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Design, System, Application Statement

Based on the boron-heterocyclic carbene (BHC) which was proposed by us recently, here we
propose and computationally verify a method to design porous organic molecules (POMs), novel
2D covalent organic frameworks (COFs) and metal-organic framework (MOF) using BHC, -
C=C- and Ag-C=C-Ag as linkers. The uniqueness of the proposed POMs lies in their topologies
that are different from those previously reported. The infinite lattices of POMs result in 2D
COFs. Further, one of the POMs (POM-25) can be used as polydentate ligands to form 1D
layered complexes (C1-C3) with Ag-C=C-Ag linker to generate MOF. Structures of COFs and
MOF have been optimized with the DFT method under the periodic boundary condition. The
present computational design provides new ideas for experimentalists in the development of

novel COFs and MOFs.
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We have rationally designed and computationally verified 36 porous organic molecules (POMs), 3 types of novel 2D covalent
DOI: 10.1039/x0xx00000 organic frameworks (COFs) and one kind of metal-organic framework (MOF) based on the B-heterocyclic carbene (BHC)
building blocks associated with -C=C- and Ag—C=C—Ag linkers. The topologies of POMs are notably different from those
previously reported. More interestingly, the hexagon channels of POMs are almost regular hexagons though the edges of
the hexagon channels are not exactly the same. Among POMs, those with apertures of 7.2, 11.5 and 16.1 A are predicted to
be stable. The infinite lattices of POMs result in 3 types of 2D COFs (COF-BHC-n, n=1-3), whose symmetry is approximately
hexagonal. The first electron spectra of the 36 POMs calculated with the TD-B3LYP/6-31G** method range from 325.0 to
482.0 nm and strongly depend on the structures and sizes. Thus, the proposed POMs might be potential optical materials
due to the wide range of spectra. Further, one of the POMs (POM-25) can be used as polydentate ligands to form 1D layered
complexes (C1-C3) with Ag—C=C—Ag linkers. The infinite lattices of C1-C3 result in a kind of 1D MOF (MOF-BHC-1). Analyzing
the lengths in C1-C3 and MOF-BHC-1, as well as the Wiberg bond indices (WBIs) in C1-C3, we found that MOF-BHC-1 contains
plenty of planar tetracoordinate carbons (ptCs). Thus, we have introduced ptCs into the field of MOF and developed a
method of obtaining MOFs with new topologies from POMs.

outstanding thermal stability, high surface area and low density,
Introduction as well as their potential applications in energy storage,°
catalysis'®1! and optoelectronic devices.'? Based on the shapes
of the hole channels, POMs can be classified into hexagon,
square, rhombus, triangular shapes, and so on.” But if the
topology patterns are the focus for designing 2D COFs,” there
are generally four kinds of protocols for constructing POMs with
the hexagon shape as shown in Scheme 1.

Porous organic molecular materials have attracted intensive
attentions owing to their unique chemical properties and broad
applications in storage, catalysis, molecular separations and so
on.> Their structures can be classified with intrinsic and
extrinsic porosities from the standpoint of applications.®
Intrinsically porous organic molecules (POMs) have open, bowl-
or ring-shaped cavities, such as calix[n]arenes,* cucurbit[n]urils?
and pillar[n]arenes*. When organic molecules pack into solids

inefficiently to create voids or channels, such solids are

distinguished with the extrinsic porosity as pores are located

between molecules. More recently, however, covalent organic Y &

frameworks (COFs) have been considered to be a novel class of +

intrinsically porous and crystalline materials composed of )\

entirely light elements (H, B, C, N, and O) through strong Y

covalent bonding.®’ These materials are characterized with T — o

periodic network structures extended in two or three

dimensions (2D or 3D), which were atomically obtained by I

building blocks. Since first reported by Yaghi and co-workers in A &[ %
2005,2 COFs have drawn enormous interests in both T

experimental and theoretical domains owing to their

Scheme 1. Four different protocols for constructing porous organic molecules
(POMs) with hexagonal channels.
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works of MOF constructions and applications can be traced back
to the reports by the Yaghi group in the 1990s.'> Up to now,
more than 20,000 MOF structures have been synthesized and
extensively applied in fields such as hydrogen storage, textile
industries, transportation, all-electric automobile prototypes,
food packaging, and respiratory systems.416

Examining and comparing the general structures of POMs,
COFs and MOFs, we wonder whether there is any alternative
protocol for designing novel POMs with hexagons in addition to
the current four kinds shown in Scheme 1. Further, is there any
possibility to construct MOFs by linking POMs through metal
cations?

