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Abstract: Molecular components of opposite character are
often incorporated within a single system, with a rigid core and
flexible side arms being a common design choice. Herein,
molecule L has been designed and prepared featuring the
reverse design, with rigid side arms (arylalkynyl) serving to
calibrate the mobility of the flexible polyether links in the core.
Crystallization of this molecule with Pb" ions led to a dynamic
metal-organic framework (MOF) system that not only exhibits
dramatic, reversible single-crystal-to-single-crystal transforma-
tions, but combines distinct donor and acceptor characteristics,
allowing for substantial uptake of PdCl, and colorimetric
sensing of H,S in water.

As in many domains in the arts and sciences, the integration
and interplay of opposing characters is a common thread in
chemistry. This interplay is reflected in the classical systems of
liquid crystals (with rigid and floppy components), surfactants
(hydrophilic/hydrophobic components), and semiconductors
(holes/electrons). More recent reports in this vein include
frustrated Lewis acid-base pairs for H, activation! and
ditopic receptors? for simultaneous anion and cation binding
(ion-pair recognition). In the growing field of metal-organic
frameworks,”! this incorporation of components of opposite
character manifests itself in the combination of hard and soft
groups (e.g., carboxylate and sulfur/nitrogen donors),l and in
various floppy side chains tethered to rigid backbones.” Such
reports on bifunctional MOF systems generally aim to exploit
the tunable porous properties of MOFs to enhance the guest-
binding properties for applications including separation,”°!
sensing,“*” and catalysis.®*® For example, thioether/thiol
groups affixed to carboxylate building blocks tend to remain
freestanding in frameworks formed with hard metal ions
(™, A", Cr'™, Eu™), and thereby facilitate the uptake of
(soft) metal species.**) These donor-equipped MOF systems
complement systems that feature open metal sites” as
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acceptors for binding Lewis bases as guests. Prompted by
the appeal of this concept as well as the potentially rich host—
guest chemistry, we aimed to achieve the formation of a MOF
system that simultaneously combines distinct donor and
acceptor characteristics, a topic that, to our knowledge, has
not yet been addressed.

Herein, we report that backfolded molecule L (Scheme 1)
and Pb" ions form a flexible framework that represents a step
towards our goal. This system displays distinct amphoteric
behavior, facilitated by the coexistence of free-standing sulfur

HO M

OH
Scheme 1. Backfolded molecule L and compound M with the “star-
burst” form of a traditional dendrimer. The rigid phenylacetylene

(green) components act as the side chains in L but as the backbone
in M.

(and the alkyne and ether) donors and labile capped Pb"
centers as accessible acceptor sites, which manifests itself in
the effective uptake of both Lewis acid (such as PdCl,) and
Lewis base (such as H,S) guests. Notwithstanding the
serendipitous nature of this discovery, molecule L is com-
posed of design elements that both follow and break from
previous works. First, the design carries over from the hard
and soft components strategy, as seen in the hard carboxy (as
the primary donors for framework formation) and soft donors
on the side arms. Also the side arms are backfolded, pointing
away from the carboxy groups, in contrast with the “starburst”
form of a traditional dendrimer (see Scheme 1 for example).
The backfolded configuration has been explored for network
construction;'? in the present case, it serves to minimize
direct steric/chemical influence on the carboxy groups.

Most notable, however, is the configuration of the rigid
side arms (the phenylacetylene component) and the flexible
backbone (the pentaerythritol ether hinges)!'!! in L, which
reverses the conventional design of flexible side arms
attached to rigid backbones (see molecule M in Scheme 1 as
an early exampleP”). In particular, rigid units are widely
integrated as the linker backbone!” because the shape
persistence and directionality often lead to networks of
robust pores and regular topologies. Herein, we place the
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rigid arylethynyl units in the side arms instead. By so doing,
we hope to achieve systematic control over the degree of
flexibility of the core unit, that is, bulky and stiff side arms
would limit the motion of the core unit, imposing structural
rigidity on the individual building blocks as well as the overall
network.

