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The microwave synthesis of two prototypical porous organic
cages, denoted as CC3 and CC2 is demonstrated. CC3 crystals
displaying narrow size distribution were synthesized in just
few minutes. The fast synthesis of narrow size distribution
POC crystals makes microwave a highly appealing synthetic
approach for the synthesis of these crystals.

Porous organic cages (POCs) are porous crystals with highly
desirable properties, such as uniform pore distributions, high
surface areas, and thermal and chemical stability. These
appealing for
applications. 1> Their unique structure and distinctive solid

properties make POCs several functional
state molecular packing differentiate POCs from conventional
porous crystalline materials, such as zeolites, metal organic
frameworks, and covalent organic frameworks.®® POCs are
made of covalently bonded organic cages that assemble into
crystalline microporous materials with three-dimensional
connectivity and uniform pore size.? Typically, POCs are
synthesized through cycloimination reactions.’> The most
studied POC is CC3,1> 2 10 formed by the coordination of 1,3,5-
triformylbenzene, (TFB), with trans-1,2-diaminocyclohexane.
Due to CC3’s regular crystalline structure with unimodal limiting
pore size of ~3.6 A, CC3 has been mainly used for the separation
of several chemicals and gases, 3> 11 12 35 a proton conductor,
13 and as a catalytic support.* Comprehensive reviews on POCs

have been reported elsewhere.> 16

Up to date, POCs have been prepared via batch synthesis
(solvothermal synthesis) at room temperature or through a
dynamic flow synthesis.'” Microwave treatment represents an
alternative synthetic approach. Microwave heating offers the
following distinctive features: '8 (1) higher heating rates than
that of conventional heating; (2) no wall or heating diffusion
effects; (3) selective heating due to the difference in the way
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chemicals and contaminants interact in the presence of
microwaves; (4) there are no “hot spots”. Typically, microwave
heating leads to smaller and more uniform crystals, which is
highly desirable for many functional applications in which
crystals with narrow size distribution is desired. Several porous
crystals, including zeolites, %21 mesoporous oxides, 2 22 and
metal organic frameworks, 2> 24 have been synthesized via
microwave. Herein, we report the successful synthesis of two
prototypical types of porous organic cages, denoted as CC3 and
CC2. To the best of our knowledge, we demonstrate for the first
time the successful synthesis of any porous organic cage
synthesized via microwave.

Figure 1 shows the PXRD patterns of CC3 crystals synthesized
via microwave as a function of synthesis time (experimental
details on the microwave synthesis conditions are given in the
Supporting Information). All XRD patterns correspond to the
common topology of CC3a crystals. Notably, CC3 crystals were
synthesized at times as short as only 5 minutes, which is
comparable to a previous study that used optimal dynamic flow
to achieve a resonance time of 10 minutes.!” Additionally, CC3
formation via conventional solvothermal approach requires at
least several hours, or days.?> When the CC3 was synthesized
via microwave for 15 minutes, the sample showed a slight XRD
peak displacement as compared to the calculated XRD pattern.
This inconsistency suggests a small change occurred in the unit
cell volume of the porous organic cage crystal.2® The sample also
exhibits a shift in XRD peaks to lower two theta angles,
indicating an increase in interplanar spacing. The samples
synthesized at 30, and 60 minutes show similar XRD peak
positions, as compared to the calculated CC3a XRD pattern. The
observed change in interplanar spacings, between the sample
synthesized for 15 minutes as compared to the others, illustrate
the flexible nature of CC3, as well as the ability to exhibit
different packing densities. Our group has observed CC3
flexibility in a contraction-expansion effect for the solvothermal
synthesis of CC3.10
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Figure 1. PXRD patterns of microwave synthesized CC3a at 5, 15, 30,
and 60 minutes. For comparison the calculated pattern of CC3a is
shown.

