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Polyhedral architectures constructed with metal ions as nodes
and organic ligands as linkers are generally referred to as
metal–organic polyhedra (MOPs). Such architectures usually
contain cavities in their cores that can be easily accessed.[1]

MOPs are also known as metal–organic nanocages or metal–
organic nanoballs.[2] Because of their porous structure, MOPs
are capable of acting as synthetic ion channels, molecular
containers for drug delivery, and molecular reaction ves-
sels.[3, 4] These 0D self-assembled cagelike structures are
usually found to be readily soluble in organic solvents,
which is a significant advantage, given the general drawback
of the insolubility associated with extended MOF structures.
Soluble MOPs can approach the target to its closest proximity
and thus help the host cages to effectively encapsulate and
transport guest molecules. The inclusion of different guest
molecules inside a number of host MOPs is well-docu-
mented,[3] but the release of these trapped guest molecules by
unfolding of the host MOP has remained unexplored. One
major challenge in achieving control over the unfolding
process of a MOP is to gain an understanding of the
complicated chemistry behind the systematic cleavage and
formation of metal–ligand bonds. This goal has motivated us
to investigate the chemistry behind the unfolding of a MOP
structure in the presence of reactant molecules. Although
MOP–MOP interconversion is well-documented,[5] no
attempts to study the unfolding of the polyhedral structure
of a MOP and its subsequent conversion into a MOF have
been described previously. Herein, we report an unprece-
dented hydrolytic conversion of a MOP, 1, into a MOF. This
transformation could be explained by a potential unfolding
process of the polyhedral structure. Notably, this phenom-

enon resulted in the formation of a MOF, 3, which could not
be made by another method. A plausible mechanism for this
transformation is also discussed, and is supported by the
gradual release of encapsulated drug molecules.

Cuboctahedral crystals of 1 were synthesized by treating
5-(prop-2-ynyloxy)isophthalic acid (5PIA) with Cu-
(NO3)2·3 H2O in a 2:1 volumetric mixture of DMF and
EtOH at 90 8C or in a 2:1 volumetric mixture of DMF and
EtOAc at 30 8C (Scheme 1). However, a change in the solvent

volumetric ratio (DMF/EtOH) from 2:1 to 1:1 caused the
formation of a less crystalline and flakelike form of the MOP,
2. This less crystalline form 2 underwent slow conversion into
MOP crystals, 1, when placed in DMF at room temperature
for 2 days. Both 1 and 2 formed a blue-colored homogenous
solution when heated in DMF and recrystallized into micro-
meter-sized crystals of 1 from a saturated solution or upon the

Scheme 1. Synthesis and conversion of the copper-based materials.
DMF= N,N-dimethylformamide.
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addition of EtOAc or CH2Cl2 at room temperature. Both
types of materials underwent conversion into hexagonal
crystals of 3 when heated in H2O at 120 8C for 1 h. Notably,
despite several attempts, we were unable to synthesize 3
directly by the treatment of 5PIA with different CuII salts [for
example, Cu(NO3)2, Cu(OAc)2].

Compound 1 crystallized in the Im3̄m space group in the
cubic crystal system. The secondary building unit (SBU) of
the structure consists of a Cu–Cu paddle-wheel center
coordinated to four units of 5-(propargyloxy)isophthalate
ions and two water molecules. Twelve such paddle-wheel units
form a cuboctahedral structure in which the core cavity is
accessible through eight triangular and six square faces
(Figure 1a). All edges of the polyhedron are decorated with

a propargyloxy moiety that points outwards. Each single Cu–
Cu paddle-wheel SBU is connected to the adjacent SBUs
through 5-(propargyloxy)isophthalate ions. All carboxylate
functionalities around each of the Cu–Cu paddle-wheel SBUs
of 1 point in the same direction (either upwards or down-
wards) and thus form a spherical assembly (Figure 1a).