The synthesis of L is based on well-established procedures
(see Scheme S1 in the Supporting Information). The efficient
Sonogashira coupling readily allows various alkynyl side arms
to be attached, thus facilitating the preparation of a versatile
linker system of tunable rigidity and functionality. Single
crystals of the framework BFMOF-1 (BF denotes back-
folded) suitable for X-ray diffraction studies were obtained by
solvothermal reaction between L and Pb(NO;), in a DMA/
H,0O mixture of solvents (DMA = N,N-dimethylacetamide;
detailed procedure given in the Supporting Information).
Elemental and thermogravimetric analyses (Figure S1) indi-
cates a composition of PbyO,(CeH,01,S,),(DMA);(H,0),
for the as-prepared sample.

The proposed composition of the sample is also consistent
with the X-ray crystal structure of BFMOF-1 (Figures 1a and
2a).% The crystal structure adopts the space group P1, and
features the centrosymmetric PbsO,(CO,)s cluster
(Figure 1), with the two edge-sharing Pb,O tetrahedra
exhibiting short Pb—O bond lengths (i.e., 2.229, 2.251, 2.310,
and 2.325 A). By comparison, the Pb—O distances from the
carboxy (-CO,) groups are longer, and vary more (for
example, from 2.401, 2.512, 2.620, and 2714 A up to 2.981
and 3.065 A), indicating a weaker and more reversible nature

Figure 1. Crystal structures showing the local bonding environments of
the PbsO, units in a) BFMOF-1 and b) BFMOF-1a. For each structure,
two of the eight associated L molecules are displayed in full. 016 in

(a) is from the bound H,0 (Pb—O=2.981 A). Dashed lines denote
Pb—O contacts greater than 2.90 A and Pb—S contacts: a) Pb2—S2=
3.329 A, Pb3—S4=3.954 A; b) Pb3—S3=3.608 A, Pb2—S1=3.646 A.
Atom colors: green="Pb; red=0; yellow=S; gray=C.
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Figure 2. The crystal-packing structures of a) BFMOF-1 and
b) BFMOF-1a, both shown along the a axis. The DMA guests are not
shown in (a). Atom colors: green="Pb; red=0; yellow=S; gray=C.

of the individual links. The asymmetric unit of the cell consists
of (Pb;O)L(H,0)-1.5DMA, with the H,O being bound by
a Pb atom and the DMA molecules located in the voids. Two
of the Pb" centers are weakly capped by two S atoms from the
side arms of L (distances: 3.329 and 3.954 A, respectively),
whereas the third Pb center is not capped—it appears to be
more open. The weakly bound and open Pb centers together
point to potential accessibility to guest donors. The other two
S atoms of the L molecule are not coordinated to the
Pb" centers. As free-standing donors, they coexist with the
potentially accessible Pb" centers, and suggest an amphoteric
character for the host network.

The BFMOF-1 grid can be viewed as a (4,8)-connected
net, with the L molecule and the Pb block being 4- and 8-
connected, respectively (Figure S2). The topology is that of
a distorted fluorite net (comparable to that of a Zr-based
MOTF™ ). This net can also be dissected as two diamondoid
(cubic ZnS) subnets fused at one set of the tetrahedral nodes.

When the as-prepared BFMOF-1 crystals were immersed
in ethanol (or other solvents, such as CH;CN and CH,Cl,), the
DMA guests were readily replaced. The resultant crystals,
upon exposure to air, quickly (i.e. within 30 minutes) trans-
form into a new crystalline phase (such as BFMOF-1a). The
quality of the X-ray crystal structure!® for BFMOF-1a is
somewhat poorer (for example with large residual electron-
density peaks near the Pb ions), which is likely caused by the
structural irregularities arising from the drastic transforma-
tion in the solid state. Nonetheless, the X-ray data clearly
indicate the retention of PbsO,(CO,); cluster (but without the
associated H,O) and the overall fluoride topology (Figure 1b
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and 2b). The unit cell parameters are, however, significantly
changed, with a shrinkage of the cell volume (by 12 %) from
3746.8(8) A* in BFMOF-1 to 3306.5(19) A* in BFMOF-1a.
The daughter phase BFMOF-1a is therefore less open, and
the fluoride net (Figure S2) is more distorted as compared
with the parent BEMOF-1. The crystal structure of BFMOF-
la contains no DMA molecules, as is also verified by
thermogravimetric analysis (Figure S1) and FTIR spectros-
copy studies (Figure S3). The BEMOF-1 a solid is stable in air
for months, as shown by powder X-ray diffraction (PXRD;
see pattern d in Figure 3).

