of highly-connected minimal edge-
transitive nets as appropriate blueprints for the design and
assembly of MOFs; ii) the benefits of related nets as a credible
pathway for the design and construction of 3-periodic crystal-
line extended frameworks; iii) polynuclear inorganic clusters
with connectivity of 12 or greater as a reliable route to readily
access the requisite net-cBUs with the looked-for directional
and structural information; iv) the prominence of polytopic
branched ligands as net-cBUs with precise embedded geomet-
rical information to code matchlessly and distinctively a se-
lected net.
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Generation of minimal edge-transitive nets based on d6R

N

soc net
(4,6)-c net, transitivity [2 1 2 2]

nia net
(6,6)-c net, transitivity [2 1 2 2]

soc-relatedkce net nia-related kex net nia-related urx net
(3,4,12)-c net, transitivity [3 2 3 2] (3,6,12)-c net, transitivity [3 2 4 3] (3,6,12)-c net, transitivity [3 2 4 3]
Net Net Net
J augmentation J' augmentation J augmentation

urx-a net

RE-kce-MOF-1 / \ RE-kex-MOF-1 j \ RE-urx-MOF-1 /

Figure 1. Generation of minimal edge-transitive net (transitivity [32]) from edge-transitive net (transitivity [21]) by replacing one
of the nodes with an edge-transitive binodal group. RE, C, O, and N are represented by purple/sea green, gray, red and blue, respec-
tively, and H atoms and solvent molecules are omitted for clarity. RE atoms are represented as polyhedra.
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RESULTS AND DISCUSSION

Generation of minimal edge-transitive related net.
At the outset of this study, the parent edge-transitive net?® was

employed by replacing one of the nodes with an edge-transitive

binodal group to generate the minimal edge-transitive related net.

A newly generated net is defined as a related net when the coor-
dination number of B is increased for a parent net with vertices
type A and B, where vertex A is replaced by a group of linked
vertices. If the coordination number of B remains the same the
new net is a derived net, and this kind of net has been discussed
and reviewed previously.'® ?* For instance, as illustrated in Fig-
ure 1, the (3,4,12)-c kce net is generated from the (4,6)-c soc net
by replacing 4-c square into a group of nodes (i.e. one kind of
triangles and one square), and the coordination number of the
other node is increased from 6 for octahedron in the soc net to 12
for hexagonal prism (d6R) in the kee net. Thus, kce net is a soc-
related net.

The (3,6,12)-c kex and urx nets are generated from the (6,6)-c
nia nets by splitting the octahedron in nia-net into trian-
gles/hexagon, and triangles/octahedron, respectively. The
(3,6,12)-c epw net (triangle, hexagon, and d6R) is a hxg-related
net (hexagon), and the (3,8,12)-c urp net is an ocu-related net
(octahedron and cube). The (3,6,12)-c dnm and dnn net (triangle,
trigonal prism and d6R) are acs-related and nia-related net, re-
spectively. Notably, the full list of minimal edge-transitive relat-
ed nets based on the doR were enumerated from the edge-
transitive binodal parent nets and are summarized in the Table 1.

The resultant highly-coordinated related nets with transitivity
[32] have been introduced in the RCSR database.” It is antici-
pated that these special minimal edge-transitive related nets will
offer great potential for the discovery and design of novel and
highly-coordinated materials using the d6Rs as net-cBUs, en-
compassing the net coded connectivity and geometrical infor-
mation.

Table. 1 Edge-transitive binodal parent nets and their minimal edge-transitive related nets.