Figure 2 shows representative SEM pictures of the microwave
synthesized CC3 crystals. All samples show highly crystalline faceted
octahedral shapes, which is the typical morphology of CC3. The
samples synthesized at 5, 15 and 30 minutes show very regular and
narrow crystal size distribution. The sample synthesized at 60
minutes shows are broader crystal size distribution. The samples
synthesized at short microwave synthesis times displayed the
smallest crystal sizes and narrow size distribution. Specifically, the
average crystal size (quantified by SEM) for the sample synthesized
at 5 minutes and 15 minutes was 0.83 £ 0.2 um, and 0.78 £ 0.2 um
respectively. At 30 minutes of microwave synthesis the crystal size
increased to 1.1 + 0.3 um. Finally, at 60 minutes, a considerable
crystal growth of 6.7 £ 3.2 um was observed. From 30 to 60 minutes,
there is a considerable increase in crystal size. Sintering, and Ostwald
ripening mechanism, 27 in which small crystals disappear at the

Figure 2. Representative SEM images of CC3a synthesized by
microwave for 5, 15, 30, and 60 minutes.
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expense of growing, energetically favorable larger crystals, is likely
responsible for this continuous crystal growth. Figure 3 shows the
CC3 average crystal sizes as a function of microwave synthesis time.

Table 1 summarizes the textural properties of the microwave
synthesized CC3 crystals. The BET surface areas extracted from N,
isotherms, (Figure S1), for all samples were in the range of 464-509
m?/g. The apparent BET surface area, and the simulated BET area for
CC3a are in the ~410 - 523 m?/g range. 1% 26 |nterestingly, it has been
hypothesized that an increase in surface area in racemic, and quasi-
racemic CC3 crystals is related to a reduction in crystallinity.?> In this
report, the authors suggested that the increase in surface area arises
from a reduction in long range order, leading to additional extrinsic
microporosity between the CC3 cages. Table 1 shows that the higher
surface area samples are those having the largest micropore volume
contributions, confirmed by the pore distributions shown in Figure
S2. The higher BET area of the 60 minutes synthesized sample is likely
the result of the inefficient packing of the CC3 cages resulting in the
presence of some amorphous agglomerates (Figure 2, 60 minutes).
In principle, this inefficient packing reduces the density of the
material, creating gaps among the cages leading to additional
adsorption sites for nitrogen, and therefore to higher surface areas.
FT-IR spectra (Figure S3), and details about key bond stretches of the
microwave synthesized samples confirm the CC3 structure. Figure S4
shows 1-D *H NMR spectra of microwave synthesized CC3 and CC2.
Since we are synthesizing the mixed racemate of CC3, which has low
solubility in most solvents,2® the supernatant was analyzed by NMR.
The soluble dissymmetric cage reported by Slater et al.,?® is present
within the supernatant. The 'H NMR spectra confirms the structure
of both CC2, and CC3.
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Figure 4. (a) PXRD patterns of calculated CC2 (black), *and
microwave synthesized CC2 (magenta). (b) SEM image of
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Figure 3. CC3 average crystal size as a function of microwave
synthesis time. Numbers above indicate crystal size standard
deviation.

