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Abstract: Modular frameworks featuring well-defined pore structures 
in microscale domains establish tailor-made porous materials. For 
open molecular solids however, maintaining long-range order after 
desolvation is inherently challenging, since packing is usually 
governed by only a few supramolecular interactions. Here we report 
on two series of nanocubes obtained by co-condensation of two 
different hexahydroxy tribenzotriquinacenes (TBTQs) and benzene-
1,4-diboronic acids (BDBAs) with varying linear alkyl chains in 2,5-
position. nButyl groups at the apical position of the TBTQ vertices 
yielded soluble model compounds, which were analyzed by mass 
spectrometry and NMR spectroscopy. In contrast, methyl-substituted 
cages spontaneously crystallized as isostructural and highly porous 
solids with BET surface areas and pore volumes of up to 
3426 m2 g−1 and 1.82 cm3 g−1. Single crystal X-ray diffraction and 
sorption measurements revealed an intricate cubic arrangement of 
alternating micro- and mesopores in the range of 0.97–2.2 nm that 
are fine-tuned by the alkyl substituents at the BDBA linker.  

Introduction 

Reticular chemistry assembles open crystalline frameworks by 
linking rigid molecular building blocks through strong covalent 
bonds.[1] Metal-organic frameworks (MOFs)[2] and covalent 
organic frameworks (COFs)[3] are the most developed classes of 
such porous materials[4] with the prospect of applications in gas 
storage[5] and separation,[6] membranes[7] or sensing.[8] Since 
crystal lattice energies are dominated by the directional covalent 
or coordinating coupling interactions,[9] isoreticular frameworks 
are accessible via the formal exchange of structurally similar 
building blocks.[10] Thereby, materials properties can be fine-
tuned while still maintaining the underlying topology and 
superstructure.  
In the last two decades, porous molecular materials,[9, 11] e.g., 
organic cages[3d, 12] or molecules of intrinsic microporosity 
(MIMs),[13] which could be arranged by hydrogen bonding[14] or 

ionic interactions,[15] have emerged as alternatives for polymeric 
frameworks. Utilizing dynamic covalent chemistry,[16] a steadily 
growing number of imine,[17] boronate ester[18] (Figure 1), 
boroxine[19] or alkyne[20] cages is now accessible. Whereas the 
molecular character of cages was exploited for host-guest 
chemistry,[21] self-sorting,[22] mechanical interlocking[23] or 
reactivity control for encapsulated guests,[24] these “soluble 
porous units”[25] could also be processed into mixed matrix 
membranes[26] or as active components in sensing devices.[27] 
However, the design of crystalline cage materials with defined 
pore systems following basic geometrical principles is still highly 
challenging.[9, 28] Since the lattice energy is rarely dominated by 
a single directional intermolecular motif, even subtle structural 
modifications at the molecular modules, e.g., inversion of chiral 
elements,[22g] frequently alters crystal packing, thus preventing 
isostructural crystallization even for structurally very similar 
cages.[17b, 29]  

 

Figure 1. a) Chemical structure and substituents for cubic cages 1 and 2 and 
b) optical microscopy images of crystalline samples for cages 2. 
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So far, isoreticular series of porous organic cage crystals have 
only been achieved with the help of additional design strategies 
such as computational crystal structure prediction,[30] chiral 
recognition[31] or structure-directing guests.[32] Sustaining both 
permanent porosity[33] and precise structural order[34] after 
solvent removal or in bulk samples remains a nontrivial task and  
BET surface areas SABET surpassing 1000 m2 g−1 have only 
been reported for a few cases.[17a, 20, 22g, 23b, 32a, 35] Reaching even 
higher values of SABET > 2000 m2 g−1[17b, 31e, 36] and pore volumes 
Vpore > 1 cm3 g−1 proved extremely difficult and a cuboctahedral 
boronate ester cage reported in 2014 by the Mastalerz group still 
remains the benchmark for both figures of merit with 
SABET = 3758 m2 g−1 and Vpore = 1.41 cm3 g−1.[18c]  
Here we report on the synthesis of two series of cubic covalent 
organic cage compounds 1 and 2 (Figure 1a) by the co-
condensation of two different hexahydroxy tribenzotriquinacenes 
(TBTQs)[37] with benzene-1,4-diboronic acids (BDBAs) 
possessing alkyl chains of varying length in 2,5-position. nBu 
groups at the apical position of the TBTQs yielded soluble model 
compounds 1, which were analyzed by 1H, 13C, diffusion ordered 
(DOSY) NMR spectroscopy and mass spectrometry. The 
respective Me-substituted cages 2 however, directly crystallized 
from the reaction solutions in an isoreticular fashion (Figure 1b) 
and were characterized by single-crystal X-ray diffraction (SC-
XRD) and BET sorption measurements. 

