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ABSTRACT: Porous materials provide a plethora of techno-
logically important applications that encompass molecular
separations, catalysis, and adsorption. The majority of research
in this field involves network solids constructed from multitopic
constituents that, when assembled either covalently or ionically,
afford macromolecular arrangements with micro- or meso-
porous apertures. Recently, porous solids fabricated from
discrete organic cages have garnered much interest due to
their ease of handling and solution processability. Although this
class of materials is a promising alternative to network solids,
fundamental studies are still required to elucidate critical
structure−function relationships that govern microporosity. Here, we report a systematic investigation of the effects of building
block shape-persistence on the porosity of molecular cages. Alkyne metathesis and edge-specific postsynthetic modifications
afforded three organic cages with alkynyl, alkenyl, and alkyl edges, respectively. Nitrogen adsorption experiments conducted on
rapidly crystallized and slowly crystallized solids illustrated a general trend in porosity: alkynyl > alkenyl > alkyl. To understand
the molecular-scale origin of this trend, we investigated the short and long time scale molecular motions of the molecular cages
using ab initio molecular dynamics (AIMD) and classical molecular dynamics (MD) simulations. Our combined experimental
and computational results demonstrate that the microporosity of molecular cages directly correlates with shape persistence.
These findings discern fundamental molecular requirements for rationally designing porous molecular solids.

■ INTRODUCTION

The widespread interest in porous materials from both
fundamental and technological perspectives has led to extensive
applications including adsorption, catalysis, and molecular
separation.1 Three-dimensional extended network materials
such as zeolites,2,3 metal−organic frameworks (MOFs),4−8

covalent organic frameworks (COFs),9−12 and microporous
network polymers13−15 all contribute to the extensive literature
on this topic and provide the bulk of current porous material
technology. Recently, an emerging area of interest is the study
of porous organic cages (POCs) and their solid-state molecular
assemblies.1,16−18 Pioneering research from the Mastalerz and
Cooper groups demonstrate the potential for these molecules
to exhibit unique pore topologies that are otherwise
inaccessible with nonporous discrete molecules.18−21 Addition-
ally, unlike networks, which are generally insoluble and
cumbersome to modify and manipulate, POCs are soluble in
common organic solvents.18 This provides the significant
advantage of solution processability, which allows for ease of
handling, film-deposition, cocrystallization of multiple compo-
nents, and guest recognition.1

Although the field of POCs has seen many recent advances,
fundamental studies relating molecular structure to macro-
scopic properties are needed to accelerate rational design. For
example, current research efforts in the field of MOFs involve
constructing frameworks with flexible building units that
expand or “breathe” when exposed to adsorbates.22−24 While
flexibility in MOFs provides an avenue toward functional and
responsive materials, introducing flexibility in POCs tends to
induce adverse effects. Since most molecular cages possess
windows resembling the size of small gas molecules (<2 nm),
cage motion greatly affects the overall porosity of these
materials.25,26 Researchers have shown that cage flexibility
permits cooperative diffusion mechanisms, whereby transient
molecular reorganizations induced by the guest molecule
provide accessible pathways for transport by diffusion.25,26

However, if the cage molecule becomes too flexible, then
removal of enclatherated solvent molecules from the crystal
lattice is often accompanied by an overall collapse of the cage
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itself, thus significantly reducing the adsorption capacity or
eliminating it completely. For example, Zhang and co-workers
reported flexible [2 + 3] amine cages that collapsed after
desolvation to yield a material with very low porosity.27

Mastalerz and co-workers synthesized [4 + 6] salicylbisimine
cages that collapsed upon hydrogenation to the corresponding
amines.28 Cooper and co-workers reported a [4 + 6] imine cage
that collapsed after reduction to amines, then reachieved shape
persistence and porosity after postsynthetic tying with form-
aldehyde.29

Although these experiments hint at the undesirable effects of
excess molecular flexibility, they describe all-or-nothing
scenarios where added molecular freedom is met with complete
cage collapse. To date, there have not been any studies
investigating the effects of gradual alterations in flexibility on
the porosity of molecular cages. Herein, we describe a system
that specifically modifies the edges of a POC previously
synthesized by our group, TdA (Scheme 1),30 to achieve

controlled, stepwise adjustments in flexibility. Utilizing alkyne
metathesis (AM) and postsynthetic modifications (PSMs), we
synthesized organic cages of varying molecular rigidity: TdA,
TdBr, and TdH (Scheme 1). X-ray crystal structures confirmed
their tetrahedral geometry and transformations at all six edges.
Nitrogen adsorption experiments of both rapidly crystallized
and slowly crystallized samples exhibited a trend in surface area:
TdA > TdBr > TdH. Short-time ab initio molecular dynamics
(AIMD) and long-time classical molecular dynamics (MD)
modeling of cage motions corroborated the trend in our
experimental data and emphasized that shape-persistence
governs the microporosity of these materials.