nanoseconds, resulting in a high instantaneous temperature of the
molecules.?® This high local temperature, promotes faster reaction
rates, as compared to those of conventional heating methods.
Therefore, the observed small crystal size of the microwave
synthesized CC3 crystals, may be related to a high nucleation rate.
Furthermore, microwave leads to an enhancement of the dissolution
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of reactants at very short times, leading to the formation of a high
concentration of small nuclei. Eventually, crystallization of these
nuclei due to the rapid consumption of the reactant leads to small
crystals with narrow size distribution. Additionally, the rac-CC3
crystal is known to form quickly after CC3 molecule formation.?®
Typically, the room temperature formation of CC3 crystals requires
synthesis times of at least 8 hours.'° Figure S5 shows a CC3 sample
synthesized via solvothermal approach for 8 hours. For direct
comparison, this sample was prepared with the exact same
precursor composition as the microwave synthesized samples, but a
bit more concentrated (16.6 mg/mL TFB/Vropem VS 2 mg/mL
TFB/Vot, pem)- High dilution conditions has been shown to be more
efficient for this type of cage formation.?> 30 XRD shows the peaks
corresponding to CC3 structure. However, the peaks are broader,
indicating low degree of relative crystallinity. Crystal size for this
solvothermal synthesized sample was ~ 2 um with broader size
distribution (+1.8 um), and had irregularly shaped crystals. This size
is more than double than the size of the sample synthesized for 5
minutes in the microwave. Although rac-CC3 crystals with average
size <1 um, and narrow size distribution have been reported, 2° these
crystals synthesized solvothermally still require ~3-5 days to form the
homochiral cages CC3-S, and CC3-R before mixing. 102526

Table 1. Textural properties of CC3 microwave synthesized samples.

Surface Area

Microwave
synthesis time [m2g?] Pore volume [cm3-g1]
(minUtes) SBEIIa] Sext[b] Vtot[c] Vmicro[b] vmeso[d]
5 484 237 0.37 0.07 0.30
15 464 255 0.36 0.05 0.31
30 474 175 0.31 0.1 0.21
60 509 221 0.37 0.08 0.29

[a] Specific surface area was calculated by BET method
(positive c-value, R>>0.99), [b] external surface area and
micropore volume were calculated by the t-plot method using
the Kruk-Jaroniec-Sayari Thickness, [c] total volume was
calculated from the quantity adsorbed at P/P0=0.975, [d]
mesopore volume = total volume - micropore volume

The microwave synthesis approach was successfully extended for
another prototypical type of POC, denoted as CC2. This POC has a
limiting pore aperture of ~3.6 A, (similar to CC3) and is formed by the
condensation of 1, 3, 5-triformylbenzene with 1, 2-diaminopropane.
Figure 4 shows the PXRD, and a representative SEM image of CC2
crystals synthesized via microwave. The XRD peaks of this microwave
sample synthesized for 8 hours agrees well with the simulated
pattern of CC2 (Figure 4a). The Langmuir surface area of this sample
was ~620 m?/g, also in close agreement to the reported Langmuir
surface area of 600 m?/g for CC2.* Figure S6 shows the N, isotherm,
and pore distribution for this sample. The morphology of this sample
(Figure 4b) shows needle-like, or p§ symmetry. This morphology is
characteristic of CC2 crystals’. In contrast with CC3, the formation of
observed CC2 crystals requires longer synthesis times (8 hours).
Nevertheless, CC2 crystals were synthesized in a few hours, as
compared to a conventional batch approach, ! which requires several
days. For the formation of discrete cages, rather than oglio- or
polymeric byproducts, longer synthesis times are needed for
increased reversibility of CC2 formation.?®
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Conclusions

In summary, porous organic cage CC3 crystals were synthesized via
microwave-assisted approach. The uniform, fast and localized
heating provided by microwave, led to the formation of small
crystallites with narrow size distribution. Specifically, the crystallite
sizes of CC3 were in the ~ 0.8-1.1 micron size range for microwave
times less than 30 minutes. As compared to conventional
solvothermal treatment in which several hours are required to form
this POC with larger crystal size. For microwave synthesis, only a few
minutes were required to synthesize small CC3 crystals with narrow
size distribution. The PXRD patterns confirmed the formation of
CC3a structure, and a contraction-expansion effect associated to the
flexible nature of this POC. The resultant crystals displayed BET
surface areas in the 464-509 m?/g range. To our best knowledge, we
demonstrate here for the first time, the successful microwave
synthesis of two prototypical porous organic cages. The fast
synthesis of narrow size distribution POC crystals makes microwave
a highly appealing synthetic approach for the synthesis of these
microporous crystals for diverse potential functional applications.
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