Results and Discussion 

In previous work,[18a] we synthesized molecular nanocubes 
through the [8+12] co-condensation of orthogonal TBTQs and 
linear BDBAs. The introduction of nBu chains at the apical 
position (red in Figure 1a) of TBTQ-nBu in cages 1 assured 
sufficient solubility during the assembly process, with 1-H and 
1-nBu being isolated as precipitate and in solution, respectively. 
At that time, the synthesis of 2-H with Me substituents at the 
TBTQs and unfunctionalized BDBA linkers failed due to 
immediate precipitation of early cage intermediates. 
To further probe the effect of varying alkyl substituents on the 
subtle balance between solubility and precipitation, we 
synthesized BDBA-Me[38] and BDBA-Et bearing Me or Et 
groups at the 2,5 positions (blue in Figure 1). As expected, novel 
cubic cages 1-Me and 1-Et self-assembled from THF solutions 
of TBTQ-nBu and BDBA-X (X = Me or Et) at 2:3 ratio after 
repeated addition of 4Å molecular sieves over five days (see SI 
for experimental and analytical details). Thus, a series of 
cages 1 was established, in which the solubility in organic 
solvents gradually decreased with shorter alkyl chains at the 
vertices. The solubility of cages 1-nBu and 1-Et in CHCl3 was 
high enough to allow characterization by MALDI-TOF MS 
(Figure S12), 1H and 13C NMR spectroscopy (Figures S6–S7). 
For cage 1-Me however, only MALDI-TOF MS was measurable 
from CHCl3 solution (Figure S11), whereas 1H NMR had to be 
recorded in C2D2Cl4 (Figure S5). As expected, all three cages 1 
showed only two aromatic singlets at around 8.0 and 7.4 ppm 
(Figure 2) for the BDBA and TBTQ moieties, respectively, and 
one singlet at 4.6 ppm for the bridgehead protons at the TBTQ 
vertices, thus indicating the formation of cubic cages with Oh 
symmetry. As reported previously,[18a] cage 1-H proved insoluble 
in common organic solvents and precipitated directly from the 

reaction mixture. However, cage formation was detected by 
MALDI-TOF MS after trituration with solid matrix.  
To probe the size and mobility of cubic cages 1 in solution, 
diffusion coefficients of 7.67×10−11, 2.29×10−10 and 
2.20×10−10 m2 s−1 for cages 1-Me, 1-Et and 1-nBu, respectively, 
were obtained by DOSY NMR (Figure 2). To compare values 
obtained from different solvents (C2D2Cl4 for 1-Me, CDCl3 for 
1-Et and 1-nBu), solvodynamic diameters were calculated via 
the Stokes-Einstein equation (see Tables S1,S2 and 
Figures S16–S21 for details). Strikingly, identical diameters of 
3.3 nm were obtained for all cages 1. Apparently, the increasing 
length of the alkyl chains at the BDBA edges hardly influences 
the mobility in solution, which is merely determined by the size 
and shape of the rigid cubic backbone. As indicated by the 
PM6[39]-models in Figure 2, these substituents might however 
modulate the size of the pore windows. Further investigations 
regarding cages with other rigid or flexible substituents will give 
more insight into the relation between diffusion properties and 
molecular structure and are currently underway in our 
laboratories.  