■ RESULTS AND DISSCUSSION
Cage Synthesis and Characterization. Recently, we

reported the synthesis of TdA utilizing AM, a powerful tool to
synthesize aryleneethynylene-based molecular architectures
such as macrocycles,31,32 cages,30,33,34 and frameworks.35 As
previously described,30 a 1,3,5-tribenzyl-2,4,6-triethylbenzene
vertex precursor with a well-defined, alternating up−down
conformation afforded TdA in nearly quantitative yields. The
new modified cages, TdBr and TdH, were synthesized from TdA
using PSMs in moderate to high yields. Specifically, TdBr was

synthesized in 40% yield in one step by bromination using
excess bromine in chloroform (CHCl3). The

1H NMR reveals
only two sets of aromatic doublets at 7.44 and 7.11 ppm,
indicating exclusively one geometrical isomer of the dibro-
moalkene formed (Figure S5). The 13C NMR spectrum
confirms only one resonance at 118.11 ppm corresponding to
a single dibromoalkenyl carbon (Figure S6), thus the PSM
occurred stereoselectively. Additionally, TdH was synthesized in
90% yield by hydrogenation of TdA using Pd/C and hydrogen
gas in tetrahydrofuran (THF). 1H NMR reveals a new proton
resonance at 2.79 ppm, indicating the presence of benzylic
protons (Figure S3). 13C NMR reveals the expected benzylic
carbon resonance at 39.0 ppm (Figure S4).

Single Crystal XRD Analysis. To compare their solid-state
packing and confirm transformation of all six alkynyl edges, we
performed single crystal X-ray diffraction analysis (Figure 1).
Cage TdA crystallized from slow diffusion of a 1:1 (v/v) layered
mixture of CHCl3 and toluene in the tetragonal space group
I41/a.

30 The cages pack in an edge-to-edge fashion exhibiting
mainly CH···π (alkyne) interactions. Cage TdBr crystallized
from slow diffusion of a 1:1 (v/v) mixture of CHCl3 and
toluene in the monoclinic space group C2/c. The tetrahedral
structure remained intact, and all six alkynyl linkages were
transformed exclusively to the corresponding trans-dibromoal-
kene. We hypothesize that rigidity enforced by cage vertices
restricts edge motion, prompting solely the trans geometric
isomer to form. A similar result was observed with
postsynthetic bromination of a MOF.36 The TdBr cages align
primarily in edge-to-edge motifs through CH···Br interactions.
Cage TdH crystallized from slow diffusion of a 1:1 (v/v) layered
mixture of CHCl3 and methanol in the trigonal R3̅ space group.
The tetrahedral structure remained intact and all six alkynyl
linkages transformed to the corresponding alkyl carbon atoms.
The resulting crystal is a racemate of two atropisomers (M and
P, depicted as blue and orange respectively in Figure 1) that
pack in both window-to-window and edge-to-edge motifs
through T-shaped CH···π (aryl) interactions.

Preparation of Solids. As reported by Cooper and co-
workers, the preparative conditions for molecular cages greatly
influence the porosity of the resulting material.18,37 In light of
their findings, we prepared cage solids using two procedures:
rapid and slow crystallization. Rapidly crystallized powders were
prepared by precipitation from a CHCl3 solution with the rapid
addition of an excess amount of methanol. The mixtures were
stirred for 30 min, filtered, and dried under high vacuum for 12
h. Powder X-ray diffraction (PXRD) confirmed that these
samples have low crystallinity (Figures S18−S20) owing to the
presence of broad, poorly defined diffraction peaks. Scanning
electron microscopy (Figure 2a−c) showed that each powder
exhibits its own unique morphology. Investigation of how the
rate of precipitation affects the topology and gas uptake of these
powders will be addressed in future studies.
Slowly crystallized samples of each cage were prepared by

slow evaporation of a CHCl3 solution over the course of 5−7
days. The solids were desolvated by leaving the samples open
to air for 12 h, then dried under high vacuum for 1 h. PXRD of
the desolvated crystals of TdA and TdBr exhibited broad peaks,
indicating the loss of crystallinity and/or reduction of crystallite
size as a result of removing enclatherated solvent (Figures S18
and S19). SEM images of TdA and TdBr desolvated crystals
revealed that these solids exhibit significant cracking and
breaking (Figure 2e,f). Interestingly, the PXRD pattern of TdH
showed almost no distinguishable diffraction peaks, indicating