VF  Parent net (SPGR®) CF  Operation® Related® CF° SPGR"
(e peu-b (Fm3m) 0,0 O-1-6a' epu [H3]X> R3m
O-1-6b* epv [03]1X, R3m
nia (P6s/mmc) OP O-1-6af kex [H3]1X, P6s/mmc
O-1-6b* urx [03]1X, P6s/mmc
soc (Im3m) S,0 S-14 kce [S31X, Im3m
P acs-b (P6m?2) PP P-1-6 dnm [P3]1X, P6m2
nia (P6s/mmc) PO P-1-6 dnn [P3]1X> P63/mmc
H hxg-b (Fd3m) HH H-1-6 epw [H3]X, Fd3m
C ocu (Im3m) 0,C C-1-8 urp [C3]1X> Im3m
U mgc (Fd3m) HU U-1-12 dny [B3]X, Fd3m
X shp (P6/mmm) S$.X  X-1-12 pek C,[3X] P6/mmm
alb (P6/mmm) P.X X-1-6e alc [HQIX4 P6/mmm
X-1-12 aea [X3]X> P6/mmm

*VF = vertex figures, indicating the vertex figures of the parent edge-transitive nets.

® SPGR = space group, indicating the space group of parent nets and their generated related nets.

¢ CF = coordination figure (shape of coordination). For binodal parent nets, CF referred to W,W. For example, S,O is the CF for soc
net. For trinodal related nets, the CF is specified as the form [X,,Y]Z,, indicating Y is linked to m X and n Z and [X,,Y] is derived
from the parent net. For the CF: 3 = triangle, S = square, Q = square pyramid, O = octahedron, P = trigonal prism, H = hexagon, C =
cube, X = hexagonal prism, U = truncated tetrahedron, B = cuboctahedron.

4 W-n;-ny, W represent overall shape of the building block (e.g. P = trigonal prism); n; denotes the number of one node or several
nodes in the center of this building block; n, represents the number of derived nodes between the central nodes and vertices.

¢ Related nets based on the double six-membered ring (d6R or hexagonal prism).

T'The replacement of the 6-c octahedral node (O) with a group of two kinds of nodes. O-1-6a denotes the central node is connected to
six planar nodes, and the generated net contains hexagonal nodes. O-1-6b denotes the central node is connected to six nodes sitting in
octahedral geometry, and the generated net contains 6-c octahedral nodes.
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RE-kce-MOF-1 Platform.

The d6R multinuclear clusters have been explored to construct
highly-connected and stable MOFs with versatile properties. '
20.30-32 Tntroduction of the dendritic organic linker dramatically
limited the possible outputs of the MOF products; however, it
remains challenging to synthesize highly-connected MOFs
with dendritic organic ligands having more than six carbox-
ylates due to the difficulty and complexity of synthesis tech-
niques. Specially, to the best of our knowledge, there is no
example of RE-MOFs based on the highly-connected nets
with at least one node >12 constructed from dendric organic
ligand with more than eight carboxylates.

The (3,4,12)-c kee net with transitivity [3232], containing one
type of triangles, one square, and d6R building unit, was em-
ployed as a suitable blueprint for the rational construction of
MOFs. To target the aforementioned highly-coordinated kce-
MOFs, a noticeable strategy was to design a novel polytopic
branched ligand with pre-coded geometrical information
uniquely matching the selected net, i.e. square and triangular
arms. This branched linker can furthermore guide the for-
mation of previous reported d6R-shaped polynuclear clusters
in proper reaction conditions, eventually resulting in the tar-
geted kce-MOF.

