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ABSTRACT: A Mn2+-based metal−organic framework (coordination
porous framework-5, CPF-5) can serve as a crystalline sponge for single
crystal X-ray structural characterization of a variety of compounds using a
combination of coordinative alignment and second coordination sphere
interactions (e.g., hydrogen bonding). This technique requires only a
conventional X-ray source to obtain high quality crystallographic data.

Single crystal X-ray diffraction (SXRD) is among the most
powerful tools for unambiguously determining the

chemical structure of compounds. However, some molecules
are not inherently crystalline or are extremely difficult to
crystallize. For example, some compounds exist as amorphous
powders, waxes, or liquids under ambient conditions, and still
others are not sufficiently stable to persist during the
crystallization processes. Metal−organic frameworks
(MOFs)1−4 can serve as platforms to encapsulate these guest
species to aid in their structure determination. MOFs have been
shown to coherently immobilize guest species because specific
binding sites for guest molecules are periodically and uniformly
distributed throughout the highly crystalline framework. In
principle, the internal pore environment of the MOF can be
designed to create confinement effects that help to promote
both positional ordering and a specific orientation of guest
molecules within the pores. MOF pores can also be tailored to
select for different types of guest molecules.
Several exciting reports by Fujita,5−8 Yaghi,9 and others10−18

have shown that cocrystallizing compounds as entrapped guest
molecules within crystalline porous solids (i.e., MOFs) is an
effective strategy for determining the atomic structure of such
species. Although the conformation of molecules determined
by this “crystalline sponge” method may differ from that in a
pure crystal or in solution, the crystalline sponge method
remains attractive for its utility in facilitating the structure
determination (and hence molecular connectivity and config-
uration) of difficult to crystallize molecules. In the reports by
Fujita,5−8 weak forces between guests and the framework
(described as a “crystalline sponge”) was used to entrap such
species, which at times resulted in disorder and ambiguities in
the resulting structure determinations. To overcome these
limitations, Yaghi et al. developed a coordinative alignment

(CAL) whereby coordination bonds between the guests and
the framework secondary building units (SBUs) help secure the
molecules to be characterized. These guest molecules are
anchored onto Al3+-based SBUs through hard Lewis base
functional groups, such as carboxylates, phenols, or diols via
postsynthetic exchange (PSE) of bridging formate ligands on
the SBUs.19,20 Occasionally this PSE process induces loss of
sample crystallinity or cracks in the single crystals required for
SXRD. In the Yaghi report, all X-ray structure determinations
utilized synchrotron X-ray sources. Alternative crystalline
sponges which remain highly crystalline and can accommodate
different guests are important for driving this new approach to
SXRD forward.
Inspired and motivated by these previous studies, we sought

to identify new crystalline sponges with improved and
complementary features. Here we report a known MOF
(CPF-5, CPF = coordination porous framework,
[Mn21(HCOO)18(H2O)12(TZCA)12], where TZCA = 4-
tetrazolate-benzoate, Figure 1) that employs CAL by displacing
terminal solvent ligands on metal centers of the SBUs (Figure
1).21 The result is a crystalline sponge that allows for
crystallographic structure determination of a wide variety of
coordinative guest molecules containing soft and medium
Lewis basic functional groups via CAL. In addition, CPF-5 can
entrap guests using a combination of CAL and second
coordination sphere interactions (e.g., peripheral hydrogen
bonding), providing greater structural orientation to the guest
molecules. CPF-5 is a highly crystalline framework that makes
crystal selection facile and data collection suitable for
commercial X-ray sources. Finally, with the help of a CAL
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“tag”, namely, triazacyclononane (TACN), we provide a
roadmap for extending the CAL strategy to a wider scope of
guest molecules. This strategy has the potential to allow
noncoordinating guests to be tethered to a tag and
subsequently ordered in MOFs for SXRD analysis.
CPF-5 was selected as a likely crystalline sponge because of

its high crystallinity and sufficient void space with wide window
openings. The three-dimensional interconnecting porous
channels possess a hydrophilic central cavity of 14 Å in
diameter with an aperture between the pores of 11 Å (Figure
1). A PLATON calculation indicates that the solvent accessible
void space of CPF-5 is 56% of the crystal volume. The SBUs of
CPF-5 are very complex because of the large number of ligands
and metal ions involved (Figure 1). However, among the
various metal sites in the SBU, there is a unique Mn2+ site that
resembles a scorpionate complex where three tetrazolate
ligands chelate a 6-coordinated Mn2+ center leaving the facial
positions occupied by three coordinated solvent molecules
(Figure 1). These labile, neutral solvent molecules are readily
exchanged for coordinating guest molecules. Moreover, the
noncoordinating tetrazolate nitrogen atoms near the Mn2+

centers can generate additional interactions (e.g., hydrogen
bonding) to further facilitate guest orientation.
Using CPF-5, nine different guest molecules were success-

fully cocrystallized, and their SXRD structures were determined
(ESI†). These guest molecules cover a range of compounds
with different shapes and sizes, including some without Lewis
basic coordinating groups (Figure 2). Compounds 1−5 engage
in monodentate binding to the coordination sites in CPF-5
using nitrogen atom donors. Compound 6 resides in a
hydrogen bonding pocket. Compounds 7−8 (tetrazacyclono-
nane, TACN, and a TACN derivative) bind to the Mn2+-
binding sites in a tridentate manner, with compound 8
demonstrating the potential use of TACN as a “tag” to anchor
noncoordinating species.