Scheme 1. Synthesis of TdH and TdBr from PSMs of TdA
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that the sample had undergone a phase change to an
amorphous solid (Figure S20). This phenomenon is indicative
of cage collapse after removing enclatherated solvent.29 We
acknowledge that using different crystallization conditions may
afford other polymorphs.
Nitrogen Adsorption Experiments. All samples were

tested for nitrogen adsorption capacity by first outgassing and
heating to 70 °C under high vacuum for 12 h before measuring
the adsorption of nitrogen at 77 K. For each, a type I isotherm
was observed, typical of microporous materials (Figure 2d,h).38

The results of these experiments are summarized in Table 1.
TdA was the most porous, TdBr showed intermediate porosity,
and TdH cage proved to be nonporous in both preparative
conditions. It is interesting to note that the isotherms for TdA
and TdBr exhibit adsorption hysteresis. While the exhibited
hysteresis suggests some mesoporous character, this phenom-
enon cannot be justified by the crystal structures of these cages.

However, as stated earlier, both TdA and TdBr crystals exhibit
significant cracking after desolvation due to the strong
interactions between the cages and solvent molecules.
Fracturing of cage crystals can induce mesoporous character
during desorption and thus give rise to hysteresis, as previously
reported.19 A similar argument holds true for cage powders in
this case, as rapid precipitation results in large crystal defects in
the bulk material.19

Figure 1. (a) X-ray crystal structures of TdA, TdBr, and TdH with hydrogens omitted for clarity. (b) Crystal packing viewed along the c-axis for TdA
and TdH and the c′-axis for TdBr. Blue and orange cages correspond to atropisomers M and P, respectively.

Figure 2. Scanning electron microscopy (SEM) images of prepared molecular cage solids. (a−c) Rapidly crystallized solids of TdA, TdBr, and TdH,
respectively. (d) Gas adsorption isotherms of rapidly crystallized solids. (e−g) Slowly crystallized solids of TdA, TdBr, and TdH, respectively. (h) Gas
adsorption isotherms of slowly crystallized solids.

Table 1. Specific Surface Area Data of All Samples from
Nitrogen Adsorption Experiments

powder
SABET
(m2g−1)

SALangmuir
(m2g−1) crystal

SABET
(m2g−1)

SALangmuir
(m2g−1)

TdA 823 941 TdA 509 586
TdBr 378 436 TdBr 279 319
TdH 5 6 TdH 0 0
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Molecular Dynamics Simulations. To better understand
the observed trend in the nitrogen adsorption experiments, we
turned to theoretical computations. Our approach focused on
modeling the molecular motion of individual cages on the
picosecond time scale via AIMD and classical MD. AIMD and
classical MD were performed to capture the short-time and
long-time properties of the molecular cages, respectively, with
initial configurations generated from X-ray coordinates. Figure
3 summarizes the main observations and quantities obtained
from these simulations.
To quantify the short-time shape-persistence of cage building

blocks, we performed AIMD simulations at 300 K in an NVT
ensemble with a time step of 1 fs. The bending flexibility of the
edges can be visually recognized from the simulation movies
(Movies S1−S6). Cage TdA shows the smallest amplitude of
edge movement, while TdH shows the largest. To be more
precise, we computed the averaged deviation of each edge from
its initial linear configuration, ⟨δl⟩, and used it to quantify the
short-time flexibility of the edges. Figure 3a−c shows the
maximal concave bending configuration of the edges of each
molecular cages. Over an elapsed time period of 3 ps, the time-
averaged edge deviations of TdA, TdBr, and TdH were 3.2, 4.2,
and 5.0 nm, respectively. These values correlate well with the
experimentally measured specific surface area SABET values for
both the powders and desolvated crystals (Figure 3g).
The long-time shape-persistence and volume/porosity of the

molecular cages were modeled by classical MD simulations
using the universal force field39 with time steps of 0.05 fs for
TdA and 1.0 fs for TdBr and TdH. Production runs were
performed for 300 ps in an NVT ensemble at 300 K. We
computed the time-averaged root mean squared deviation,
⟨RMSD⟩, of the molecular cages relative to their initial
configurations, and used it to indicate the long-time flexibility
of the entire molecule. Figure 3d−f shows the typical long-time
structure of each molecular cage. Again, TdA proved to be the
most rigid structure with a ⟨RMSD⟩ of 0.05 nm, while TdBr and
TdH had ⟨RMSD⟩ values of 0.1 and 0.3 nm, respectively. These
values also correlate well with the experimentally measured