Indeed, reactions between Y(NOs);-6H,O and 1,2,4,5-
tetrakis[3,5-bis(4-carboxyphenyl)phenoxymethyl]benzene
(HsTBCPB) (Figure Sla-d), in the presence of 2-
fluorobenzoic acid (2-FBA) in an N, N-dimethylformamide
(DMF)/chlorobenzene/water solution yielded colorless poly-
hedral crystals, formulated by single crystal X-ray diffraction
study (SCXRD) as |(DMA)3|[Y9(M3-O)2(M3-
OH)12(OH),(H,0)7(TBCPB), 5]-(solv),  (kce-MOF-1) (1)
(DMA = dimethylammonium cation and solv = solvent) (Ta-
ble S1; Figures 2 and S2). The SCXRD study discloses that
compound 1 crystallizes in the cubic space group Im-3m with
a=43.475(2) A and V = 82170(10) A>. Analysis of the result-
ant crystal structure of 1 revealed the in sifu formation of high-
ly-connected yttrium (Y) polynuclear carboxylate-based clus-
ters, namely a 12-c nonanuclear clusters, [REo(u3-O)2(us3-
OH)2(02C-)12], and their subsequent copolymerization by
the fully deprotonated octacarboxylate ligands (TBCPB) to
yield a novel 3-periodic highly-connected Y-MOF. Each of
the three yttrium ions is coordinated to four ps-OH, four oxy-
gen from carboxylates, leaving the ninth coordination site
occupied by a water molecule while each of the other six yttri-
um ions is surrounded by one p3-O, four ps3-OH, two oxygen
from carboxylates and one water molecule or OH in the apical
position
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Hexagonal prism SBU
12-c

= )94

Square SBU 4-c
Triangular SBUs 3-c

kce-a net

Figure 2. (top left) the nonanuclear RE cluster [Yo(p3-O)a(ps3-
OH)2(02C—)12] can be viewed as 12-connected hexagonal
prism, and the octatopic ligand can be viewed as 3-connected
triangles and 4-connected square, respectively; (top right) The
cubic meso-cage is constructed by 8 hexagonal prisms, 24
triangles and 6 squares; (down) the assembly of meso-cages
into infinite 3-periodic framework with underlying kce-a net.
RE, C and O are represented by purple, black and red, respec-
tively, and H atoms and solvent molecules are omitted for
clarity.

The resultant framework encloses one kind of cuboidal cages
and two types of interconnected infinite channels (Figures S3-
5). The cuboidal cage is constructed by six organic TBCPB®
ligands located at the faces of the cube-shaped cage, and eight
inorganic nonanuclear [REq(u3-O)2(u3-OH)12(0.C—)12] clusters,
which occupy the vertices of the cubical cage. The corre-
sponding calculated total accessible volume for Y-kce-MOF-1,
upon removal of guest solvent molecules, was estimated to be
76.8%, by summing voxels more than 1.2 A away from the
framework using PLATON software.*

The phase purity of the bulk crystalline materials for com-
pound 1 was confirmed by similarities between the calculated
and as-synthesized powder X-ray diffraction (PXRD) patterns
(Figure S15). The thermogravimetric analysis (TGA, Figure
S16) shows that 1 decomposes at about 400 °C under N flow.
As expected, substitution of the yttrium metal salt with
Tb(NOs3)3-5H,0 under similar reaction conditions resulted in
the analogous Tb-kce-MOF-1, confirmed by PXRD and TGA
data (Figures S17-18).
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Topological analysis of the resulting crystal structure revealed
that the octatopic ligand which can be deconstructed into one
4-connected square node and four topologically same 3-
connected nodes, in combination with the aforesaid 12-¢c d6R
MBB, [Yo(us-O)a(us-OH)12(0.C—)12], resulted in the for-
mation of an unprecedented highly-connected Y-MOF with a
(3,4,12)-connected net and kce underlying topology, Y-kce-
MOF-1 (Figures 2 and S10). It is worth to note that the tri-
nodal kece net has the transitivity [3232], a minimal edge tran-
sitive net with only two kind of edge. This (3,4,12)-c kce net
is related to the (4,6)-c soc net.

RE-kex-MOF-1 Platform.

In order to further attest the principle that the highly-
coordinated minimal edge-transitive nets with d6R MBBs are
suitable targets for the rational construction of highly-
connected MOFs, a pre-programmed 12-carboxylate ligand
enclosing both triangle and hexagon MBBs was also purpose-
ly deployed in combination with the RE polynuclear clusters
to construct said the targeted minimal edge-transitive related
net (3,6,12)-c kex net.

