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ABSTRACT: Structural diversity of metal—organic frame-
works (MOFs) has been largely limited to linkers with at
most two different types of coordinating groups. MOFs
constructed from linkers with three or more nonidentical
coordinating groups have not been explored. Here, we
report a robust and porous crystalline MOF, Zn,(PBSP),
or MOF-910, constructed from a novel linker PBSP
(phenylyne-1-benzoate, 3-benzosemiquinonate, S-oxido-
pyridine) bearing three distinct types of coordinative
functionality. The MOF adopts a complex and previously
unreported topology termed tto. Our study suggests that
simple, symmetric linkers are not a necessity for formation
of crystalline extended structures and that new, more
complex topologies are attainable with irregular, hetero-
topic linkers. This work illustrates two principles of
reticular chemistry: first, selectivity for helical over straight
rod secondary building units (SBUs) is achievable with
polyheterotopic linkers, and second, the pitch of the
resulting helical SBUs may be fine-tuned based on the
metrics of the polyheterotopic linker.

o date, the majority of metal—organic frameworks (MOFs)

have been built from highly symmetric linkers that consist
of one or two types of coordinating groups.' It is believed that
symmetry and uniformity of coordinating groups in the linker
facilitate assembly into a crystalline extended structure of high
symmetry.” One reason for this prevailing view is that if all the
coordinating groups are identical, conditions in which bond
formation to the metals is reversible can be achieved for all of
these groups simultaneously so that they ultimately reticulate
into a crystalline rather than amorphous phase.” Also, a highly
symmetric linker has a greater probability of aligning to form a
periodic structure since its ligating groups are the same and
therefore easily interchangeable during crystal growth. Thus, it
has been an article of faith in MOF chemistry that symmetric
building units should be employed for the synthesis of highly
symmetric extended structures. However, our work demon-
strates that infinite secondary building units (SBUs) accom-
modate irregular polytopic linkers into a crystalline extended
structure. By examining the novel MOF described here in the
context of the MOF literature, we uncovered two principles of
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reticular chemistry involving selectivity of helical over straight
rod SBUs and control of SBU helicity.

The tritopic linker PBSP (phenylyne-1-benzoate, 3-benzose-
miquinonate, S-oxidopyridine, Figure la) lacks symmetry
elements (C, point group) and supports three different
coordinative functionalities: benzoate, semiquinonate, and
pyridonate. We linked it with Zn(II) into a highly symmetric
3D porous framework based on infinite SBUs (rods) formulated
as Zn;(PBSP), and termed MOF-910. Single-crystal X-ray
diffraction (XRD) revealed that this MOF crystallizes in the
trigonal space group R3c and comprises helical 1D SBUs that
form hexagonal channels 21 A in diameter (Figure 1b). MOF-
910 adopts a new topology, termed tto, and it is the first example
of a MOF based on a heterotritopic linker. Construction of
MOFs from less symmetric linkers with multiple different
coordinating groups is a new method to target helical rod MOFs
in which the helical pitch is predetermined by the linker. MOFs
based on rod-like SBUs are desirable due to their resistance to
interpenetration, potential for isoreticular expansion, and
breathing functionality.* While the discovery of helical rather
than straight rod MOF:s relies on trial and error when symmetric,
homotopic molecules serve as the linkers,” we find that MOFs
based on helical SBUs are preferred for syntheses with less
symmetric linkers due to the nonuniform distances between the
coordinating groups. The power to impart helicity to SBUs is
promising for the design of noncentrosymmetric MOFs for
asymmetric catalysis and chiral resolution.’

The three distinct coordinative functionalities of the PBSP
linker were chosen for their propensities to bind in a bidentate or
bridging fashion and for their high number of possible
coordination modes.” While benzoate moieties are ubiquitous
in MOF chemistry, semiquinonate or catecholate moieties were
incorporated into very few 3D MOFs.” A small number of MOFs
are based on 2-hydroxypyrimidine,” but the less-symmetric
derivative 2-pyridone had yet to be incorporated into an
extended framework. We find that stark differences between
the pK, values of these three groups (4.2, 9.5, and 11)"° do not
preclude MOF formation by one-pot solvothermal conditions.