 

Figure 2. DOSY NMR spectra (600 MHz, C2D2Cl4 or CDCl3, rt) for cages 1 
(solvodynamic diameters are indicated as transparent spheres in the PM6-
minimized[39] space-filling models, images have been prepared with PyMOL[40]).  

Despite numerous attempts so far, no single crystals suitable for 
X-ray diffraction (SC-XRD) could be obtained for cages 1. 
Apparently, the exposed nBu substituents at the TBTQs prevent 
efficient packing due to considerable steric demand at the cube 
vertices (Figure 3a, top). Recently, Mastalerz and coworkers 
reported impressive SC-XRD structures for chiral imine 
cages[22g] based on a TBTQ derivative with Me and nPr 
substituents at the apical and bridgehead positions, respectively. 
In the solid state, these cages were held together by weak and 
unspecific van der Waals forces between the nPr chains of 
neighboring cages. Due to rotations at the more flexible imine 
linkages, the shape of the cages also slightly deviated from 
perfect cubes. Therefore, different packing modes were 
observed for two diastereomeric cages and partial structural 
collapse after desolvation occurred. For more rigid boronate 
ester cages, we expected cages 2 based on TBTQ-Me to 
possess a more rigid and cubic geometry, thus anticipating a 
more efficient packing in the solid state (Figure 3a, bottom). In 
addition, stronger supramolecular interactions between the π-
systems of the BDBA edges should strengthen the 
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intramolecular forces between individual cages, thus stabilizing 
and rigidifying the solid-state packing. As we previously failed to 
assemble 2-H,[18a] we modulated the solubility of cages 2 by 
attaching alkyl substituents at the BDBA linkers.  

 

Figure 3. a) Control over solubility or crystallinity of cubic cages depending on 
substituents R1 at the TBTQ vertices and b) schematic packing motifs for 
hollow cubic cages. 

Following our established protocol,[18a] TBTQ-Me and BDBA-X, 
(X = Me, Et or nBu) at 2:3 ratio were dissolved in THF-d8 at room 
temperature and 4Å molecular sieves were added. Monitoring of 
the reaction progress by 1H NMR revealed a fast decrease in 
signal intensity and crystalline precipitates occurred after one 
day. The very low concentrations in the remaining solutions and 
the fact that the reaction products could not be redissolved 
without decomposition prevented analysis by NMR spectroscopy. 
However, MALDI-TOF MS of both the supernatant solutions and 
precipitates showed cages 2 as the only detectable products 
(Figures S13–S15).  
Optical microscopy images (Figure 1b) revealed similar 
diamond-shaped crystals for 2-Et and 2-nBu. For 2-Me, smaller 
and more intergrown crystallites were obtained due to lower 
solubility and thus, faster crystal growth. For all three cages, we 
could isolate single crystals of decent shape and size. However, 
the highly porous structures contain very large amounts of 
solvent ranging from 73.0% to 76.6%. Due to the extremely 
weak diffraction power, synchrotron radiation was required for 
structure elucidation.[41] Utilizing macromolecular beamline P11, 
DESY (Hamburg)[42] at a chosen wavelength in between 0.77–
0.98 Å allowed us to push the experimental resolution into the 
1.3–1.4 Å regime, which is just sufficient for ab intio structure 
solution with SHELXT.[43] For 2-Me and 2-Et, the cage model 
could be fully completed in the subsequent refinement, but only 
one of the four nBu side chains in the asymmetric unit of 2-nBu 
could be located in the observed electron density map. It was 
found to be disordered over two conformations. At the other 
three sites, there was not enough electron density to locate the 
orientation of the flexible nBu substituents in full. In these three 
cases the side chains were modelled as methyl groups instead. 
The scattering contribution of unmodelled nBu atoms and solvent 
molecules was treated with the SQUEEZE routine.[44] With cube 