Indeed, reactions between Y(NO3);-6H,O and 1,2,3,4,5,6-
hexakis[3,5-bis(4-carboxyphenyl)phenoxymethyl]benzene
(HioHBCPB), in the presence of 2-FBA in an
DMF/chlorobenzene/water solution yielded colorless hexago-
nal crystals, formulated by SCXRD as [(DMA)3|[Yo(u3-O)a(pi3-
OH)12(OH),(H,0)7;(HBCPB)]- (solv). (kex-MOF-1) (2) (Table
S2; Figures 3 and S6). The SCXRD study discloses that com-
pound 2 crystallizes in the hexagonal space group P6s/m with
a=23.951(1) A, ¢ = 32.354(2) A and V = 16073(2) A*. Anal-
ysis of the resultant crystal structure of 2 reveals the in situ
formation of highly-connected yttrium polynuclear carbox-
ylate-based clusters, namely a 12-c Y nonanuclear clusters
[REo(13-O)2(13-OH) 12(02C—)12], and their subsequent copoly-
merization by the fully deprotonated dodecacarboxylate lig-
ands (HBCPB) to yield a novel 3-periodic highly-connected
Y-kex-MOF-1. The replacement of the yttrium metal salts
with Tb(NOs3)3-5H,O under similar reaction conditions result-
ed in the analogous Tb-kex-MOF-1, |(DMA )s|[Tbo(1t3-O)2(113-
OH)2(OH),(H,0);(HBCPB)]- (solv), (2-Tb) (Table S3).

The resultant framework encloses two kinds of cages, namely
cage A constructed from five nonanuclear clusters and six
organic ligands, and cage B formed by three inorganic clusters
and two deprotonated dodecacarboxylate linkers (Figure S6).
The close examination of the RE-kex-MOF-1 structure re-
vealed the nonanuclear cluster MBBs arrange to form 2-
periodic hexagonal lattice (hxl) layers in the ab plane, pillared
by HBCPB ligands thus resulting in a 3-periodic MOF (Fig-
ures S7-8). Explicitly, the hxl layers are pillared in an ABA
packing mode. The corresponding solvent accessible free vol-
ume for compound 2 was estimated to be 11069 A*(70.0% of
the unit cell volume of 15867 A% by summing voxels more
than 1.2 A away from the framework using PLATON soft-
ware. >

The phase purity of the bulk crystalline materials for com-
pound 2 and 2-Tb were confirmed by similarities between the
calculated PXRD patterns from the SCXRD data and as-
synthesized patterns (Figures S19 and S21). The TGA plots
under N, flow revealed these compounds decompose at
~450 °C (Figures S20 and S22).

Topological analysis of the resulting crystal structure revealed
that the dodecacarboxylate ligand which can be deconstructed
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into one 6-connected hexagon node and six topologically same
3-connected nodes, in combination with the aforementioned
12-c MBB, [Yo(us-O)a(p3-OH)12(02C-)12], resulted in the
formation of the unique highly-connected Y-MOF with a
(3,6,12)-connected net and kex underlying topology, Y-kex-
MOF-1 (Figures 3 and S11). It is to be noted that the (3,6,12)-
¢ kex net is related to the edge transitive (6,6)-c nia net, and
that the trinodal kex net has the transitivity [3243], a minimal
edge transitive net with only two kind of edges.

Il

Hexagonal prism SBU
12-c

= L ) (4
SIS At

Hexagon SBU 6-c
Triangular SBUs 3-c =

kex-a net

Figure 3. (top left) the nonanuclear RE cluster [Yo(u3-O)2(u3-
OH)2(02C-)12] can be viewed as 12-connected hexagonal
prism, and the dodecatopic ligand can be viewed as 3-
connected triangles and 6-connected hexagon, respectively;
(top right) The trigonal bipyramidal cage A is constructed by 5
hexagonal prisms, 12 triangles and 6 hexagons, while the trig-
onal bipyramidal cage B is constructed by 3 hexagonal prisms,
12 triangles and 2 hexagons; (down) the assembly of cages
into infinite 3-periodic framework with underlying kex-a net.
RE, C and O are represented by purple, black and red, respec-
tively, and H atoms and solvent molecules are omitted for
clarity.