The neutral, closed-shell form of the heterotritopic linker,
termed PBCP (phenylyne-1-benzoic acid, 3-catechol, S-
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Figure 1. (a) PBSP heterotritopic linker. (b) Structure of MOF-910
viewed along the c-axis in the direction of hexagonal channels. Disorder
in benzoate moieties is omitted for clarity. (c) Coordination of PBSP
heterotritopic linker to Zn ions viewed perpendicular to channels. Zn,
light blue; C, black; O, red; N, green; benzoate rings, purple;
semiquinonate rings, yellow; pyridonate rings, dark blue. Hydrogen
atoms are omitted for clarity.

pyridone), was attained in three synthetic steps requiring one
column purification (Schemes S1—S3). Solvothermal synthesis
with PBCP and ZnCl, under basic conditions yielded 100 ym
hexagonal needles of MOF-910 (Scheme S4). Structural
elucidation by single-crystal XRD revealed MOF-910 belongs
to the space group R3¢ (No. 167) with lattice parameters a = b =
47.239(2) A and ¢ = 27.122(1) A. The heterotritopic linker
crystallizes in a space group belonging to the Laue class 3m
despite the lack of symmetry usually imparted by the linker in
MOF syntheses.""

Although the three ligating groups are quite different in acidity
and MOF synthesis commences with the linker in its neutral,
protonated form, each of the three coordinating groups forms
bonds to metal ions in the extended structure. The asymmetric
unit includes one linker molecule and two distinct Zn atoms, one
on a general position in the unit cell and the other on a two-fold
rotational axis. This composition corresponds to the chemical
formula Zn;(PBSP),. The metal to linker molar ratio and the
knowledge that +2 is the only common oxidation state of Zn
imply the linker exists as a trianion in the MOF structure. This
charged state is reasonable given that catechol-based linkers
undergo aerobic oxidation to semiquinone radicals under similar
MOF synthesis conditions.”> MOF channels are lined with a

double wall built from pairs of closely associated linkers (Figure
1b). Gaps between each pair of linkers create 4.1 A windows in
the double wall. The 1D SBUs exist in equal populations of left-
and right-handed helical conformations such that the overall
structure is centrosymmetric.

The presence of three distinct bidentate coordinating groups
in the linker makes it unlikely that all metal ions in the structure
would exist in a single type of coordination environment. Indeed,
the Zn ions of this MOF adopt two configurations distinct in the
metal—link bonds involved. In two-thirds of the cases, each Zn
ion has three benzosemiquinonate oxygens, one carboxylate
oxygen, and one pyridonate nitrogen in its inner coordination
sphere. The other third of the Zn ions are each bound by two
benzosemiquinonate oxygens, two pyridonate oxygens, and one
carboxylate oxygen. The linker is low enough in symmetry that
the three coordinating groups are non-interchangeable in the
MOF structure. Within each closely stacked pair of linkers that
lines the channels, the pyridonate and benzosemiquinonate
moieties of one linker align with the pyridonate and semi-
quinonate moieties of the partner linker, while benzoate moieties
of the two linkers align together (Figure 1c). This preferential
association could bring cooperative side chains on linkers
together in space in a controllable manner to direct segregation
of functionalities in multivariate MOF systems."

Preferential alignment of coordinating groups also instills
disparate rigidity. While the pyridonate and benzosemiquinonate
moieties are inflexible since they form two points of attachment
to the same SBU, the benzoate moiety of each linker is
disordered because it is the single point of attachment to the
opposing SBU. Specifically, each benzoate moiety adopts one of
two equally likely conformations. In one conformation, the
benzoate ring is coplanar with the central aromatic ring to which
it is bonded, and the carboxylate binds to two Zn ions in a
bridging fashion. In the other conformation, the benzoate ring is
tilted with respect to the central aromatic ring, and a single
carboxylate oxygen is coordinated to a Zn ion (Figure 1c).