Recently, we proposed a family of interesting molecules, i.e.
the derivatives of 2-borabicyclo[1.1.0]but-1(3)-ene (2BB). While
these molecules remain elusive their
structures, bonding nature and reactivity have been
theoretically investigated and validated.”- 8 Study with the ab
initio valence bond (VB) method showed that the substituted
2BBs have carbene characters. As such, they are termed as B-
heterocyclic carbenes (BHCs, shown in Scheme 2).1° Notably,
BHCs can act as ligands to form complexes with transition
metals. These metal complexes not only contain a planar
tetracoordinate carbon (ptC),Y” but also can be promising
catalysts.’® We note that there is another link between
molecules with ptC atoms and carbenes as reported by
Thimmakondu’s group.? They theoretically obtained the
isomerization of high-energy structures of C;H, with a ptC atom
to an experimentally known ring-chain carbene, 1-(buta-1,3-
diynyl)-cyclopropenylidene. In present work, we intended to
design building blocks formed by two and three BHC units, and
link these building blocks together with -C=C- and Ag—C=C—-Ag
linkers. In this way, we demonstrated a protocol for designing
novel POMs with hexagons and an interesting example of
constructing MOF with POMs, as well as 2D COFs.

experimentally,

A
4

R

(Séngr)'ne 2. Substituted 2-borabicyclo[1.1.0]but-1(3)-ene or B-heterocyclic carbene

Computational Methods

All density functional theory (DFT) computations were
performed with the B3LYP functional in combination with the
SDD basis sets?! for silver and 6-31G** basis sets?2 for H, B and
C atoms. Optimized structures were verified with zero
imaginary vibrational frequencies. In order to evaluate the
reliability of this B3LYP functional?? together with 6-31G** basis
set, we also performed computations for the building blocks
and small POMs using the M06-2X functional?* together with
the 6-311+G** basis set.?> Both the B3LYP/6-31G** and MO06-

2X/6-311+G** theoretical levels generate comparable optimal
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geometries for small systems. Wiberg bond indices (WBIs) for
the POMs and complexes were derived from the natural bond
orbital (NBO) analysis.?® The vertical electronic absorption
spectra of the POMs were obtained by means of the time-
dependent density functional theory at the TD-B3LYP/6-31G**
level. The COFs and MOF were optimized with the relativistic
local spin density approximation (RLSDA) method under the
periodic boundary condition (PBC). All calculations in this work
were performed with the Gaussian09 program.?’

Results and Discussion

Experimentally, four kinds of topologies of POMs with
hexagonal channels have been reported so far as shown in
Scheme 1. Here we propose additional kinds of POMs based on
the BHC building blocks and -C=C- linkers which are illustrated
in Schemes 3. The red and blue building blocks in Scheme 3
represent BHCs building blocks and -C=C- linkers, respectively.
In order to better describe the topologies of POMs shown in
Schemes 1 and 3, we used the ratio of the numbers of different
building blocks as an index. Of particular, our focus is on the
structures whose three hexagonal channels arrange like
phenalene because such structures are sufficient to distinguish
the topologies of the POMs. For instance, the ratios of the
numbers of the building blocks used to construct the four POMs
in Scheme 1 are 1 (only one type of building block), 6:7 and
13:15 (two types of building blocks), as well as 6:7:15 (three
types of building blocks), respectively. Similarly, the ratios of the
numbers of the building blocks for the examples of two new
POMs F and L in Scheme 3 are 4:6 and 1:3:6, respectively. We
note that the ratios for F and L are smaller than for the POMs in
Scheme 1. In fact, the POMs in Scheme 3 have simpler topology
than those in Scheme 1. As seen from Scheme 3, the
combinations of building blocks leads to two different kinds of
POMs. One kind of POMs (a) have BHC units on the outside of
hexagons, while the other (b) does not contain BHC units on the
outside of hexagons. In addition, there are two types of edges
of the hexagons in POMs. One type of edges (red and magenta
edges) have BHC units, while the other (blue edges) does not
contain BHC units. Fortunately, the lengths of these two types
of different edges in the hexagonal channels are very close,
indicating that the hexagonal channels of the POMs in Scheme
3 are approximatively regular hexagon.
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We considered six building blocks constructed by two or
three BHCs, namely BH[(C;)x(BHC)], and B[(C,)x(BHC)]s (k=0-2).
Because the molecular skeleton of BHC is planar, each of
BH[(C,)k(BHC)], or B[(Cy)«(BHC)]3 has two isomers. In one
isomer, the rhombuses of the BHC units are coplanar, while in
the other the rhombuses of the BHC units are perpendicular to
the plane formed by the four boron atoms. B,-c and B,-p (n=1-
6) represent the co-planar and perpendicular structures of
B[(C;)k(BHC)]3 and BH[(C;)x(BHC)],, respectively. Using the M06-
2X/6-311+G** and B3LYP/6-31G** methods, all 12 structures of
B[(C)k(BHC)]3 and BH[(C,)(BHC)], (k=0-2) have been optimized
and illustrated in Fig. 1. The relative energies of two isomers of
either B[(C,)x(BHC)]s or BH[(C,)x(BHC)], are listed in Table 1S
(see Supporting Information) and Fig.1. Computations show
that B,-p is more stable than B,-c by 9.8, 3.4, 1.6, 6.2, 2.5 and
1.1 kcal-mol?, respectively, at the M06-2X/6-311+G** level.
Similar results can be obtained at the B3LYP/6-31G** level.
Thus, the steric effect is more pronounced than the conjugation
effect in determining the preferred conformations of
BH[(C,)k(BHC)], and BI[(C,)«(BHC)]s. Moreover, the relative
energies decrease with the increasing k value, indicating that
the steric effect diminishes with the BHC units moving away.
Calculated vibrational frequencies of BH[(C,)(BHC)], and
B[(Cy)k(BHC)]z show that B,-p structures have no imaginary
frequency, while B,-c structures have two or three imaginary
frequencies. Thus, B,-p are situated at the minima on the
potential energy surfaces and electronically stable. Results from
the M06-2X and B3LYP computations are essentially the same,
and the optimized lengths between C(H,) and the center boron
atom of B,-p (n=1-6) are 4.21, 6.76, 9.33, 4.21, 6.76 and 9.34 A,
respectively. On the basis of optimized geometries and relative
energies of BH[(C;)«(BHC)], and B[(C;)«(BHC)]3 obtained at the
B3LYP/6-31G** and MO06-2X/6-311+G** l|evels, we conclude
that the B3LYP approach is reliable for the calculations of BHC
systems.

