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ABSTRACT: Crystalline networks based on dative bo-
ron-nitrogen bonds were obtained by combining pol-
ytopic N-donor ligands with polyboronic esters. The 
utilization of a tetrahedral boronate ester gave rise to 
a sheet structure, whereas either a linear polymer or a 
diamond-like network was observed for a tetrahedral 
N-donor ligand. The intrinsic flexibility of B←N link-
ages favors tight intermolecular packing and inter-
penetration in the crystalline state. Amorphous B←N 
networks, on the other hand, were found to possess
porosity with BET surface areas of up to ~ 300 m2 g-1.
These materials display processability in organic sol-
vents, and hydrolytic damage can be repaired by sim-
ple heating-cooling cycles.

The potential of crystalline porous materials is ex-
emplified by recent advances in the development of 
metal-organic frameworks (MOFs)1–3 and covalent-
organic frameworks (COFs).4–6 Whilst these materials 
are renowned for their impressive material properties, 
they also show some limitations. One constraint is re-
lated to the fact that strong bonding interactions are 
used to aggregate building blocks. As a consequence, 
MOFs and COFs are typically insoluble following 
their synthesis. In this regard, crystalline networks 
based on weak supramolecular interactions could of-
fer an interesting alternative.7 Labile intermolecular 
interactions afford a high degree of processability, al-
lowing networks to be dissolved and reformed from 
solution. In addition, the absence of heavy metals 
should afford a higher theoretical surface area per 
unit weight, and a lower toxicity in comparison to 
MOFs. 

Different supramolecular interactions such as hy-
drogen bonding,8–10 halogen bonding,11,12 and π-π in-
teractions13,14 have been used to form crystalline net-
works. However, their instability is an issue. Removal 

of solvent molecules from the networks often results 
in framework collapse,15,16 precluding any porosity.17 
The few supramolecular networks which show extrin-
sic porosity are mostly based on hydrogen bonding.18–

21 However, other directional supramolecular interac-
tions have been identified as promising candiates,22–

26 and may provide new opportunities in terms of ma-
terials properties. 

The use of dative boron-nitrogen bonds (B←N 
bonds) as a tool to construct supramolecular assem-
blies has become increasingly popular in recent 
years.27–34 These interactions arise from the donation 
of electrons from an N-donor ligand to a boron accep-
tor (Scheme 1a).35 

Scheme 1. (a) The coordination of N-donor ligands  to 
boronate esters through dative B←N bonding (a), and 
the formation of crystalline B←N networks from poly-
topic ligands (b–c).36,37

The strength of the B←N bond is strongly influenced 
by the steric and electronic properties of the interact-
ing components,38–40 and has been demonstrated to 
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stabilize the otherwise sensitive boronate ester moie-
ties against hydrolysis.41 As an alternative to single 
component self-aggregating networks,42 our group 
has shown that judicious choice of polytopic boronate 
esters and N-donor ligands can generate well-defined 
2D crystalline networks based on either tritopic36 
(Scheme 1b) or tetratopic37 (Scheme 1c) nodes. How-
ever, 3D networks have remained elusive,43 likely due 
to the exclusive use of planar ligands thus far. 

In the pursuit of stable B←N bonded architectures 
with 3D connectivity, we decided to focus our efforts 
on non-planar building blocks constructed around 
tetrahedral geometries. To this end, selected boronate 
esters and N-donor ligands were combined in hot 1,2-
dichlorobenzene or 1,2,4-trichlorobenzene (see SI for 
full synthetic details). Slow cooling of the various so-
lutions afforded single crystals that were analyzed by 
X-ray diffraction. 

The combination of tetraboronate ester 1 and 4,4’-
bipyridine resulted in two-dimensional net-shaped 
polymer 2 (Scheme 2, Figure 1a, B←Nav. = 1.691 Å). The 
boronate esters adopt a configuration in which the 
catechol subunits protrude either above or below the 
plane of the layer. The rotation of the C–B bond is 
such that the bridging bipyridines align with one an-
other in an alternating fashion throughout the layer, 
resulting in elongated rhombus-shaped pores with 
tetraphenylene motifs positioned at the corners. 
Stacking of layers occurs in an offset pattern, alternat-
ing in an ABA fashion. Mutual interpenetration of 
nets at 90º is observed (Figure 1b), significantly reduc-
ing void space. 

 
Scheme 2. Synthesis of the 2D network 2 from tetrahe-
dral boronate ester 1 and 4,4’-bipyridine. 

 

Figure 1. X-ray crystal structures of 2. Superimposed 2D 
layers in 2 (a), and schematic illustration of interpene-
tration of 2 at 90º (b). Discrete layers are indicated by 
color. 

Previous studies have highlighted the use of imid-
azole N-donors as a means to achieve stronger B←N 
bonds.44 The use of tetraimidazole N-donor 3 with an-
gular diboronate ester 4a gave the 1D polymer 5 
(Scheme 3, Figure 2a, B←Nav. = 1.632 Å). Large solvent-
occupied cavities are created through the offset bridg-
ing of tetrahedral nodes both perpendicular and par-
allel to the direction of chain propagation. Although 
these cavities align to create persistent channels in the 
crystal structure packing (Figure S12), no significant 
porosity was detected by gas sorption experiments. 

 
Scheme 3. Synthesis of 2D polymer 5 and 3D network 6 
from tetrahedral N-donor 3 and a ditopic boronate es-
ters 4a and 4b. 



 

 

Figure 2. X-ray crystal structures of 1D polymer 5 (a), 
and diamondoid 3D network 6 (b). Catechol groups are 
omitted for clarity, boronate ester carbons are blue. 
Schematic illustration of the 9-fold interpenetration in 
6 (c). 