Additional analytical techniques performed on MOF-910
corroborate the structure solved by single-crystal XRD. Powder
XRD substantiates the bulk phase purity (Figure S7). Elemental
analysis of MOF-910 after activation to remove guests from the
pores supports the chemical formula as Zn, ;(PBSP)-2H,0
(caled C, 56.36%; H, 2.96%; N, 2.74%; found C, 54.48%; H,
2.77%; N, 3.09%). The symmetric resonance reflecting a g factor
of 2.050 in the solid-state electron paramagnetic resonance
spectrum is consistent with the characterization of the linker as a
monoradical semiquinonate species (Figure S9). Fourier trans-
form infrared spectroscopy verifies each of the MOF’s six ligating
atoms is deprotonated (Figure S10). The "H NMR spectrum of
MOF-910 postdigestion exclusively exhibits resonances attrib-
utable to the linker (Figure SS). The absence of any resonances
due to counterions, such as triethylammonium or dimethylam-
monium, confirms the chemical composition as a neutral
framework with a fully deprotonated trianionic linker.
Thermogravimetric analysis measured in air establishes high
thermal stability of MOF-910. The residual wt % of ZnO reflects
the chemical formula (Figure S11). Framework decomposition
does not begin until 320 °C. Greater basicity of benzosemiquin-
onate and pyridonate compared to that of carboxylates of typical
linkers likely contributes to the high thermal stability of MOF-
910."* Maintenance of crystallinity after suspension in pH 4 and
pH 8 aqueous solutions and a number of organic solvents (Figure
S8) demonstrates the good chemical stability of MOF-910.
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The N, adsorption isotherm at 77 K confirms permanent
porosity of MOF-910 and that its pores are free of counterions.
The type IV profile and step at a relative pressure of P/Py=0.075
verifies the presence of a mesopore (Figure S12)."> A Brunauer—
Emmett—Teller surface area of 2120 m* g~' was derived from the
sorption isotherm and matches the expected value of 2100 m* g™
determined from the single-crystal structure. The calculated pore
size distribution indicates a single pore width that matches the
van der Waals pore diameter of 21 A determined by single-crystal
XRD (Figure S13).

We describe how MOF-910 uncovers two principles of
reticular chemistry. Topologically, MOF-910 is an embedding of
a new net with the RCSR symbol tto (triangles, tetrahedra,
octahedra).'® The structure has six points of extension: three
located within the central aromatic ring of the linker and three
located at the branching points of each bidentate coordinating
group. Connecting the three points of extension within the
central ring of each linker reduces this part of each linker to a
triangle (Figure 2a). Connecting the points of extension within

"

Figure 2. Deconstruction of MOF-910 for topological analysis. (a)
PBSP heterotritopic linker is reduced to a triangle; (b) points of
extension are connected to reduce SBU to a helical rod composed of
octahedra alternating with pairs of tetrahedra; (c) tto topology.

each coordinating group to those of neighboring linkers reduces
the SBUs to helices in which octahedra share faces with the
neighboring tetrahedra and tetrahedra share edges with other
tetrahedra (Figure 2b). MOF-910 is the first structure with a
topology based on an SBU of this kind. Although the high
number of nodes makes this net complex, it has high symmetry
(R3¢, Figure 2c).

Despite two decades of research, the field of MOFs remains
lacking in the ability to predict and target structures based on
building units.'” In contrast to the organic constituents of MOFs,
which are based on linkers that serve as preformed building units
that remain largely unchanged during MOF synthesis, a major
challenge is control of the metal-based components of MOFs.
Recent efforts to target MOFs based on a specific discrete SBU
rely on the presynthetic growth of metal clusters prior to linkage
into an extended structure.'® However, such a strategy is not
possible with infinite SBUs. Selectivity for a MOF built from a
particular type of infinite SBU is an unsolved problem.