According to the topology of the POMs in Scheme 3(a), the
red building blocks B[(C;)«(BHC)]5 (k=0-2, corresponding to B,-p
with n=1-3) and blue building blocks (C=C),; are assembled to
six types of POMs A-F. The topology of these POMs is that two
Bn-p building blocks with the two-two opposite mode form a
hexagonal channels via two C=C linkers. Consequently, with
three different k values (0-2), there are totally 18 different
POMs can be constructed following the assembly mode in
Scheme 3(a), which is denoted as POM-n (n=1-18). Optimized
geometries of POM-n (n=1-18) are shown in Fig. 2. For POM-n
(n=1-6) where k=0, the apertures of the hexagonal channels are
in the range of 7.2-7.4 A, with the largest one in POM-6. The
apertures of the hexagonal channels situated at the two sides
of POM-n (n=3-5) are slightly smaller than those of middle
hexagonal channels, which give rise from the edges on the
outside of the hexagons. The lengths of edges of the hexagonal
channels in different POM-n systems are slightly varied, and are
close to 4.22 and 4.11 A, respectively. Thus, the hexagonal
channels in POM-n (n=1-6) can be approximated as regular
hexagons. To verify the B3LYP/6-31G** results, POM-n (n=1-2)
were also optimized at the MO06-2X/6-311+G** level. Both
levels lead to comparable optimal geometries. Since geometry

This journal is © The Royal Society of Chemistry 20xx
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optimizations of BHC-based POMs by the M06-2X method must
use high precision integral lattice points to avoid small
imaginary frequencies, for the sake of computational costs, we

used the B3LYP/6-31G** method for all followin
g
computations.
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Figure 1. Comparison of the optimized lengths (in angstrom) between C(H2) and
the central B atom in BHC components of the perpendicular structures of
B[(C2)k(BHC)]3 and BH[(C2)k(BHC)]2 at the B3LYP (in plain) and M06-2X (in bold)
levels, as well as the relative energy (in italic, in kcal-mol?) at the M06-2X level.
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Figure 2. Optimized side lengths (in plain, angstrom) and apertures (in bold,
angstrom) of the hexagonal channels of POM-n $n=1—18) at the B3LYP level,
compared with the data in italic at the M06-2X level. The side views of the edges
are given in the bottom of the figure.