diameters of 3.4 nm (Table S4) these nanocubes rank among 
the largest purely organic cages that have been analyzed by 
SC-XRD so far. The cuboctahedral[18c] and cubic[22g] cages from 
the Mastalerz group are roughly the same size and are only 
surpassed by the giant porphyrin boxes[17d] from the Kim group.  
Remarkably, all cages 2 crystallized in the same trigonal space 
group R-3c with nearly identical unit cell dimensions (Table 1). 
Both individual cages (Figure 4a) and unit cells (Figure 4b) 
almost perfectly superimpose, thus emphasizing the isoreticular 
packing within the series of cages 2. Owing to the rigid and 
directional boronate ester linkages, all cage monomers show 
only slight deviations from a perfect cubic geometry (Table S4). 
For one of the two BDBA linkers in the asymmetric unit, the alkyl 
substituents are statistically disordered (Figure S25d) by rotation 
around the edges, whereas the alkyl groups for the second 
BDBA unit assist in stabilizing the packing and are therefore 
fixed in one conformation (Figures 4e and S25c). As anticipated, 
individual cages are linked via π-π-interactions between the 
BDBA struts and there is almost no influence of the alkyl 
substituents on the solid-state packing. Thus, the general 
packing motif can be deduced from a simple model of a cube as 
the only space-filling Platonic solid (Figure 3b, left). Since 
cages 2 possess empty windows at the faces, stabilizing 
interactions can only arise between the π-surfaces of the 
aromatic edges. Removal of every second cage from the simple 
cubic lattice gives a face-centered cubic (fcc) arrangement 
(Figure 3b, middle) facilitating π-stacking between pairs of edges. 
Still, four vertices collide at the specific lattice points (Figure 3b, 
red dots). Alternate clock- and anticlockwise rotation of 15° for 
all cages within consecutive hexagonal layers evades this steric 
pressure (Figure 3b, right), thus leading to the pseudo fcc 
packing, which will be now discussed at the example of 2-Me. 
Two different types of π-π-interactions, for the inter- (rose/blue in 
Figure 4c) or intralayer (rose/rose in Figure 4c) contacts of 
adjacent cages, account for the lattice energy of the structure. 
Caused by the alternating rotation of every second hexagonal 
layer (Figure 4e), the unit cell is doubled along the c axis and the 
layers are arranged in an AB’CA’BC’ stacking (Figure 4d). At the 
tetrahedral sites, the synchronous rotations within one layer 
open small cavities that provide an exact fit for the apical Me 
groups from the neighboring layers (green box in Figure 4e). 
These Me-π-interactions nicely illustrate the crucial role of the 
apical Me groups, as any larger substituent would not fit, and 
thus, prevent this type of packing. Each octahedral site defines 
one extrinsic pore, which is surrounded by six cages (blue box in 
Figure 4e) in a face-to-face fashion. Overall, the alternating 
arrangement of intrinsic and extrinsic pores (blue and yellow in 
Figure 5d) creates a cubic pore system that is continuous in all 
three spatial directions (Figure 5b). 
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Figure 4. Overlay of a) monomers and b) unit cells for SC-XRD structures of 
cages 2-Me (turquoise), 2-Et (orange) and 2-nBu (violet); fcc packing for 2-Me: 
c) two types of π-π-interactions between BDBA edges (rose/blue for interlayer 
and rose/rose for intralayer interactions), d) AB’CA’BC’-type layer stacking and 
e) top view for hexagonal layers (insets show the Me pockets at the 
tetrahedral sites (green box) and the extrinsic pore (yellow) at the octahedral 
sites (blue box), all images have been prepared with PyMOL[40]). 

To probe the structural integrity and permanent porosity of 
cages 2, crystalline bulk samples were isolated after five days in 
55−66% yield. Work-up included isolation of the crude crystalline 
material, washing with CHCl3 and immediate transfer to n-
pentane for solvent exchange (5×24 hours). Once submerged in 
n-pentane, cage materials proved stable over several weeks as 
evidenced by powder X-ray diffraction (PXRD). 
Thermogravimetric analysis (TGA) of solid samples after solvent 
exchange revealed slight weight losses of 5–10% up to 200 °C, 
which presumably correspond to the removal of residual 
solvents from the pores, followed by decomposition starting at 
around 400 °C. The comparison of PXRD data for bulk samples 
of cages 2 with diffractograms simulated from the SC-XRD 
structures revealed the structural integrity for this isoreticular 
series of porous cages. The good match between experimental 
and simulated diffractograms (Figures 5a and S31–S33) 
indicated the formation of extended bulk domains resembling the 
single crystal structure. All measured diffractograms are 