Analysis of MOF-910 provides insights to address these
challenges. The metrics and coordination modes of the three
ligating groups of the PBSP linker are markedly dissimilar, yet the
linker reticulates into a symmetric, porous, and crystalline
extended structure by way of infinite SBUs. The structure
consists of a single type of infinite SBU that satisfies the disparate
requirements of the three links (Figure 2b,c). Due to the lack of
trigonal symmetry in the PBSP linker, the distance between the
semiquinonate and pyridonate coordinating groups is shorter
than that from either moiety to the carboxylate. For this reason,
the semiquinonate and pyridonate bond to Zn ions of the same
1D SBU. This two-point attachment of the linker to a single SBU
directs the formation of helical rather than straight rods.
Coordination behavior of this heterotritopic linker contrasts
with that of BTB (benzene-1,3,5-triyltribenzoate), a higher
symmetry tritopic linker with a three-fold rotational axis. BTB
forms straight rods rather than helices since no two coordinating
groups bind to the same SBU (Figure 3a)."” The PBSP

a)

straight rod

BDC

straight rod zbx zce

Figure 3. Effect of linker symmetry on SBU helicity. (a) Tritopic BTB
produces straight rods (MIL-103). (b) Desymmetrized derivative of
BTB produces straight rods [Cd;(BPT),(DMF),] or helices [Yb-
(BPT)(H,0)]. (c) Ditopic BDC produces straight rods [Fe(BDC) and
MOEF-73].

heterotritopic linker reported here is more similar to BPT
(biphenyl-3,4’,5-tricarboxylate), a desymmetrized derivative of
BTB that forms straight rods when each of the three carboxylates
coordinates to a different SBU*” and helical rods when the two
proximal carboxylates bind to the same SBU (Figure 3b).”" Only
two other MOFs, Fe(BDC) (BDC = 1,4-benzenedicarboxylate)
and MOF-73, feature SBUs similar to those of MOF-910
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comprising pairs of tetrahedra alternating with octahedra (Figure
3c). These SBUs are straight rather than helical rods because the
linkers are ditopic rather than nontrigonal tritopic, as with the
PBSP heterotritopic linker.”””** We identify a tenet of reticular
chemistry from this work in the context of the MOF literature:
choice of a polytopic linker in which the distances between the
coordinating groups are nonuniform facilitates formation of helical
over straight rod SBUs.

Another design element is the pitch of a helical SBU.
Intramolecular distance between the coordinating atoms of the
semiquinonate and pyridonate define the pitch of the MOF-910
SBUs as 27.122(1) A or one unit cell along the c-axis. Helices are
three-fold symmetric because the six linkers that provide the 12
coordinating groups present in one complete turn propagate in
three directions. Four-fold helices would be possible with a
greater semiquinonate to pyridonate distance. A shorter distance
between the semiquinonate and pyridonate could yield a single-
walled structure with three- or four-fold symmetry. This
realization elucidates a second guiding principle of reticular
chemistry: the distance between the two proximal coordinating
groups of a polyheterotopic defines the pitch of a helical SBU. The
two principles of reticular chemistry exposed by MOF-910 and
described here are supported by a comprehensive analysis of
known rod MOFs.**

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.6b07267.

Synthesis, NMR, SEM, XRD, EPR, IR, TGA, N,

adsorption, and optical microscopy data (PDF)
Single-crystal data for MOF-910 (CIF)

B AUTHOR INFORMATION

Corresponding Author
*yaghi@berkeley.edu

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Financial support for this work was provided by BASF SE
(Ludwigshafen, Germany). N.R.C. thanks the NSF for a
Graduate Research Fellowship and the UC Berkeley Graduate
Division for a Chancellor’s Fellowship. A.S. and P.U. acknowl-
edge the German Research Foundation (DFG, PU 286/1-1 and
SCHO 1639/1-1) for financial support. We thank Wenjia Ma
and Elena Lopez-Maya for technical assistance with MOF
synthesis, Drs. Adam Duong, Michael O’Keeffe, and Hans-Beat
Biirgi for useful discussions, Dr. Ruchira Chatterjee for assistance
with EPR measurements, and Drs. Kevin J. Gagnon and Simon ]J.
Teat for help collecting single-crystal XRD data at Beamline
11.3.1 of the Advanced Light Source at Lawrence Berkeley
National Lab, which is supported by the Director, Office of
Science, Office of Basic Energy Sciences, of the U.S. Department
of Energy under Contract No. DE-AC02-05CH11231.