A structurally similar MOP, Cu(pi), which is isomorphous
to 1, was previously synthesized by the reaction of Cu-
(NO3)2·3 H2O with 5PIA.[6] Cu(pi) differs from 1 in terms of
the solvent molecules coordinated to the Cu–Cu paddle-
wheel SBU (Figure 1a,c) and overall crystal packing (Fig-
ure 1b,d). Unlike 1, Cu(pi) crystallizes in the Pa�3 space group,
and thus, the packing generates a nonporous assembly
(Figure 1d). Each Cu–Cu paddle-wheel SBU of both MOPs
has two axial sites available for solvent coordination. In 1,
H2O molecules coordinate to both of these sites, whereas in
the case of the Cu(pi) structure, Cu atoms at the inner sites of

the cages are coordinated to water molecules, and Cu atoms
at the outer sites are coordinated to methanol molecules.
Compound 1 was found to be soluble in DMF, N,N-
diethylformamide (DEF), and dimethyl sulfoxide (DMSO),
whereas Cu(pi) remained insoluble in almost all solvents.
TEM imaging indicated the presence of polyhedral MOP
particles of approximately 3–4 nm in diameter in the solution
of 1 in DMF (see Figure S22 in the Supporting Information).
In solution in DMF, 1 and 2 showed the same UV/Vis
spectrum, which was different from that of Cu(NO3)2 in
solution (see Figure S17), and thus confirmed the presence of
the Cu–Cu paddle-wheel structure in solution.

Compound 3 crystallized in the P�3 space group in the
trigonal crystal system and contains a similar Cu–Cu paddle-
wheel SBU to that of 1. However, half of the carboxylate
functionalities around each Cu–Cu paddle-wheel SBU are
pointed in one direction, whereas the other half are pointed in
the opposite direction (see Figure S6). There are two types of
pores present in the extended framework of 3. The larger
pores are similar in size to the triangular face of the MOP and
are hydrophilic in nature, whereas the smaller pores originate
from unfolding of the MOP and are hydrophobic in nature as
they contain the propargyloxy groups inside (see Figure S7).

The bulk-phase purity of all aforementioned materials
was confirmed by comparison of the experimentally observed
powder X-ray diffraction (PXRD) patterns with the patterns
simulated from the single-crystal structures. All PXRD peaks
of as-synthesized 1 and 3 matched exactly with the respective
simulated patterns (see Figure S8). However, 2 showed poor
crystallinity, and its PXRD pattern was different from those
of 1, Cu(pi), and 3 (see Figure S9a). MALDI-TOF analysis of
2 showed a peak at m/z 7261.02 (see Figure S13b), which
corresponds to the molecular weight of one MOP unit
(M+48H). Other studies, such as elemental analysis, FTIR
spectroscopy, and solubility studies (see Figure S2), suggested
that the chemical composition, metal–ligand binding, and
chemical behavior of 2 were similar to those of 1. DSC studies
(see Figure S14) indicated that 2 is less crystalline in nature
than 1. The formation of nascent crystals of 1 from 2
suggested that 2 has another arrangement of MOP units with
less periodicity. When 2 is dissolved, the arrangement of MOP
units collapses, and discrete MOP cages/units remain in
solution. Under suitable conditions, these MOP units rear-
range themselves into a more stable periodic arrangement to
form the crystalline form, 1 (see Figure S1).

Both 1 and 2 underwent conversion into hexagonal
crystals of 3 when heated in water. Microscopic images
collected at different time intervals showed that crystals of
1 in water first lose their transparency and are then converted
into aggregates of hexagonal MOF crystals 3 (Figure 2 b). On
the other hand, the less crystalline flakelike material 2 clearly
showed conversion into hexagonal MOF crystals (Figure 2d).
Time-dependent PXRD patterns of water-treated crystals of
1 and 2 also indicated their conversion into crystals of 3
(Figure 2a,c). As-synthesized crystals of 1 displayed coherent
PXRD patterns with peak-to-peak matching with the simu-
lated PXRD pattern. These peaks were broader at the initial
stage of treatment with water, thus suggesting a decrease in
crystallinity owing to the rupture of the periodic MOP crystal