26(°)

Figure 3. Powder X-ray diffraction patterns of BFMOF-1-related sys-
tems: a) calculated diffraction pattern from the single-crystal structure
of BFMOF-1; b) an as-prepared sample of BFMOF-1; c) pattern calcu-
lated from the single-crystal structure of BFMOF-1a (the desolvated
sample); d) BFMOF-1a; ) BFMOF-1" (BFMOF-1a after being heated
in DMA at 120°C for 12 h); f) 1a-PdCl,; g) 1a-Pd-H,; h) 1a-H,S.

The solid sample of the desolvated phase of BFMOF-1a
shows no significant N, sorption at 77 K. However, effective
CO, uptake was measured at 273 K, as is shown in the highly
reproducible typical type-I gas adsorption isotherms (Fig-
ure S4). The corresponding surface area is found to be
318 m*g~!, with pore volume being 0.107 ccg™'. The gas
sorption studies therefore indicate that dynamic, cooperative
diffusion processes can be achieved at higher temperatures
(e.g., 273 K),B*1 which can be attributed to the structural
flexibility built into the semirigid backbone of linker L.
Additionally, BFMOF-1a can be converted back into the
parent BFMOF-1 after being heated in DMA (pattern e in
Figure 3; the FTIR spectrum is given in Figure S3), illustrat-
ing further the dynamics and resilience of the host net.

The Lewis base character of the BFMOF-1a net was first
shown through interaction of the compound with PdCl,. Upon
contact with a solution of [PdCL,(CH;CN),] in CH,Cl,, the
slightly yellow crystals of BFMOF-1 a turn brownish red, with
the color darkening over time (Figure S5 and S6). Inductively
coupled plasma (ICP) elemental analysis indicates a Pd:Pb
ratio of 2.51:1 for the PdCl,-loaded sample (1a-PdCly;
composition = PbsO,(L),(PdCl,);5s). PXRD indicates that the
original lattice of BFMOF-la (patternf in Figure 3) is
retained but with a distinct intensity change as a result of
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the additional electron density from the heavy PdCl, species.
Qualitatively, the dark color can be ascribed to charge
transfer from the highest occupied molecular orbitals
(HOMOs) of L to the lowest unoccupied molecular orbitals
(LUMOs) of PdCl,. The ether and thioether donors of L,
together with the low-lying 4d orbitals of the Pd" center,
apparently favor such interactions. Under similar conditions,
AgBF, molecules also diffuse readily into the BFMOF-1a
matrix (with an overall Ag:Pd ratio of 1.40:1, see the
Supporting Information), producing a brown color. However,
this brown color is lighter than that of the PdCl,-loaded
sample (Figure S7). Further tests indicated a lower uptake for
HgCl,, [PtCl,(CH;CN),], and CdCl,, with the number of
moles of the adsorbed Hg, Pt, or Cd ions being less than half
of that of Pb (see Supporting Information), and the BFMOF-
1a host remaining strongly emissive (Figure S7). We suspect
that the uptake of Pd" and Ag'salts was facilitated by
n-complexation with the alkyne units on the host net, whereas
such interactions might be weaker for Hg" and Cd" ions.l'! As
for Pt", its very low lability likely hinders the uptake.