ZMOFs area subclass of MOFs with topologies and, in some
cases, with features similar to traditional inorganic zeolites, a
benchmark in porous solid-state materials due to their notable
commercial significance.”® ZMOFs attracted open scientific
interest due to their tunable pore size/shape, unique cage-like
cavities, as well as modular intra- and/or extra-framework
components. To delineate pathways toward the rational design
and construction of ZMOFs, several key design routes (i.e.

6
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“edge-expansion” of traditional zeolitic net, assembly from
hierarchically superior building units, derivation from en-
larged tetrahedral building units; construction via organic tet-
rahedral nodes) are accessible.?

Composite building units (CBUs) are the basic building blocks
for zeolites, containing double four-membered ring (d4R),
double six-membered ring (d6R), double eight-membered ring
(d8R) etc.* The d6R is a key composite building unit in zeo-
lites such as Faujasite and SAPO-56; however, to the best of
our knowledge, no example of ZMOFs based on the organic
d6Rs has been reported so far due to the extreme difficulty
pertaining to the formation of d6R MBBs inside MOFs. It
should be noted that d4Rs and d8Rs have already been used to
construct ZMOFs (i.e. rho-ZMOF* and 1ta-ZMOF*®) and
zeolitic imidazolate frameworks (ZIFs) (i.e. ZIF-10°7%) since
a decade ago. Recently, the d6R building units have been used
to construct ZIFs such as ZIF-386 with the afx net.”’

Herein, by considering the ligands of the aforementioned kex-
MOF-1 as the 12-connected nodes, the kex-MOFs can alterna-
tively be viewed as a MOF constructed from only d6Rs, name-
ly the combination of the d6R shaped ligands and the d6R
inorganic polynuclear clusters. Topological analysis of the
resulting net reveals that this MOF is the first example of afx-
ZMOF with both organic and inorganic d6Rs, enclosing one

kind of gme cage and one kind of aft cage (Figure 4 and S12).

The comparison of cages in kex-a net (cage A and cage B),
cages in zeolitic afx net (aft and gme cage), and natural tiling
in afx-ZMOF (aft and gme tiling) revealed the intrinsic rela-
tionship between the newly generated kex net and known zeo-
litic afx net (Figure S9).

Figure 4. (top left) the nonanuclear RE cluster [Yo(u3-O)2(ps-
OH)2(02C-)12] can be viewed as 12-connected hexagonal
prism (d6R-1, purple), and the dodecatopic ligand can be
viewed as 12-connected hexagonal prism (d6R-2, green), re-
spectively; (top right) The trigonal bipyramidal cage A is con-
structed by 5 d6Rs-1 and 6 d6Rs-2, while the trigonal bi-
pyramidal cage B is constructed by 3 d6Rs-1 and 2 d6Rs-2;
(down left) the assembly of cages into infinite 3-periodic
framework with underlying afx net; (down right) natural tiling
of afx-ZMOF (d6Rs-1 are shown in purple, d6Rs-2 in green,
gme cages in light blue, aft cages in yellow). RE, C and O are
represented by purple, black and red, respectively, and H at-
oms and solvent molecules are omitted for clarity.

ACS Paragon Plus Environment

Journal of the American Chemical Society

RE-urx-MOF-1 Platform.

In order to further prove that minimal edge-transitive related
nets (i.e. (3,6,12)-c urx net with triangle, trigonal antiprism
and d6R building units) are special and suitable blueprint nets
for the rational construction of highly-connected MOFs, a 3-
connected heterofunctional ligand was also purposely de-
ployed in combination with the RE polynuclear clusters. It is
to be noted that the combination of triangular ligands with
lower symmetry and RE polynuclear clusters tend to form
structures containing layers of 12-c nanonuclear clusters (d6R)
and different polynuclear cluster based MBBs, namely pek-
MOFs (triangle, cube and d6R) and aea-MOFs (triangle, d6R-
1 and d6R-2)."” Herein, the introduction of 3-c heterofunction-
al ligand with the tetrazolate moiety offers the potential to
plausibly direct the formation of tetrazolate-based polynuclear
RE cluster with a novel vertex figures, and plausibly lead to
the construction of MOFs based on urx topology.