B REFERENCES

(1) (a) Stock, N.; Biswas, S. Chem. Rev. 2012, 112, 933. (b) Furukawa,
H.; Cordova, K. E.; O’Keeffe, M.; Yaghi, O. M. Science 2013, 341, 974.
(2) (a) Li, M; Li, D.; O’Keeffe, M.; Yaghi, O. M. Chem. Rev. 2014, 114,
1343. (b) Lu, W.; Wei, Z.; Gu, Z.-Y.; Liu, T.-F.; Park, J.; Park, J.; Tian, J.;
Zhang, M.; Zhang, Q.; Gentle, T, III; Bosch, M.; Zhou, H.-C. Chem. Soc.

Rev. 2014, 43, 5561. (c) Moulton, B.; Zaworotko, M. J. Chem. Rev. 2001,
101, 1629.

(3) Cook, T. R;; Zheng, Y. R; Stang, P. J. Chem. Rev. 2013, 113, 734.

(4) Rosi, N. L,; Eddaoudi, M.; Kim, J.; O’Keeffe, M.; Yaghi, O. M.
Angew. Chem., Int. Ed. 2002, 41, 284. (b) Horike, S.; Shimomura, S.;
Kitagawa, S. Nat. Chem. 2009, 1, 695. (c) Horcajada, P.; Salles, F.;
Wattke, S.; Devic, T.; Heurtaux, D.; Maurin, G.; Vimont, A.; Daturi, M,;
David, O.; Magnier, E.; Stock, N.; Filinchuk, Y.; Popov, D.; Riekel, C.;
Férey, G.; Serre, C. J. Am. Chem. Soc. 2011, 133, 17839.

(5) Géndara, F,; De La Pefia-O’Shea, V. A; Illas, F.; Snejko, N,;
Proserpio, D. M.; Gutiérrez-Puebla, E.; Monge, M. A. Inorg. Chem. 2009,
48, 4707.

(6) (2) Ma, L.; Abney, C.; Lin, W. Chem. Soc. Rev. 2009, 38 (5), 1248.
(b) Das, M. C;; Guo, Q.; He, Y.; Kim, J.; Zhao, C. G.; Hong, K.; Xiang,
S.; Zhang, Z.; Thomas, K. M.; Krishna, R;; Chen, B. J. Am. Chem. Soc.
2012, 134, 8703.

(7) (a) Rawson, J. M.; Winpenny, R. E. P. Coord. Chem. Rev. 1995, 139,
313. (b) Deacon, G. B.; Phillips, R. J. Coord. Chem. Rev. 1980, 33, 227.
(c) Kitagawa, S.; Kawata, S. Coord. Chem. Rev. 2002, 224, 11.

(8) Nguyen, N. T. T.; Furukawa, H.; Gandara, F.; Trickett, C. A;
Jeong, H. M,; Cordova, K. E.; Yaghi, O. M. J. Am. Chem. Soc. 2015, 137,
15394.

(9) Masciocchi, N.; Galli, S.; Tagliabue, G.; Sironi, A,; Castillo, O.;
Luque, A.; Beobide, G.; Wang, W.; Romero, M. A.; Barea, E.; Navarro, J.
A. R Inorg. Chem. 2009, 48, 3087.

(10) (a) Serjeant, E. P.; Dempsey, B. Ionization Constants of Organic
Acids in Aqueous Solution; Pergamon Press: Oxford, 1979. (b) Joule, J. A;
Mills, K. Heterocyclic Chemistry, Sth ed.; John Wiley & Sons, Ltd.: West
Sussex, U.K,, 2010.

(11) (a) Tian, D.; Chen, Q;; Li, Y.; Zhang, Y. H.; Chang, Z.; Bu, X. H.
Angew. Chem,, Int. Ed. 2014, 53, 837.