Compounds 1−5 bind to the CPF-5 SBUs with a variety of
nitrogen ligands, including nitrile, pyridine, and thiazole donors
(Figure 3). The coordination bonds between guest and CPF-5
form readily upon the exposure of diluted guest solutions to the
CPF-5 single crystals at room temperature within 24 h. Single
crystals could then be analyzed using a data collected at 100 K
on Bruker D8 diffractometers equipped with Mo-Kα radiation
sources and APEX-II CCD area detectors; the use of
synchrotron radiation sources was not required to obtain
satisfactory crystallographic data.6,9,13 Simple guest molecules,
including acetonitrile (1) and pyridine (2), bind to the Mn2+

center with 10% and 33% occupancy per binding site,
respectively (Figure 3). Interestingly, the pyridine rings in 2
are highly ordered and are coplanar with the tetrazolate rings of
the MOF. Using a longer incubation time of 2 days, larger guest
molecules, such as trimethylenedipyridine (TMDPy, 3), could
be bound and characterized in CPF-5. The coordinating
pyridine ring of compound 3 is found with ∼75% crystallo-
graphic occupancy per binding site (2.4 equiv per Mn2+ center),
while the alkyl chain and pendant pyridine ring were refined
with ∼33% occupancy (due to positional disorder). Despite the
lower occupancy, the alkyl chain and pendant pyridine ring can
be refined due to weak interactions with the MOF pores
(Supporting Information). The 75% occupancy of 3 was
confirmed by digestion of CPF-5-3 crystals and analysis by 1H
NMR (Supporting Information). CPF-5 also binds function-
alized pyridines, as shown in the 3-aminopyridine (4) with a
35% occupancy per binding site. The occupancy of 4 was also
supported by thermal gravimetric analysis (TGA, Supporting
Information).

Figure 1. Top: Scheme for the synthesis of CPF-5 showing the overall
lattice structure and highlighting one of the scorpionate sites. Bottom:
Complete SBU of CPF-5 highlighting the asymmetric unit (left). The
unique scorpionate-like site of the SBU (right), showing the three
labile solvent ligands (light green) bound to the Mn2+ ion that can be
displaced for the binding of guest molecules.

Figure 2. Structure of guest molecules (top, 1−8). Schematic of guest
binding to the SBU of CPF-5 (bottom), which can utilize CAL or CAL
and hydrogen bonding.
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Compound 5, 2-aminothiazole, is ordered by both CAL and
hydrogen bonding in CPF-5 (Figure 3). The 2-amino group is
drawn to the nearest free tetrazole nitrogen atom at a distance
of ∼3.0 Å. This strong hydrogen bonding interaction from the
secondary coordination sphere fixes the orientation of guest 5
and prevents a 2-fold disorder commonly observed for
imidazoles or thiazoles.22,23 Notably, for guest molecules with
hydrogen bonding ability but very low binding affinity to metals
ions, CPF-5 can still act as an effective crystalline sponge.
Compound 6, 1-aminoadamantane, crystallizes in CPF-5 such
that 6 is surrounded by three framework ligands with the amino
group hydrogen-bonded to three oxygen atoms (∼3.0 Å) of
formate ligands that are part of the SBU (Figure 3, Supporting
Information). Despite a complete absence of metal binding,
compound 6 shows a 75% crystallographic occupancy and is
rotationally ordered.

Compound 7, triazacyclononane (TACN), allows for strong
binding to the CPF-5 SBU (Figure 3) by forming a facially
capped Mn2+ center, with complete engagement of the three
TACN nitrogen donor atoms. Compound 7 has 100%
crystallographic occupancy even under very dilute impregnation
condition (15 μmol in 1.0 mL acetonitrile solution, 1.1 equiv
with respect to the active sites in CPF-5). This tightly
coordinated guest gives a highly ordered alkyl backbone with
the ethyl groups pointing away from the metal center into the
vacant space above the CPF-5 SBU, while the vector of the N−
H bond is directed toward the periphery of the metal center
into the space sandwiched by two framework tetrazolate rings
(Figure 3).
Because 7 readily bound to CPF-5 and 7 can be N-

functionalized while retaining an ability to bind metal ions, we
rationalized that 7 could be used as a general binding motif for
coupling to a reactive functional handle allowing for “tagging”
guest molecules that might not otherwise bind to CPF-5
strongly. As a preliminary attempt to test this hypothesis, the
crystal structure of propargyl-derivatized TACN (8) was solved.
CPF-5-8 successfully shows the potential of the “TACN tag”
strategy, resulting in a highly ordered structure, with a fixed
molecular orientation for the propargyl groups. The structure
clearly shows the propargyl groups are pointing into the void
space between framework tetrazolate rings. As hoped, CPF-5-8
was achieved with 80% crystallographic occupancy at low
impregnation concentrations (0.12 mmol/L). With this
successful proof-of-concept study, one can envision using the
alkyne groups on 8 to perform “click” chemistry for tagging
desired target molecules.24−26 Similarly, other reactive groups
can be potentially attached to the TACN scaffolds including
olefins, epoxides, azides, and others.27

In summary, we have successfully identified CPF-5 as a
versatile crystalline sponge that can operate via CAL, hydrogen
bonding, or a combination of both. CPF-5 can aid in the
structural characterization of a relatively wide variety of
molecules, especially those with a nitrogen Lewis basic ligand.
Preliminary data demonstrate that the use of a chemical tag,
namely, TACN derivatives, could extend this method and the
use of CPF-5 to a much wider scope of guest molecules, and
such investigations are ongoing.
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Figure 3. Images of the refined structures of CPF-5 bound to eight
different guest molecules (CPF-5-1 to CPF-5-8). The structures were
obtained from SXRD data and are shown with 50% probability thermal
ellipsoids. The peripheral framework fragments are drawn in pale blue
as space filling models. Colors: nitrogen in guest, dark blue; carbon in
guest, gray; sulfur in guest, bright yellow; Mn in MOF, pale yellow;
oxygen in MOF, pale pink; all other atoms in MOF, pale cyan.
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