Indeed, reactions between Tb(NO3);-6H,O and the heterofunc-
tional 5'-(1H-tetrazol-5-yl)-1,1":3',1""-terphenyl-4,4"'-
dicarboxylic acid (H3;TTDA), in the presence of 2-FBA in an
DMF/chlorobenzene/water solution yielded colorless hexago-
nal crystals, formulated by SCXRD as |[(DMA)s|[(Tbo(pis-
0)2(13-OH)12(OH)2(H20)7) (Tbe(p3-OH)s(H20)s(HCOO)s)
(TTDA)s]-(solv), (urx-MOF-1) (3) (Table S4; Figure 5). The
SCXRD study discloses that compound 3 crystallizes in the
hexagonal space group P6y/mmc with a = 22.7138(9) A, ¢ =
50.592(2) A and V = 22604(2) A’. Analysis of the resultant
crystal structure of 3 reveals the in sifu formation of both high-
ly-connected terbium (Tb) 12-c nonanuclear carboxylate-
based cluster and terbium 6-c hexanuclear tetrazolate-based
cluster, and their subsequent copolymerization by the fully
deprotonated TTDA ligand to yield a novel 3-periodic highly-
connected Tb-MOF.

The replacement of the terbium metal salts with
Dy(NO3);-5H,O under similar reaction conditions with
NaH,TTDA resulted in the analogous Dy-urx-MOF-1,
|(DMA);s|[(NazDyy(p3-0)2(p3-OH)12(0)2(H20)7) (Dye(pa-
OH)3(HCOO)6(H20)6) (TTDA)s]-(solv), (3-Dy) (Table SS5).

Analysis of the hexanuclear cluster revealed that all the Tb
ions are nine coordinated, seven oxygens (namely four from
the pw3-OH, two from the formate generated from-the in situ
degradation of DMF solvent molecules, and one apical water
molecule) and two nitrogen from the tetrazolate moiety of the
ligand. The resulting [Tbe(ps-OH)s(H20)s(02CH)s(N4C—)s]*
cluster is capped by six tetrazolate moieties from six different
ligands and six carboxylate groups from six formates.
Similarly, six of the Tb ions of the nonanuclear cluster are
coordinated to eight oxygens (one from the p3;-O, four from
the ps-OH, two from the carboxylate of the ligand and one
water molecule or OH in the apical position) while the remain-
ing three Tb ions are coordinated to nine oxygens (four from
the p3-OH, four from the carboxylate of the ligand and one
water molecule in the apical position). The resulting [ Tbo(p3-
0)2(13-OH)12(02C-)12(OH)2(H20)7]* is capped by twelve car-
boxylates from twelve different ligands. The overall charge of
the structure is balanced by five DMA cations from the ther-
mal decomposition of DMF.
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Figure 5. Use of a heterofunctional based 3-c ligand leading
to the formation of a 6-connected hexanuclear cluster, [Tbe(ut3-
OH)5(H20)6(02CH)s(NsC—)s], and a 12-connected nonanucle-
ar cluster, [Tbo(u3-O)2(u3-OH)12(0,C-)12] paving the way to
the discovery of a (3,6,12)-c urx net.

The topological analysis of the crystal structure revealed that
the 12-connected nonanuclear cluster can be described as a
hexagonal prism (d6R) secondary building unit (SBU), while
the point of extension of the 6-connected hexanuclear cluster
match the vertex figures of an octahedral SBU. These two
building units combined with the 3-connected triangular lig-
and gave the Tb-urx-MOF-1 with the targeted highly-
connected (3,6,12)-c urx net, topologically related to the edge-
transitive (6,6)-c nia net (Figure 5 and S13).

