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A subset of coordination cages have garnered considerable recent 
attention for their potential permanent porosity in the solid state. 
Herein, we report a series of functionalized carbazole-based cages 
of the structure type M12(R-cdc)12 (M = Cr, Cu, Mo) where the 
functional groups include a range of aromatic substituents. Single-
crystal X-ray structure determinations reveal a variety of intercage 
interactions in these materials, largely governed by pi-pi stacking. 
Density functional theory for a subset of these cages was used to 
confirm that the nature of the increased stability of aryl-
functionalized cages is a result of inter-cage ligand interactions.  

Porous molecular adsorbents, which include both all-organic1 
and metal-organic materials,2 may have considerable 
advantages over extended, three-dimensional solids. Their 
molecular nature endows them with inherent solubility in a 
wide range of solvents.3 From a synthesis standpoint, this 
allows for significantly more control as molecular level design 
strategies can be employed for the tailored installation of 
functional groups.4 The lack of extended connectivity in porous 
molecules, however, typically results in lower surface areas 
and thermal stabilities as compared to their three-dimensional 
counterparts.5,6 For many of these molecules, cage surface 
functionalization can be used to tune these properties.7 This 
has been exhaustively leveraged in porous organic cages 
(POCs).8 In terms of metal-organic molecular materials,9,1011 
ligand functionalization strategies have been used to tune 
solubility,12 control phase,13 and endow the materials with 
switchable post-synthetic reactivity.14 In the well-known 
M24(bdc)24 (M = Cr, Ni, Cu, Mo, Ru, Rh; bdc2– = isophthalic acid) 
cages,4,9,15,16,17,18 functionalization of the 5-position of the 
bridging ligand is a straightforward route to tune material 
properties.19  

We have recently shown that a related class of 
paddlewheel-based coordination cages show tremendous 
utility for the high-pressure storage of natural gas.20,21,22,23 
These M12(cdc)12 (M = Cr, Cu, Mo; cdc2– = carbazole-

dicarboxylate) cages feature high surface areas and optimal 
cage size and geometry for efficient methane storage. 

16,20,24,25, The carbazole-dicarboxylic acid ligand does feature 
the advantage in that it is compatible with straightforward 
functionalization on the 9-position of the ligand.26,27,28,29 This 
has previously been targeted as a means to control phase in 
carbazole-based coordination cages.30 However, the previously 
reported functionalized materials featured low surface areas, 
likely a result of the lack of inter-cage interactions via their 
appended isopropyl functional groups. Both alkylation and 
coupling chemistry are useful in this regard as a large library of 
functionalized ligands can be prepared for the isolation of 
surface-functionalized octahedral cages. Herein, we report the 
design, synthesis, and characterization of a family of 
functionalized carbazole-dicarboxylate paddlewheel cages 
(Figure 1). We demonstrate that the presence of aryl groups 
on the 9-position of the ligand affords molecular adsorbents 
with high surface areas and, for a subset of these cages, 
significantly increased thermal stability.  

Fig. 1 Structure of an octahedral carbazole-based M12L12 coordination cage featuring 9-
position functionalization. In this work the functional groups include phenyl, iPr-phenyl, 
biphenyl, carbazole, and ipropyl. The orange, red, blue, and grey spheres represent 
molybdenum, oxygen, nitrogen, and carbon atoms, respectively. Hydrogen atoms have 
been omitted for clarity.

In addition to alkylation, the 9-position of carbazole is easily 
functionalized via Ullman coupling with aryl iodides to afford aryl-
substituted ligands. These types of ligands are expected to endow 
coordination cages with strong and directional interactions in the 
solid state. We used this strategy of aryl substitution followed by 
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acylation and oxidation to prepare a family of functionalized ligands 
(Figure 2). Copper (I) catalysed Ullman coupling of 9H-carbazole 
with 1-Iodo-4-isopropylbenzene or 4-Iodo-1,1’-biphenyl yielded 9-
(4’-iPrphenyl)-carbazole and 9-biphenyl-carbazole, respectively. 
Friedel-Crafts acylation reactions were then performed on these 
aryl-substituted carbazole units to obtain 3,6-diacetyl-9-(4’-
iPrphenyl)-carbazole and 3,6-diacetyl-9-biphenyl-carbazole. 
Commercially available 9-phenyl-carbazole and 9-(4’-bromophenyl)-
carbazole were also subjected to Friedel-Crafts acylation reactions 
to yield 3,6-diacetyl-9-phenyl-carbazole and 3,6-diacetyl-9-(4’-
bromophenyl)-carbazole, respectively. The aforementioned diacetyl 
derivatives were then oxidized to dicarboxylates with sodium 
hypobromite followed by acidification to afford the corresponding 
diacids. Esterification of the 9-(4’-bromophenyl)-carbazole-3,6-
dicarboxylic acid with methyl iodide yields dimethyl 9-(4’-
bromophenyl)-carbazole-3,6-dicarboxylate. Ullman coupling of this 
moiety with base 9H-carbazole yields dimethyl 9-(4’-
carbazolylphenyl)-carbazole-3,6-dicarboxylate which is easily 
deprotected in base and acidified to afford the diacid.