For POM-n (n=7-12 and n=13-18), due to the addition of -
C=C- linkers, the apertures are much larger than those of n=1-6
by about 4.3 and 8.9 A, and close to 11.7 to 16.2 A, respectively.
The lengths of the two types of edges of the hexagonal channels
POM-n (n=7-12 and n=13-18) are around 6.68 and 6.78 A, as

J. Name., 2013, 00, 1-3 | 3
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well as 9.25 and 9.36 A respectively. The small difference (0.10
for n=7-12 or 0.11 A for n=13-18) between these two types of
edges once again suggests that the hexagonal channels are
approximately regular hexagons. The lengths of the edges
containing BHC units of the hexagonal channels are close to
those in B,-p and Bs-p, indicating that the assembly of B,-p and
Bs-p have little influence on their structures.

As can be seen from Scheme 3(a) and Fig. 2, the first five
POMs of each set (n=1-5, 7-11, 13-17) are structurally similar
with the derivatives of acene, while POM-6, POM-12 and POM-
18 are structurally similar with the derivatives of phenalene.
When the edges on the outside of the hexagons of A-F in
Scheme 3(a) were replaced with hydrogen atoms, another kind
of POMs was obtained and illustrated in Scheme 3(b). The POMs
G-L are constructed by three building blocks and structurally
similar with acene and phenalene. Following the protocol in
Scheme 3(b), we can similarly construct 18 POMs by assembling
Bn-p (n=1-6; 1-3 in red for B[(C;)«(BHC)]; and 4-6 in magenta for
BH[(C3)k(BHC)], in Scheme 3) and (C=C)y,1 (in blue in Scheme 3)
building blocks which are labeled with POM-n (n=19-36).
Optimized structures of these POM-n (n=19-36) are illustrated
in Fig. 3. Among these 18 POMs, the first 6 members POM-n
(n=19-24) are assembled by B;-p, B4-p and -C=C- blocks, and
have the lengths of edges and apertures very close to those of
POM-n (n=1-6) in Fig. 2. Thus, the replacements of B;-p with By-
p have little influence on the structures of POMs. Similar results
can be found between POM-n (n=7-18) in Fig. 2 and POM-n
(n=25-36) in Fig. 3. The lengths of edges and apertures of the
latter (n=25-30 and n=31-36) are about 6.73 and 11.6, as well as
9.31 and 16.1A, respectively.
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Figure 3. Optimized side lengths (in plain, angstrom) and apertures (in bold,
angstrom) of the hexagonal channels of POM-n (n=19-36) at the B3LYP level,
compared with the data in italic at the M06-2X level. The side views of the edges
are given in the bottom of the figure.

Considering that POM-n (n=1-36) are structurally polycyclic,
we calculated their first vertical electron energies by the TD-
B3LYP/6-31G** method in order to investigate the electronic
properties with the increasing size of POMs. Results including
vertical transition energies, transition states and oscillator
strengths were listed in Table 2S (in Supporting Information).

4| J. Name., 2012, 00, 1-3

MolecularSystems Design & Engineering

Fig. 4 also illustrates the changes of the vertical transition
energies of POM-n with respect to n. Clearly, the transition
energies strongly depend on the structures and sizes, and
decrease with the increasing of the aperture of POM-n. For
example, the transition energies of POM-n (n=19, 25 and 31) are
319.31, 349.67 and 413.47 nm, respectively, whereas similar
structures exhibit very close transition energies. Indeed, the
differences of the transition energies among POM-n (n=1-6) and
POM-n (n=19-24) are less than 6.00 nm. The transition energies
of the POM-n which are structurally similar with acene have a
zig-zag alternation feature with the increase of the size. For
example, the transition energies of the POM-n (n=1-5) are
325.03, 341.73, 338.45, 348.69 and 346.53 nm, respectively.
Because POM-n have wide spectra of ranging from 319.0 to
488.0 nm, the POMs might be potential optical materials.
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Figure 4. First vertical transition energies (A, in nm) of POM-n with respect to n.

According to the correlation between the apertures and
structures of POM-n (n=1-36), each additional -C=C- unit in the
B,-p building blocks results in the increasing of the aperture of
the subsequent BHC-based POMs by about 4.4 A. Consequently,
the apertures of POM-6, POM-12 and POM-18 are 7.4, 11.9 and
16.3 A, respectively. In fact, we can design BHC-based POMs
with even larger apertures as long as the B,-p building blocks
are extended by adding more -C=C- units. More interestingly,
when POM-n (1-18) are extended to 2D structures with infinite
lattices, three types of COFs can be constructed. Optimized
apertures and lattice parameters of COF-BHC-n (n=1-3) at the
RLSDA/6-31G** level with PBC were illustrated in Fig. 5. As seen
from Fig. 5, the apertures of COF-BHC-n (n=1-3) are around 7.2,
11.5 and 15.9, respectively, consistent with that of the
corresponding POMs. The angles of the lattice parameters of
COF-BHC-n (n=1-3) are close to 60.0°, in addition, the lengths of
the edges of the lattice are the same. Thus, the 2D COF-BHC-n
(n=1-3) are of hexagonal lattices. As shown in Scheme 3(a), the
topological structures of such COFs are different from those in
literature,!® suggesting a kind of COF with novel topology.