dominated by one very intense reflection at around 4°, which 
corresponds to the {104} planes (Figure 5a) and represents the 
cube-to-cube spacing within the fcc packing (Figure 5b).  
Minor deviations in 2Θ values are presumably caused by slight 
shifts or rotations of the individual cages after solvent removal or 
different temperatures for the single-crystal and powder 
measurements. Nevertheless, the rather strong and directional 
π-π-interactions (Figure 4c) between the cages stabilize the 
packing arrangement in desolvated samples, which is rarely 
observed for organic cages of such size.[3d, 11] The unique cubic 
shapes of cages 2 establish these materials as supramolecular 
analogs of 3D COFs that maintain a defined 3D pore structure 
after activation, thus allowing for a tailor-made design of porous 
materials. To assess permanent porosity, we measured N2 
sorption at 77 K for activated cage powders. The obtained 
isotherms (Figure 5c) are best described as type I(b) isotherms 
indicating the presence of micro- and mesopores with pore sizes 
below 2.5 nm.[45] After applying Brunauer-Emmett-Teller (BET) 
theory, SABET values of 2722, 2531 and 3426 m2 g−1 (Table 1) 
were obtained for 2-Me, 2-Et and 2-nBu, respectively. Thus, all 
crystals 2 are among the very few examples with 
SABET > 2500 m2 g−1 reported so far.[33b, 36] Within this isoreticular 
series, 2-nBu exhibits the highest surface area, reaching 89% of 
the solvent-accessible surface area (SASA) of 3839 m2 g−1, 
which was calculated from the SC-XRD structure with Materials 
Studio[46] for a N2-sized probe with R = 1.84 Å (see Table 1). 
However, this SASA, being a theoretical limit, should be treated 
with caution, as 18 of the 24 nBu chains have not been resolved 
in the SC-XRD structure but were only added manually to this 
model. It is also not yet understood how these flexible 
substituents protruding into the extrinsic pores contribute to the 
surface area. For 2-Me, lower leads to faster nucleation and, 
thus, precipitation of smaller and less regular crystals. For 2-Et 
and 2-nBu, similarly looking crystalline samples were isolated 
(Figure 1). However, bulk samples of 2-Et appeared to be more 
sensitive during the solvent exchange. For 2-Me and 2-Et, SABET 
values ranging from 1200–2700 m2 g−1 were obtained for slightly 
different activation procedures. In particular, fast transfer from 
THF to n-pentane proved to be crucial for high porosity. At the 
moment, we attribute the differences in SABET to varying 
amounts and size of highly porous domains in the active 
materials.[12c, 22g] However, more studies are needed in the future 
to fully elucidate the peculiar effects of R2 substituents on the 
porosity. Cage-based crystals 2-Me, 2-Et and 2-nBu also feature 
exceptionally large Vpore of 1.01, 1.28 and 1.84 cm3 g−1, 
respectively. Obtaining Vpore values larger than 1 cm3 g−1 is 
extremely rare for organic cages and, to the best of our 
knowledge, 2-nBu exhibits the highest value for this class of 
materials reported so far.[12c]  
Pore size distributions (PSD) were calculated from the 
adsorption branch of the N2 isotherms using a quenched solid 
DFT (QSDFT) carbon kernel for slit and cylindrical pores. 
Intriguingly, three well-defined and narrow pore sizes were 
identified for all three cage-based crystals 2 at the boundary of 
the micro- and mesopore regimes between 0.97 to 2.3 nm 
(Table 1 and Figure 5e). Hence, cages 2 are among the very 
few organic cages exhibiting both micro- and mesoporosity 
within the same porous material.[23b] We attribute mesopores A 
to the intrinsic cage cavities (blue in Figure 5f), since the pore 
size of 2.2−2.3 nm fits very well to the distance of ~ 2.3 nm 
between diagonal edges in the SC-XRD structures (see 
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Table S4 for exact values). Furthermore, the two micropores B 
(~ 1.0 nm) and C (~ 1.5 nm) are best assigned to the cage 

windows and extrinsic pores, respectively (green and yellow in 
Figure 5f).  