Fig. 2 Ligands used to prepare the octahedral coordination cages reported here. 
Where 1-7 represent 9H, 9-iPr, 9-phenyl, 9-iPrphenyl, 9-biphenyl, 9-Br-phenyl 
and 9-carbazolyl-phenyl functionalization, respectively.

In order to obtain diffraction-quality single crystals of cages 
based on these ligands, we screened a variety of reaction 
conditions for Cr2+, Cu2+, and Mo2+ starting materials. Although 
copper(II) acetate has been previously used to afford 
cuboctahedral copper cages, reaction of this salt with the 
ligands reported here routinely gave amorphous powder that 
rapidly formed upon reagent mixing. This rapid product 
isolation is likely a result of the fast formation kinetics of cages 
when using a preformed paddlewheel unit as the reagent. 
Ultimately the reaction of copper nitrate with organic ligands 
in DMA at elevated temperature (100 °C) afforded crystalline 
product in high yield. However, the addition of pyridine or 
DMSO were required to obtain diffraction-quality single 
crystals for H2bromophenyl-cdc and H2carbazolyl-phenyl-cdc, 
respectively. Despite our best efforts, we were unable to 
obtain crystalline copper cages with the other ligands reported 
here.

In contrast to the synthesis of copper cages, where 
Cu2(OAc)4 gave amorphous products, utilization of the 
preformed paddlewheel unit was necessary for Cr2+ and Mo2+. 
Although we screened reactions in a variety of polar organic 
solvents, including DMF, DMA, DEF, DMPU, and NMP, 
crystalline products were most reliably obtained from reaction 
in DMF or DMPU. The synthetic conditions to afford 
Cr12(phenyl-cdc)12, Cr12(Br-phenyl-cdc)12, Mo12(phenyl-cdc)12, 

Mo12(Br-phenyl-cdc)12, Mo12(iPr-phenyl-cdc)12, and 
Mo12(biphenyl-cdc)12 were rather dissimilar with syntheses 
requiring a range of synthetic protocols. These ranged from 
more typical solvothermal reactions analogous to MOF 
syntheses where crystalline product is obtained upon heating, 
to room temperature mixing of pre-heated solutions or 
diffusion/layering of a cosolvent on a pre-heated reaction 
mixture, akin to typical supramolecular syntheses. In terms of 
the aforementioned Cr2+ and Mo2+ cages, diffraction-quality 
single crystals were obtained for every material except 
Cr12(phenyl-cdc)12 and Mo12(Br-phenyl-cdc)12. 

Fig. 3 Structure of Cu12(phenyl-cdc)12. This cage displays phenyl-carbazole interactions 
in the solid state which leads to an increased thermal stability as compared to 
Cu12(cdc)12. Green, grey, red, and blue spheres represent copper, carbon, oxygen, and 
nitrogen atoms, respectively. Hydrogen atoms and solvent molecules have been 
omitted. 

Single-crystal X-ray diffraction confirms that these 
materials adopt the expected octahedral cage geometry 
featuring six di-metal paddlewheel units linked to 12 
dicarboxylate ligands and an internal cage diameter (M-M 
distance) of 14-15 Å. The internal diameter of the cages varies 
by metal with the Cu-cages being the smallest at ~ 14 Å, 
followed by the Cr-cage at ~ 14.4 Å and the Mo-cages at ~ 15 
Å. The packing diagrams of the Cu12(phenyl-cdc)12, 
Mo12(phenyl-cdc)12 and Mo12(biphenyl-cdc)12 cages indicate 
phenyl-phenyl interactions in the corner of the triangular pore 
in the solid state (as shown in Figure 3) which decrease the 
distance between cages. Cages with this type of inter-cage 
interaction typically have cage-to-cage distances (measured 
between the centre of adjacent cages) of ~ 24 Å. Mo12(iPr-
phenyl-cdc)12 features a similar interaction with the isopropyl 
group on one cage sitting in the corner of the triangular pore 
of an adjacent cage. This interaction is less favourable than the 
phenyl-phenyl interaction with cage-to-cage distances of 26.4 
Å. Cr12(Br-phenyl-cdc)12 features a similar phenyl-phenyl 
interaction in addition to bromo-phenyl interactions between 
the bromine group on one cage and a carbazole moiety on an 
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adjacent cage. This results in cage-to-cage distances of 23.1 Å 
(phenyl-phenyl) and 25.2 Å (bromo-phenyl). Cu12(carbazolyl-
phenyl-cdc)12 also displays a favourable phenyl-phenyl 
interaction between the carbazole functional group and the 
corner of the triangular pore of an adjacent cage. This complex 
also displays π-π stacking of the phenyl spacer between the 
two carbazole moieties on adjacent ligands. Both of these 
interactions decrease the cage-to-cage distance in this 
complex to ~ 24 Å. 

Fig. 4 Degas surveys for the copper (green), chromium (purple), and 
molybdenum (orange) cages where Langmuir surface areas are plotted as a 
function of activation temperature and dark squares or light circles represent 9H 
or 9-phenyl functionalization, respectively.