Because the carbene units in POM-n (n=1-36) can be
polydentate ligands to form 1D layered complexes, we can
assemble POM-n with transition metal linkers to obtained
MOFs. Herein, we first designed three complexes (C1-C3) by
putting POM-25 molecules together with Ag—C=C—Ag linkers
to verify the rationality of such assembling. Optimized
structures of C1-C3 at the B3LYP level were illustrated in Fig. 6.
Computations showed that C1-C3 have no imaginary
frequencies. Their apertures and edge lengths of hexagonal

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Optimized apertures (in bold, angstrom) and lattice parameters (in plain)
at the RLSDA/6-31G** level with the perlodlc boundary condition (PBC).

channels are 11.6 and 6.67-7.79 A, respectively, which are well
consistent with those of POM-25. Thus, there is little structural
variation for POM-25 molecules when they are assembled by
the transition metal silver to form complexes. The lengths and
WBIs of the selected bonds in C1-C3 were listed in Tables 3S
which shows that the lengths of ptC-Ag, ptC-B, ptC-C(CH) and
ptC-C in C1-C3 are 2.11, 1.52, 1.54 and 1.47 A, respectively.
Besides, the WBIs of the ptC-Ag, ptC-B, ptC-C(CH) and ptC-C
bonds in C1-C3 are 0.31, 0.94, 0.87 and 1.26, respectively. Thus,
Ag* and POM-25 can form effective coordination bonds in C1-
C3. Notably, the carbon atoms in C1-C3 bonded to Ag* are ptCs.
When adding POM-25 to the complex C3 infinitely, a kind of
one-dimension MOF (MOF-BHC-1) can be obtained. Optimized
structure of MOF-BHC-1 using the RLSDA method under PBC
was also plotted in Fig. 6. Calculated apertures, edge lengths of
hexagonal channels and the layer spacing in MOF-BHC-1 are
well consistent with those in C1-C3, indicating the infinite lattice
formed by POM-25 with Ag—C=C—Ag linkers is feasible. The
lengths of ptC-Ag, ptC-B, ptC-C(CH) and ptC-C bonds in MOF-
BHC-1 are very close to those of C1-C3, showing that MOF-BHC-
1 contains plenty of ptCs. Since the compounds with ptCs were
envisioned first by Hoffman,?2 ptCs have been identified in small
organic molecules, clusters, nanotubes and complexes.?’ Here
we have rationally designed MOF-BHC-1 which contains plenty
of ptCs. In other words, ptCs have been introduced into popular
MOF. Furthermore, we have established a relationship between
POMs and MOF on the basis of BHCs building blocks. The BHC-
based POMs, COFs and MOF are promising functional materials
due to their unique topologies.
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Conclusions

Using six types of B-heterocyclic carbenes (BHC), namely
B[(C,)«(BHC)]3 and BH[(C,)«(BHC)], (k=0-2), and -C=C- building
blocks in addition to Ag—C=C—Ag linkers, we have theoretically
proposed and analyzed thirty-six novel POMs, three COFs and
one MOF. Calculated results showed that the topologies of
these POMs, COFs and MOF are significantly different from
those that have been reported experimentally so far. The edges
of the hexagonal channels in POMs and COFs are variable and
depend on the number of -C=C- linkers, but the hexagons
themselves are nearly regular hexagons. The POMs and COFs
that are structurally similar with polynuclear aromatic
compounds have been predicted to be stable. The first electron
transition energies of the POM-n decrease with the increase of
the apertures. The transition energies of 1D POM-n have a zig-
zag alternation feature. The spectra of POM-n (n=1-36) are in
the range of 325.0-482.0 nm, suggesting that the proposed
POM-n might be potential optical materials due to the wide
range of spectra. The POM-25 can be polydentate ligands to
form stable MOF with the linkers of Ag—C=C—Ag. The carbon
atoms of the BHC units in MOF-BHC-1 bonding to Ag* are ptCs.
In brief, we theoretically designed novel stable BHC-based
POMs, COFs and MOF, introduced ptCs into the field of MOF, as
well as established a correlation among POMs, COFs and MOFs.
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