Figure 1. Structural comparison of 1 and Cu(pi) in terms of the
coordinating solvent (highlighted by the blue ring) in their paddle-
wheel SBU (a,c) and their packing in different space groups (b,d).
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lattice. As time increased, these peaks first shifted to the
positions corresponding to the pattern for 3, then became
more intense, and finally split into individual peaks that
showed peak-to-peak matching with the simulated PXRD
pattern of 3. In the case of 2, upon treatment with water, the
broad peaks of the as-synthesized material first shifted to the
positions corresponding to the PXRD pattern of 3, then
increased in intensity, and finally split into individual peaks
that matched the simulated pattern for 3. Similarly, when
Cu(pi) was heated in water, it underwent polyhedral inter-
conversion (through unfolding) and formed 3, in the same
way that 1 and 2 were converted into 3 (see Figure S10c,d).

Thermogravimetric analysis (TGA) showed that the
paddle-wheel SBUs lose their coordinated water molecules
at 140–185 8C in the case 1 and 2 and at 75–100 8C in the case

of 3. The MOP architecture is stable up to 250 8C, whereas the
MOF structure decomposes above 280 8C. The gas-adsorption
ability was moderate in the case of 1 (ca. 50 cm3 g�1) because
of its aggregation during the activation process[7] and the
resulting inaccessibility of the inner pores. However, 3
showed a BET surface area of 92 m2 g�1. Its water stability
and the hydrophilic nature of the pores were confirmed by
testing the capacity of 3 for water- and methanol-vapor
adsorption. The results showed a water-vapor uptake of
176 cm3 g�1 and a methanol vapor adsorption of 247 cm3 g�1 at
the standard temperature and pressure (STP; see Figure S19).

Experimental evidence pointed to a water-induced con-
version of polyhedral crystals of 1 into a 2D MOF, 3. We
propose a mechanism for this phenomenon on the basis of the
hypothesis that each cage has a highly hydrophobic outer
surface and a less hydrophobic inner surface. This difference
in hydrophobicity of the outer and inner surface of the MOP
cages comes into play when these MOP crystals interact with
water molecules and unfold into a MOF. The conversion of
1 or Cu(pi) into 3 in the presence of water is not a simple
recrystallization phenomenon. In the presence of water,
kinetically formed MOP units in 1 undergo conversion into
thermodynamically formed MOF layers (compound 3) by
breaking, rearrangement, and the reformation of labile M�O
bonds. Indeed, PXRD confirmed that this phenomenon is
a solid-to-solid conversion. The UV/Vis spectrum of the
filtrate isolated every 5 min during this conversion indicated
that there was no trace of CuII ions in solution (see Fig-
ure S18). Owing to the porous structure of 1, water molecules
can readily diffuse into the cage and trigger the structural
transition. Presumably, this unfolding occurs because of the
difference in polarity between the interior and exterior
surface of the polyhedron. When MOP crystals are placed
in water, the outer surface, because of its higher hydro-
phobicity, tries to minimize its interaction with water, whereas
the less hydrophobic inner core has a preference for exposure
to water. This strain causes the polyhedral structure to unfold
into different fragments, which undergo further rearrange-
ment by rotation of their terminal moieties (Figure 3). These
modified fragments act as building units and undergo self-
assembly directed by the terminal moieties of the key building
block towards the thermodynamic formation of 3. The
orientation of the terminal moieties directs the self-assembly

Figure 2. a) PXRD and b) microscopic monitoring of the conversion of
1 into 3 in the presence of water. c) PXRD and d) microscopic
monitoring of the water-mediated conversion of 2 into 3.

Figure 3. Proposed mechanism for the hydrolytic conversion of 1 into 3. In step I, MOP unfolds by the attack of water at the M�O bond with the
formation of different fragments. The fragments then undergo rotation of their terminal moieties to generate the “all down” arrangement of the
terminal carboxylates from their “all up” position (step II), and these modified fragments undergo further self-assembly into 3 (step III).
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process, as these layers stack on top of each other to form
hydrophobic and hydrophilic channels (see Figure S7). This
behavior can explain the initial decrease and subsequent
increase in the crystallinity of the material.