(12) Hmadeh, M,; Lu, Z.; Liu, Z.; Gandara, F.; Furukawa, H.; Wan, S.;
Augustyn, V,; Chang, R; Liao, L.; Zhou, F.; Perre, E,; Ozolins, V,;
Suenaga, K; Duan, X,; Dunn, B.; Yamamto, Y.; Terasaki, O.; Yaghi, O.
M. Chem. Mater. 2012, 24, 3511.

(13) (a) Deng, H; Doonan, C. J; Furukawa, H.; Ferreira, R. B;
Towne, J.; Knobler, C. B.; Wang, B.; Yaghi, O. M. Science 2010, 327, 846.
(b) Kong, X.; Deng, H.; Yan, F.; Kim, J.; Swisher, J. a; Smit, B.; Yaghi, O.
M.; Reimer, J. a. Science 2013, 341, 882. (c) Liu, C.; Luo, T.Y.; Feura, E.
S.; Zhang, C.; Rosi, N. L. J. Am. Chem. Soc. 20185, 137, 10508.

(14) Tabacaru, A.; Galli, S.; Pettinari, C.; Masciocchi, N.; McDonald,
T. M,; Long, J. R. CrystEngComm 2018, 17, 4992.

(15) Deng, H.; Grunder, S.; Cordova, K. E.; Valente, C.; Furukawa, H.;
Hmadeh, M,; Gandara, F.; Whalley, A. C.; Liu, Z.; Asahina, S.; Kazumori,
H.; O’Keeffe, M.; Terasaki, O.; Stoddart, J. F.; Yaghi, O. M. Science 2012,
336, 1018.

(16) Reticular Chemistry Structure Resource, http://rcsr.anu.edu.au/
nets/tto (accessed May 15, 2016).

(17) Shin, S. M.; Moon, D.; Jeong, K. S.; Kim, J.; Thallapally, P. K;
Jeong, N. Chem. Commun. 2011, 47, 9402.

(18) (a) Perry, J. J., IV; Perman, J. A.; Zaworotko, M. J. Chem. Soc. Rev.
2009, 38, 1400. (b) Schoedel, A.; Cairns, A. J.; Belmabkhout, Y.; Wojtas,
L; Mohamed, M,; Zhang, Z.; Proserpio, D. M,; Eddaoudi, M,;
Zaworotko, M. J. Angew. Chem.,, Int. Ed. 2013, 52, 2902. (c) Schoedel,
A.; Boyette, W.; Wojtas, L.; Eddaoudi, M.; Zaworotko, M. J. J. Am. Chem.
Soc. 2013, 135 (38), 14016.

(19) Devic, T.; Serre, C.; Audebrand, N.; Marrot, J.; Férey, G. J. Am.
Chem. Soc. 20085, 127, 12788.

(20) Li, L.; Wang, S.; Chen, T.; Sun, Z; Luo, J.; Hong, M. Cryst. Growth
Des. 2012, 12, 4109.

(21) Guo, Z; Xu, H; Su, S; Cai, J; Dang, S.; Xiang, S,; Qian, G;
Zhang, H.; O’Keeffe, M.; Chen, B. Chem. Commun. 2011, 47, 5551.

(22) Whitfield, T. R.; Wang, X; Liu, L.; Jacobson, A. J. Solid State Sci.
2005, 7, 1096.

(23) Rosi, N. L; Kim, J.; Eddaoudi, M.; Chen, B.; O’Keeffe, M.; Yaghi,
O. M. J. Am. Chem. Soc. 2005, 127, 1504.

(24) Schoedel, A.; Li, M,; Li, D.; O’Keeffe, M.; Yaghi, O. M. Chem. Rev.
In press.

DOI: 10.1021/jacs.6b07267
J. Am. Chem. Soc. 2016, 138, 10826—10829


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.6b07267
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07267/suppl_file/ja6b07267_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07267/suppl_file/ja6b07267_si_002.cif
mailto:yaghi@berkeley.edu
http://rcsr.anu.edu.au/nets/tto
http://rcsr.anu.edu.au/nets/tto
http://dx.doi.org/10.1021/jacs.6b07267