Tb-urx-MOF-1 exhibits two types of cages, I and II, cage I
being seen as a channel. Cage 1 has diameters of 17.2 A
(height) and 14 A (width), and is accessible via two different
apertures, 4.3 and 6.3 A, respectively. Moreover, cage | is
derived from the triangular arrangement, in the equatorial plan,
of three nonanuclear clusters and the capping by two hexanu-
clear clusters, in the two axial positions (triangular based bi-
pyramidal geometry), while cage II has diameters of 17.8 A
(height) and 13.0 A (width)

The phase purity of Tb-urx-MOF-1 was confirmed by similar-
ities between the calculated PXRD patterns from the SCXRD
data and the patterns of the as-synthesized materials (Figure
S23). The compound is insoluble in common organic solvents.
The TGA analysis carried out under nitrogen flow revealed the
compound 3 decomposes at about 400 °C (Figure S24).

Gas sorption studies.
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The porosity of the material Tb-urx-MOF-1 was confirmed by
Ar adsorption at 87K. In fact, Tb-urx-MOF-1 showed a fully
reversible type I isotherm. Tb-urx-MOF-1 has an apparent
Brunauer—Emmett—Teller (BET) surface area, a Langmuir
surface area and a total pore volume of 1590 m2g!, 1830
m2-g"! and 0.66 cm3-g"! respectively. The experimentally ob-
tained total pore volumes are in good agreement with the as-
sociated theoretical values derived from SCXRD data, i.e.,
0.82 cm®g™! for Tb-urx-MOF-1. The pore size distribution
(PSD) for RE-urx-MOF-1 was assessed using the Ar adsorp-
tion data (Figure S25) and revealed two type of pores, which
are in good qualitative agreement with the above derived val-
ues from the corresponding crystal data. The apparent BET
surface areas and pore volumes for Y-kce-MOF-1 and Y-kex-
MOF-1 were provided in the Table S6. The lower experi-
mental values of porosity compared to the simulated values
might be due to partial activation or the inherent flexibility of
these MOFs (Figures S26-27).
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Figure 6. Type I isotherm for Argon sorption of Tb-urx-
MOF-1.

CONCLUSIONS

We reported here the employment of the minimal edge-
transitive related trinodal nets for the rational design and syn-
thesis of three types of highly-connected MOFs, namely
(3,4,12)-c kce-, (3,6,12)-c kex-, and (3,6,12)-c urx-MOFs,
containing d6Rs as net-cBUs. The kce-MOF-1 was synthe-
sized by the use custom-designed octatopic ligands enclosing
triangular and square building units, in combination with d6R-
shaped RE polynuclear clusters in the presence of 2-FBA. The
kex-MOF-1 was constructed using purposely-made dodeca-
carboxylate organic linkers as net-cBUs embedded with trian-
gular and hexagonal building units, and the RE nanonuclear
inorganic clusters. Notably, the ligands encompassed in kex-
MOF-1 can also be viewed as d6Rs, thus making it so far the
first example of ZMOFs constructed from d6R organic MBBs
with afx topology. The heterobifunctional triangular tetrazole-
based ligand guided the in-situ formation of two kinds of pol-
ynuclear clusters, i.e. trigonal anti prismatic tetrazolate-based
hexanuclear clusters and hexagonal prismatic carboxylate-
based nanonuclear clusters, with the help of 2-FBA. Thus, it
promoted to the construction of a 3-periodic (3,6,12)-c urx-
MOF.