Upon being placed in a H, atmosphere, the crystals of
1a-PdCl, become gray, steadily turning into black within one
hour (Figure S5 and S6). This color change is consistent with
the reduction of the embedded Pd"ions into Pd’species.
Moreover, the PXRD pattern of the H,-treated sample (that
is, 1a-Pd-H,) indicates retention of the crystalline order, with
no peaks corresponding to Pd particles or other crystalline
impurities detected (pattern g, Figure 3). Scanning electron
microscopy (Figure S8) images of the BFMOF-1a, 1a-PdCl,,
and 1a-Pd-H, solids indicate similar morphologies (that is,
with no extra particles present on the surface of the crystals of
1a-Pd-H,), further supporting that the Pd”species remain
embedded within the host net. Compound 1a-Pd-H, will be
studied as a heterogeneous catalyst, for example in hydro-
genation reactions.

The Lewis acid character of BFMOF-1a was revealed in
its interaction with H,S (to form 1a-H,S). Upon exposure to
H,S gas, the yellowish crystals of BFMOF-1a become dark
red (Figure S9), with the bluish white emission (see the
spectra in Figure S10) being effectively suppressed. X-ray
photoelectron spectroscopy (XPS; Figure S11) studies indi-
cate a clear shift of the peaks attributed to Pb 4f;, and 4f;,
states toward lower energies after H,S treatment. The dark
color and the shift of the peak in the XPS spectrum are
consistent with the binding of H,S species as a strong electron
donor onto the Pb centers. Elemental analyses (see Support-
ing Information for the data) also indicate an increase of the
S content, with the composition of 1a-H,S found to be
PbsO,(L),(H,S),(H,0),. Each PbsO, cluster thus appears to
associate with two H,S molecules: the well-defined PbO,/
H,S ratio indicates that the interaction with H,S is regulated
within the BFMOF-1a matrix: e.g., the capping thioether
S atoms on the Pb centers might serve to limit the uptake
capacity under these conditions. The 1a-H,S crystals remain
transparent (no cracking), with well-defined, sharp PXRD
peaks (pattern h, Figure 3) indicating a highly crystalline
phase. The peaks were, however, shifted to slightly higher
angles compared with those of BFMOF-1a, suggesting
further compaction of the host lattice after H,S treatment.
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Single-crystal X-ray diffraction studies are underway to
further study the structure of 1a-H,S.

The distinct color changes of the BFMOF-1a crystals in
response to H,S binding point to potential sensing applica-
tions. For example, the readily available single crystals of
BFMOF-1a provide a convenient and effective platform for
sensing and quantifying purposes as a disposable sensor for
H,S species. Moreover, the BFMOF-1a solid is insoluble
(whereas the commonly used lead acetate is soluble) in water
and is readily applicable in monitoring H,S in water-based
biological and environmental assays."” For example, a light
but distinct red color (Figure 4) quickly developed even when
H,S was present only at 17.6 um (0.60 ppm). At the higher
concentrations of 35.2 um (1.2 ppm), 88 um (3.0 ppm), and
352 um (12 ppm), the color darkens systematically, indicating
the potential for colorimetric analysis.

Figure 4. Photographs of the BFMOF-1 crystallites stirred for 0.5 hours
at 80°C in solutions with H,S at various concentrations: a) 0 ppm;
b) 0.6 ppm; ¢) 1.2 ppm; d) 3.0 ppm; €) 12 ppm and f) 60 ppm.

In conclusion, an amphoteric metal-organic framework
has been characterized, with the donor and acceptor proper-
ties demonstrated in the uptake of metal salts (for example
PdCl,) and H,S molecules, respectively. This material is
composed of a backfolded linker unit which has a soft core
and rigid arms, a feature that gives rise to the distinct
framework dynamics found. Rigid side arms and the back-
folded shape therefore appear to be linker features of interest
in the study of other frameworks.
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Yin and yang: A system incorporating
both rigid and flexible components has
been prepared in which traditional con-
figuration has been reversed by installing
rigid side arms onto a soft core (see
picture). After binding to Pb" ions, the
dynamic hard—soft (carboxy-thioether)
metal—-organic framework has distinct
amphoteric character, with the donor-
acceptor properties enabling uptake of
PdCl, and a sensitive colorimetric
response to H,S.
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