These inter-cage interactions in the solid-state have the 
potential to significantly impact the gas adsorption properties 
and thermal stability of these cages. The drawback to this 
interaction is that it will potentially limit the gas accessible 
surface area of these materials, which we have previously 
shown are highly dependent on a number of factors.20 These 
can include space group into which the structure deposits, 
post-synthesis washing protocol, and activation conditions. As 
cages are molecular entities, they are often soluble in high-
polarity solvents such as amides. Accordingly, direct solvent 
washes with more volatile organics after synthesis are 
required. For eight of the ten cages reported here direct room 
temperature methanol washes after cages synthesis were 
found to give the highest porosity samples, Cu12(iPr-cdc)12 and 
Cu12(phenyl-cdc)12 are compatible with DMA washes which are 
then followed by methanol washes. 

For degas surveys, samples were placed under active 
vacuum at RT for 12 h or until the static off-gas rate ≤ 2 
μbar/min. In order to increase the throughput of surface area 
measurements, partial isotherms were measured from which 
Langmuir surface areas could be calculated (Figure 4). Degas 
surveys were employed in 25 °C increments up to 200 °C. Upon 
determination of activation conditions, full isotherms from 
0.001 – 0.9 P/P0 were run on optimally activated materials to 
determine BET surface areas. As seen in Figure 4, the Cu-based 
aryl-functionalized-carbazole materials display a dramatic 
increase in their thermal stability as compared to their 
unfunctionalized counterpart. The surface area of Cu12(cdc)12 is 
optimized after an activation temperature of just 50 °C. The 
surface area of this cage markedly decreases at activation 
temperatures of 75 °C and 100 °C becoming non-porous at 
activation above 100 °C. The least thermally stable aryl-
functionalized cage, Cu12(carbazolyl-phenyl-cdc)12, is optimally 
activated at 75 °C and displays decreases of less than 10 % of 

its optimal surface area through activation at 125 °C. The 
remaining materials reported herein display decreases of less 
than 20 % of their optimal surface area up to activation at 200 
°C. The Cr- and Mo-based aryl-functionalized materials exhibit 
expected decreases in surface area as compared to 
unfunctionalized analogues due to pore and pore window 
blockage by the functional groups. However, for Cu-based 
cages the aryl-functionalized materials display very similar 
surface areas to Cu12(cdc)12 which is notably lower than 
expected based on the values displayed by Cr12(cdc)12 and 
Mo12(cdc)12. Optimized BET surface areas for these cages are 
listed in Table 1. 

Table 1.  BET surface areas (m2/g) of functionalized cages, 
M12(R-cdc)12.

R–goup M = Cr M = Cu M = Mo

H23 1235 657 1108
iPr – 205 –

Phenyl 846 313 909

Br-phenyl 421 373 859

Carbazolylphenyl – 515 –

Biphenyl – – 716
iPr-phenyl – – 849

In order to assess the substitution effect on the thermal 
stability of the cages, we performed density-functional theory 
(DFT) calculations for truncated model structures of Mo12(X-
cdc)12, where X (-Ph or -ipropyl) is the substituent at the 9- 
position of the carbazole dicarboxylate ligand. The calculations 
were performed at the M06-L/6-31G(d,p) theory level for all 
the atoms except for Mo,31 which was modeled at the M06-
L/LANL2DZ level. The spin state of the Mo-Mo dimer unit is 
found to be a singlet and a quadruple bond between Mo-Mo 
(dMo-Mo=2.12Å) was confirmed by NBO analysis. All the binding 
energies reported herein are BSSE corrected. All the 
calculations were performed with Gaussian 09.32 The phenyl-
substituted ligands exhibit considerable π-π stacking 
interactions, with π-π distance of 3.71 Å. The π-π interaction is 
mostly responsible for the significant binding energy of 14.5 
kcal/mol between the two fragments shown in Figure 2. On 
the other hand, the iso-propyl-substituted ligands interact 
significantly less and the binding energy between them is only 
3.1 kcal/mol. The stronger attractive interaction between the 
phenyl-substituted ligands is aligned with the experimentally 
observed greater thermal stability of the corresponding cages 
which we have confirmed via variable temperature powder X-
ray diffraction (Figure S64). Here, Cu12(phenyl-cdc)12 essentially 
exhibits no decrease in crystallinity upon activation 
temperatures up to 225 °C whereas Cu12(cdc)12 is amorphous 
and nonporous at just 100 °C

The results shown here demonstrate that facile cross-
coupling reactions can be used to afford aryl-functionalized 
carbazole ligands for construction of functionalized M12L12 
coordination cages. The resulting chromium(II), copper(II) and 
molybdenum(II) cages represent the first examples of aryl-
functionalized carbazole cages and display tuneable properties 
based on the nature of the carbazole substituent. Aryl-aryl 
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interactions are prevalent in the solid-state structures of these 
materials, and particularly in the case of Cu12(R-phenyl-cdc)12 
result in surface areas, thermal stability, and crystallinity that 
is significantly higher than those displayed by the 
unfunctionalized cage. It is our expectation that these 
approaches can be leveraged for the continued development 
of novel porous coordination cages with tailorable bulk 
properties.
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