Page 8 of 11
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The present work establishes a superior control in the rational
design and assembly of novel MOF platforms by reticular
chemistry. The newly generated minimal edge-transitive tri-
nodal related nets, which have been included in searchable
RCSR database, offer a commanding route for the design and
construction of highly-coordinated crystalline extended
framework materials using highly-connected building blocks.
We also unveiled the importance of minimal edge-transitive
related nets as appropriate blueprints for the design and di-
rected assembly of MOFs with net-cBUs. The requisite net-
cBUs can attained as highly-connected inorganic MBBs,
which are in-situ generated under the right reaction conditions,
and/or from a polytopic organic ligand encompassing the pre-
cise connectivity that affords the positioning of coordinating
moieties in the intricate and desired highly-connected geome-
try. Most importantly, we revealed that the systematic genera-
tion of minimal edge-transitive related net from the parent
edge-transitive net is a reliable process paving the way for the
deliberate construction of highly-connected nets.

Noticeably, unprecedented control in the MOF design using
minimal edge-transitive trinodal related nets offers great po-
tential for the development of made-to-order MOFs with pro-
grammed functionalities to address the persisting needs in
various on-demand applications such as gas storage, and
gas/vapor separations.

EXPERIMENTAL SECTION

Synthesis of compounds.

Synthesis of Y-kce-MOF-1 (1): A solution of Y(NOs3);:6H,O
(21.9 mg, 0.06 mmol) and HsTBCPB (7.3 mg, 0.005 mmol) in
1.25 mL of DMF, 0.75 mL chlorobenzene and 0.75 mL of
H,O were mixed in a 20 mL scintillation vial. A 2 mL of 4M
2-FBA in DMF was added to the mixture, and then sonicated
for 30 min. The vial was sealed and heated to 105°C for 72 h.
The pure colorless polyhedron crystals were filtered and
washed with DMF. The as-synthesized material was found to
be insoluble in H,O and common organic solvents. Crystals
were harvested, soaked in DMF overnight, and then ex-
changed in CH,Cl, (DCM) for three days. Note that the DCM
solution was refreshed at least every 12h. Tb-kce-MOF-1 was
synthesized in the similar way as Y-kce-MOF-1 but by using
Tb(NO3)3-5H>0 instead of Y(NO3)3-6H0.

Synthesis of Y-kex-MOF-1 (2): A solution of Y(NO3);6H,O
(21.9 mg, 0.06 mmol) and H;;HBCPB (10.78 mg, 0.005 mmol)
in 1.25 mL of DMF, 0.75 mL chlorobenzene and 0.75 mL of
H,0O were mixed in a 20 mL scintillation vial. A 2 mL of 4M
2-FBA in DMF was added to the mixture, and then sonicated
for 30 min. The vial was sealed and heated to 105°C for 24 h.
The pure colorless hexagonal prism shape crystals were fil-
tered and washed with DMF. The as-synthesized material was
found to be insoluble in H,O and common organic solvents.
Crystals were harvested, soaked in DMF overnight, and then
exchanged in DCM for three days. Note that the DCM solu-
tion was refreshed at least every 12h. Tb-kex-MOF-1 (2-Tb)
was synthesized in the similar way as Y-kex-MOF-1 but by
using Tb(NO3)3-5H>0 instead of Y(NO3);:6H-O.

Synthesis of Th-urx-MOF-1 (3): A solution of Tb(NO3);:5H,O
(15 mg, 0.04 mmol) and H3TTDA (8 mg, 0.02 mmol) in 3 mL
of DMF, 0.2 mL chlorobenzene and 0.5 mL of H,O were
mixed in a 20 mL scintillation vial. A 0.155 mL of 4M 2-FBA
in DMF was added to the mixture, and then sonicated for 30
min. The vial was sealed and heated to 115°C for 72 h. The
pure colorless hexagonal prism shape crystals were filtered
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and washed with DMF. The as-synthesized material was found
to be insoluble in common organic solvents. Crystals were
harvested, soaked in DMF overnight, and then exchanged in
CH;CN for three days. Note that the solution was refreshed at
least every 12h. Dy-urx-MOF-1 (3-Dy) was synthesized in the
similar way as Tb-urx-MOF-1 but by using Dy(NO3);3-5H,O
and NaH,TTDA instead of Tb(NO3);:5H>O and H;TTDA.
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