 

Figure 5. a) Powder X-ray diffractograms simulated from single crystal data for 2-Me (black) and for bulk materials of cages 2; b) space-filling model of the porous 
structure of 2-Me indicating the (104) lattices planes; c) N2 sorption isotherms for cages 2 at 77 K (filled and open symbols represent adsorption and desorption 
branches, respectively); d) 2D view of the alternating arrangement of intrinsic (blue) and extrinsic (yellow) pores (cages from adjacent hexagonal layers are 
indicated in light and dark grey); e) pore size distributions calculated by quenched solid DFT for cages 2 and f) detailed visualization (top) and thin section slice 
(bottom) for linear array of intrinsic (A, blue) and extrinsic (C, yellow) pores connected by cage windows (B, green) along the channels of 2-Me. 

The thin section image for a short channel fragment consisting 
of two cages that are connected by one intrinsic pore in 
Figure 5f nicely illustrates the remarkable correlation of the DFT-
derived pore sizes with the structural model. Whereas pores A 
and B, which are intrinsically related to the cavity and windows 
of the rigid cubic cages, show a very narrow distribution, 
extrinsic pores C appear somewhat broader in the PSD 
calculations. We attribute this effect to the much higher 
susceptibility of the extrinsic pores towards small shifts and 
rotations in the packing arrangement. As mentioned earlier, 
PXRD data also indicated minor movements in the 
supramolecular packing. Nevertheless, these combined data still 
support the essential integrity of well-defined channels of 
alternating micro- and mesopores along all three spatial 
directions even in the desolvated state (Figure 5b,d). 
Whereas the isostructural crystallization establishes identical 3D 
pore systems for all cages 2, the pore sizes are however subtly 
tuned by the different substituents at the BDBA linkers 
(Figures 5e,f and 6). As expected, the intrinsic cavities A are 
hardly affected by the dangling alkyl chains at the edges. 
Instead, these groups are predominantly located in the extrinsic 
voids or partially block the cage windows, thus reducing the size 
of mesopores B and C with increasing chain length (Table 1 and 
Figure S37 for thin section images). Figure 6 illustrates the 
overall effect on the channel diameter and the aperture of the 
square windows for the cubic cages. For further visualization, 

videos for a thin section side view of the rotation around the 
channel axis for all cages 2 are available in the SI. 
This observation is quite appealing as it might just provide the 
control over the pore system that is needed to combine high 
selectivity with large storage capacity. Just recently, the 
combination of barely porous imine cages with larger storage 
pores proved to be highly selective for the separation of 
hydrogen isotopes.[47] In particular, the alternating arrangement 
of two pores with different sizes throughout the structure induced 
an additional sieving effect, as faster diffusing absorbents can 
pass while crossing the larger pores.  

 

Figure 6. Front view for a 3×3 array of parallel porous channels (top) and 
enlarged view of one specific pore window (bottom, QSDFT-derived pore size 
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indicated as green sphere in the middle of the window) for a) 2-Me, b) 2-Et 
and c) 2-nBu (Connolly surface is shown for all cages, nBu side chains that 
could not be resolved crystallographically have been added manually in 
Materials Studio;[46] images have been prepared with PyMOL[40]). 

Similar effects are conceivable for cages 2 and novel derivatives 
thereof, as the attachment of recognition sites at the BDBA units 
could lead to tailor-made selection pores in combination with 

very high uptake capacity for the intrinsic mesopores. Currently, 
we are exploring the potential of cages 2 for selective gas 
sorption and for developing the next generation of cubic cages 
to further improve the porous properties of molecular materials.  

 

Table 1. Crystallographic parameters and gas sorption properties of crystalline cages 2. 