Using linear diboronate ester 4b resulted in the for-
mation of the 3D network 6 with a diamond-like 
structure (Scheme 3, Figure 2a, B←Nav. = 1.638 Å). The 
adamantane-shaped substructure of 5 shows a large 
cavity (max height: 68.4 Å, max width: 27.0 Å), but 
9-fold interpenetration results in very little void space 
within the network (Figure 2). Indeed, it appears that 
no residual solvent molecules are contained in the 
solid state structure. 

It is apparent that the pseudo-tetrahedral B←N 
bonding sites play an influential role in determining 
network topology. A common technique in crystal en-
gineering is to select rigid building blocks to ensure 
that geometric restraints drive the formation of a de-
sired network topology.4,45,46 However, the intrinsic 
conformational flexibility of the C–B–N linkage in 
B←N networks makes it difficult to exert the same level 
of control over their connectivity. As such, despite the 
use of non-planar (3D) ligands 1 and 3 with simple di-
topic linkers, the components are able to orientate in 
such a way that 1D and 2D structures are still formed. 
A further consequence of this conformation flexibility 
is that the networks are able to pack very tightly. 
Whilst interpenetration can be a useful tool to stabi-
lize crystalline networks for porosity,47 the resulting 
absence of void space or channels observed here pre-
cludes the uptake of guests. 

To broaden our study, the combination of 1 with 
bent diimidazole ligands of varying lengths and che-
lating angle was investigated (Scheme 4). The compo-
nents were combined in hot toluene, and cooled to 

room temperature without any regulation. In all 
cases, powders formed, which were isolated and 
stored in pentane overnight to exchange any residual 
toluene. 

Analysis of the digested networks48 by 1H NMR 
showed the anticipated 1:2 ratio of 1:N-donor in all 
networks (Figures S1–S5). After evacuation of the net-
works under reduced pressure, the polymers were 
characterized by N2 physisorption analysis at 77 K to 
calculate their apparent Brunauer-Emmett-Teller 
(BET) surface areas (Figure S7). In contrast to what 
was observed for the related network 2, the polymers 
were all found to display porosity. The best results 
were obtained for the combination of 1 with 1,3-di(1H-
imidazol-1-yl)benzene. This material showed an ap-
parent BET surface area of 314 m2 g-1, and an uptake of 
H2 and CO2 of 42 cm3 g-1 and 24 cm3 g-1, respectively 
(Figure S8). To our surprise, analysis of this network 
by powder XRD revealed an almost completely amor-
phous material. Furthermore, when crystallinity was 
enhanced by cooling a solution of the same building 
blocks in a controlled fashion (–1 ºC h-1), a powder 
with a much lower BET surface area of 27 m2 g-1 was 
obtained.49 This result suggests that whilst the tight 
packing of networks in the crystalline phase hinders 
the uptake of guest molecules, random ordering and 
inefficient packing in the amorphous phase can cre-
ate channels for the uptake of guest molecules. These 
channels may even be transient, and subject to ther-
mal fluctuations if the network is sufficiently flexible. 
The absences of well-defined pore sizes derived by 
DFT calculations support this hypothesis (Figure S9). 
Increasing either the length or the chelating angle of 
the diimidazole ligands in comparison to 1,3-di(1H-
imidazol-1-yl)benzene resulted in a decrease in meas-
ured surface area in the resulting network. 

 
Scheme 4. Formation of B←N networks with porosity.  

The thermal lability of B←N bonds allows the porous 
networks to be fully dissolved and reformed from so-



 

lution by heating-cooling cycles, making these net-
works solution processable. Aside from distinguish-
ing B←N networks from M OFs and COFs (which are 
typically insoluble post-synthesis), this dissolution 
also presents an opportunity to repair any structural 
damage done to the network. To demonstrate these 
concepts, a B←N network consisting of 1 and 1,3-di(1H-
imidazol-1-yl)benzene was deliberately degraded by 
storage in a warm, high humidity environment (see SI 
for details).50 After 8 days, a significant loss of the sur-
face area was observed (~35 %). This loss can be cor-
related to the hydrolysis of the boronate esters, dis-
rupting the B←N bonds. The network was then regen-
erated by thermally reversible dissolution through 
heating and cooling in a toluene/THF mixture (9:1). It 
was found that the reformed solid had recovered al-
most all of the original surface area (Figure S10). A re-
lated example of surface assembled COF regeneration 
has previously been reported,51 although regeneration 
occurs without solution processing in this case.  

In summary, we have explored the construction of 
3D networks based on dative B←N bonds by combin-
ing polytopic N-donor ligands with polyboronate es-
ters. Building blocks with tetrahedral geometries 
were employed because they were expected to favor 
the formation of diamond-like structures. For poly-
mer 6, this type of network topology was indeed ob-
served. The crystalline networks 2 and 5, on the other 
hand, display 2D and 1D structures respectively. It is 
apparent that the intrinsic conformational flexibility 
around the B←N bond sites makes it difficult to exert 
control over the structure of B←N networks, even 
when using rigid ligands. Furthermore, the confor-
mational flexibility favors tight-packing and inter-
penetration, reducing the void space in the crystalline 
state. The emergence of porosity was instead ob-
served in amorphous B-N networks based on the 
tetraboronate ester 1 and ditopic imidazolyl ligands. 
These materials represent the first examples of B←N 
polymers with porosity. The straight-forward and 
scalable synthesis of amorphous B←N networks gives 
them a clear advantage over their crystalline counter-
parts. Another noteworthy feature of these materials 
is the possibility to repair hydrolytic damage by sim-
ple heating-cooling cycles. 
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