Although we acknowledge that this mechanism is only
a possible mechanism that is consistent with the experimental
data, it is also supported by the water stability of another
isostructural MOP, c-MOP-1,[8] formed from Cu(NO3)2·3 H2O
and isophthalic acid. Owing to the absence of the propargy-
loxy functionality at the 5-position of the isophthalic acid
moiety, the interior and the exterior surface of c-MOP-1 have
a similar hydrophobic nature. Thus, the hydrophobicity
gradient does not appear for c-MOP-1 when it is placed in
water, thereby preventing this interconversion. In a compara-
tive study, as-synthesized crystals of 1 and c-MOP-1 were
immersed separately in water (5 mL), and the resulting
samples were heated at 120 8C for 1 h. It was found that all
crystals of 1 were converted into 3, whereas c-MOP-
1 remained intact (see Figure S10a,b).

This interconversion was tested as a vehicle for the release
of encapsulated guest molecules. Caffeine, a widely used
stimulant drug,[9] was used as a guest and encapsulated inside
the cages of 1. Caffeine was loaded into the MOP cages by
stirring a solution of 1 and caffeine in DMF at room
temperature, followed by EtOAc-assisted recrystallization
(see the Supporting Information for details). FTIR spectros-
copy, TGA (see Figures S3 and S16), and elemental analysis
confirmed the loading of caffeine molecules (ca. 4.85%)
inside the MOP cage. The decrease in surface area of the
loaded material, as detected on the basis of the N2-adsorption
isotherm (see Figure S20), suggests that caffeine molecules
are encapsulated inside the core of the MOP, and not simply
absorbed on the surface. The observed release profile also
rules out the possibility of the surface absorption of caffeine
molecules, in which case the payload would be expected to
come out in a single shot at the very beginning, which would
have led to a burst release. Since the observed pattern is one
of gradual release, this result confirms the loading as loading
inside the pores. When the loaded material was placed in
water, the induced interconversion event of the MOP cages
resulted in a gradual release of the encapsulated drug over
time (Figure 4), as monitored by UV/Vis spectroscopy.

In conclusion, we have synthesized a new soluble copper-
based MOP from 5-(prop-2-ynyloxy)isophthalic acid and
Cu(NO3)2·3 H2O which unfolds upon treatment with water.
This MOP is highly soluble in DMF, DEF, and DMSO and can
be recrystallized readily from these solvents. We have used
this MOP as a cage for the encapsulation of active molecules
(caffeine), and we have successfully explained the release of
the encapsulated guests through an unprecedented hydrolytic
MOP-to-MOF conversion. Potential applications in the
controlled release of trapped active guest molecules are
envisioned for such materials and morphological transitions.
We are currently pursuing studies towards the fine-tuning of
this phenomenon for the controlled release of encapsulated
molecules.

Experimental Section
Synthesis of 1: 5PIA (44 mg, 0.2 mmol) and Cu(NO3)2·3 H2O
(24.2 mg, 0.1 mmol) were dissolved in DMF/EtOH (2:1, v/v; 6 mL),
and the resulting mixture was heated at 90 8C for 35 h. Alternatively,
the starting materials were dissolved in a mixture of DMF (4 mL) and
EtOAc (2 mL), and the resulting mixture was kept at room temper-
ature for 30 h. The polyhedral crystals thus obtained were charac-
terized immediately after removal from the mother liquid (yield of
the isolated product: 75%). FTIR (ATR): ~n ¼3279 (w), 2119 (w),
1628 cm�1 (s); C,H analysis: calcd (%): C 46.13, H 2.61; found: C
46.37, H 2.88.

Synthesis of 3 : Compound 1 or 2 (25 mg, 0.003 mmol) was placed
in a 15 mL vial, water (5 mL) was added, and the resulting mixture
was heated at 120 8C for 1 h. The hexagonal crystals that formed were
filtered and washed with 99.99% absolute ethanol (yield of the
isolated product: 92%). The crystals were characterized after drying
at room temperature. FTIR (ATR): ~n ¼3287 (w), 2117 (w), 1618 cm�1

(s); C,H analysis: calcd (%): C 44.06, H 2.69; found: C 44.09, H 2.77.
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