Cage space 
group 

α,β  
 

[°] 

γ 
 

[°] 

a,b  
 

[Å] 

c  
 

[Å] 

SASA[a] 

 
[m2 g−1] 

SABET[c]  
 

[m2 g−1] 

free 
volume[d] 

[cm3 g−1] 

Vpore[e]  
 

[cm3 g−1] 

pore A[f] 
(intrinsic) 

[nm] 

pore B[f] 
(window) 

[nm] 

pore C[f] 
(extrinsic) 

[nm] 

2-Me R-3c 90 120 31.821 135.777 3727 2722 2.01 (77%) 1.01 1.10 1.48 2.27 

2-Et R-3c 90 120 31.659 136.496 3759 2531 1.79 (74%) 1.28 1.01 1.42 2.19 

2-nBu R-3c 90 120 31.683 137.915 3839[b] 3426 1.49 (69%) 1.84 0.97 1.36 2.19 

[a] Solvent accessible surface area (SASA) calculated for the SC-XRD structure with Materials Studio (N2-sized probe with R = 1.84 Å, 0.25 Å grid interval with 
fine resolution);[46] [b] SASA calculated for the SC-XRD structure with manually added nBu chains with Materials Studio;[46] [c] BET surface area for N2 at 77 K; [d] 
calculated for the Connolly surface (R = 1.84 Å) with Materials Studio[46] (free volume proportion of the unit cell is given in brackets); [e] calculated from sorption 
measurements; [f] calculated with a quenched solid DFT (QSDFT) carbon kernel for slit and cylindrical pores.   

Conclusion 

Two series of covalent organic nanocubes 1 and 2 with varying 
alkyl substituents at both the hexahydroxy TBTQ vertices and 
BDBA edges have been synthesized. nBu functionalization at the 
apical position of the TBTQ corners yielded soluble cages 1 as 
model compounds for crystalline cages 2 with Me 
functionalization. Cages 1 were characterized by common 
solution techniques such as NMR spectroscopy or mass 
spectrometry. Alkyl functionalization at the BDBA linkers 
modulated the size of the square pore windows but did not 
influence size and diffusion of molecular cages in solution as 
evidenced by identical solvodynamic diameters of 3.3 nm 
calculated from DOSY measurements. Cages 2 crystallized in 
an isoreticular fashion with an fcc packing mode regardless of 
the different side chains at the BDBA linkers. Bulk samples were 
analyzed by sorption measurements revealing very high BET 
surface areas of up to 3426 m2 g−1 and exceptionally high pore 
volumes of up to 1.85 cm3 g−1. These values are among the 
highest reported for covalent organic cage compounds so far. 
Crystalline samples exhibited high structural stability and the 
isoreticular packing motif provided facile and predictable access 
to 3D connected pore systems, thus tackling two very important 
challenges for molecular porous materials. QSDFT pore size 
distributions revealed three different pore sizes at around 1.0, 
1.4 and 2.2 nm for all cages 2, which are assigned to the cage 
windows, the extrinsic pores in the octahedral voids of the fcc 
packing, and the intrinsic cage cavities, respectively. Therefore, 
the series of porous materials 2 present a rare example for 
covalent organic cages with alternating micro- and mesopores 
within one material. Intriguingly, pore sizes are modulated by the 
alkyl substituents at the linear BDBA linkers. Specific 
functionalization will give access to tailor-made materials 
featuring designer pores with superior performance in selective 
sorption and gas separation. Further studies on cage derivatives 

with extended aromatic linkers and functional side chains will 
reveal the influence of such modifications on packing and 
porosity and are currently underway in our laboratories. 
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Tuning the pores: Isoreticular porous materials are obtained after crystallization of cubic organic cages with varying alkyl chains at 
the edges. Nitrogen sorption measurements revealed exceptionally high surface areas up to 3426 m2 g−1 and pore volumes up to 
1.84 cm3 g−1. The intricate three-dimensional array of alternating intrinsic and extrinsic pores remains intact upon solvent removal and 
pore sizes are fine-tuned by the alkyl substituents. 
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