specific area SABET values for both the powders and desolvated
crystals (Figure 3h).
The time-averaged internal volume of molecular cage, ⟨V⟩,

obtained from the classical MD simulations served as a
theoretical indicator of the cage porosity. ⟨V⟩ was computed
as the summation of volumes of many small internal
tetrahedrons, which are constructed by connecting representa-
tive atoms on the edges of the original molecular cage (Figure
S34). ⟨V⟩ correlates well with ⟨δl⟩ obtained from the AIMD
simulation and with ⟨RMSD⟩ obtained from the classical MD
simulation (Figure 3i,j). As an extreme example, the classical
MD simulation was able to capture the partial collapse of TdH
during the simulation time window (Figure 3f), while TdA and
TdBr retained their structure during the entire simulation.
These results provide a molecular-scale understanding of the
nonporous nature of desolvated TdH solid, as well as its
structural change to an amorphous solid after desolvation.
These simulations suggest that shape-persistence of the

molecular cages governs their porosity. Close inspection of cage
motion in the simulation movies reveals key structural features
responsible for this phenomenon. In the simulations for TdA,
the alkynyl edges restrict bending and/or rotation about the
CareneCalkynylCalkynylCarene torsional angle. This restricted
movement fortifies the vertices and prevents partial window
closure and cage collapse after desolvation. In the simulations
for TdBr, the alkenyl edges provide limited bending and
rotation about the CareneCalkenylCalkenylCarene torsional
angle. This added flexibility allows the edges to bend in and out,
which leads to partial blockage of cage windows in the process.
However, the edges are still rigid enough to prevent the vertices
from folding in. Finally, the simulations for TdH indicate that
the alkyl edges have essentially unrestricted bending and/or
rotation about the CareneCalkylCalkylCarene torsion angle,
which provides enough flexibility to allow at least two edges to
collapse inward. Thus, the edges in TdH are not rigid enough to
maintain cage shape-persistence after desolvation.
Overall, although both TdA and TdBr retain their shape

throughout the simulation (i.e., they maintain at least 95% of
their initial volume), TdH collapses, preserving only 10% of its

Figure 3. (a−c) Molecular configurations of TdA, TdBr, and TdH at their maximum concave bending from AIMD simulations. (d−f) Long-time
configurations from classical MD simulations. (g−j) Quantitative measures of porosity and volume plotted against measures of flexibility. All lines are
included for guidance only.
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initial volume after tens of picoseconds. This loss in shape-
persistence afforded nonporous molecular solids of TdH in both
preparative conditions. In terms of the flexibility, our
simulations indicate that even a minor increase in ⟨δl⟩ of 1.0
nm (from TdA to TdBr) leads to a decrease in surface area of ca.
45% in desolvated crystals and ca. 54% in powders.
Furthermore, an increase by 1.8 nm (from TdA to TdH)
leads to cage collapse and loss of porosity. The method
presented here constitutes a qualitative analysis of the
relationship between shape persistence and porosity. Certainly,
other factors such as guest−host interactions may also
contribute significantly to molecular flexibility and porosity, as
previously reported.40 However, the advantage of our method is
that it requires significantly less computational power and
provides a “fingerprint” of a given molecule independent of a
specific guest.

■ CONCLUSIONS
We performed a systematic study of the effects of molecular
shape-persistence on the porosity of molecular cage solids.
Utilizing the significant advantage of cage solubility allowed us
to modify TdA in high yields using PSMs with common organic
reagents to afford TdBr and TdH. These modifications
characteristically affected their gas adsorption capacity and
revealed a relationship between shape-persistence and porosity
in both rapidly and slowly crystallized samples. AIMD and
classical MD provided molecular-scale understanding of how
bond flexibility affects porosity of the molecular cages and
supported our experimental data.
While our single molecule simulations do not provide a

quantitative prediction of transport properties and gas diffusion
mechanisms in the bulk material, this approach exemplifies how
minor changes in molecular design greatly affect the physical
properties of the bulk. Our integrated synthetic and computa-
tional approach demonstrates that the microporosity of this
class of molecular cage solids can be controlled through fine-
tuning at both the atomic level by synthetic modifications and
the microscale by modular molecular packing. Our high-
throughput computational methodology, accompanied by
powerful in silico materials design strategies,41 may provide a
route to screen potential candidate POCs before they are
synthesized, eliminating trial-and-error practices. The ability to
control and predict micro- and meso-porosity through modular
assembly of rationally constructed building blocks unlocks the
potential of designing porous materials with specific physical
properties a priori. In effect, these results will help streamline
the process of designing novel molecular architectures for
targeted materials applications.
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