Nido-cage---t Bond: A New Non-Covalent Interaction
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ABSTRACT: Exploration and comprehension of new chemical bonding is one of the central tasks in chemistry. To date, non-
covalent interactions based on o- and n-bonding molecules such as hydrogen bonds and = -7 interactions have been extensively
investigated. However, the research on chemical bonding involving multicenter multielectron skeletons like boron clusters is much
less reported. Here, a new type of non-covalent interaction, nido-cage---r bond, is discovered based on the boron cluster C,BgH12
and an aromatic  system. The X-ray diffraction studies indicate that the nido-cage---n bonding presents the same parallel-displaced
or T-shaped geometries as a 7w interaction does. The contacting distance between the cage and the & ring varies with the type and
the substituent of the aromatic ring. The quantum chemical calculations reveal that this nido-cage:--m non-covalent interaction
shares a similar nature to the conventional anion---x or n--- bond found in classical aromatic ring systems. Besides, effective elec-
tronic communication between the boron cluster and the 7 unit is observed through the nido-cage---x interaction, which leads to
unique photophysical properties such as both aggregation-induced emission in the amorphous state and aggregation-caused quench-
ing in the crystalline state in one molecule. This demonstrates distinct emission behaviors from the conventional organic lumino-
gens. The present work not only offers an overall understanding on this new non-covalent interaction, but also opens a door to

investigate its properties and further applications.

Introduction

Exploration and discovery of new chemical bonding is of great
importance for chemistry, materials, catalysis, and related
fields.™? Non-covalent interactions have played significant
roles in many forefront areas of modern chemistry such as
from materials design to molecular biology.?! As such, the
investigation on the physical origin and the scope of such
interactions as hydrogen bonds, halogen bonds, and = m
interactions has been tremendously strengthened (Figure 1a).F!
However, non-covalent interactions involving multicenter
multielectron skeletons such as three center-two electron (3c-
2e) bonding clusters are much less documented™ (Figure 1b).

Appealing in theory and experimentally proven to exist, non-
covalent interactions involving n-bonding aromatic surfaces
are easily formed in aggregation state and even in gas phase
due to their conjugated electronic structures.® These classical
intermolecular interactions are stabilized by significant bind-
ing energies. For example, the n---n interaction of benzene
dimers shows two isoenergetic structures (T-shaped (edge-to-
face) and parallel-displaced) with interaction energies of -2.4
and -2.8 kcal/mol.”® The attractive n---m interactions not only
influence the crystal packing structures of organic molecules,

but also tune the three-dimensional structures of proteins and
DNA.PI As the analogues of aromatic rings, three-dimensional
boron clusters such as carboranes have been investigated for
over half century in materials, catalysis, energy, pharmaceuti-
cal, medicinal studies, etc.”? Nonetheless, the non-covalent
bonding research involving boron-cluster skeletons is scarcely
reported™ even though the boron clusters show similar fea-
turest® such as chemical reactivity and aromaticity to the con-
ventional aromatic rings. Up to now, it remains unexplored
whether and/or how such a new type of non-covalent interac-
tion, denoted as nido-cage---m bond between a boron cluster
and a & ring as shown in Figure 1b, could be established with
specific bonding strength and geometric preference. Herein, to
address this goal, we started from a rational design of nido-
carborane-based derivatives, which are shown in Figure 1b. As
indicated by X-ray crystallography, the contacting distance
from centroid to centroid of the nido-cage---n bond is in the
range 4.422 — 5.904 A, depending on the planar r systems and
the substituents of the aromatic rings. The nido-cage---n bond
drives to form either parallel-displaced or T-shaped geome-
tries between the nido-carboranyl cage and an aromatic ring,
having the same bonding modes as the conventional 7=
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Figure 1. a) Non-covalent interactions based on o- and © bonding molecules. b) Proposed nido-cage:--x interaction between nido-

carborane and aromatic rings.

interaction. Theoretical calculations prove that the boron clus-
ter-based bond has a similar nature to that of anion---z and
n---w bonds in aromatic systems. Moreover, the nido-cage--nt
interaction enables to induce variable photophysical properties
such as aggregation-cause quenching (ACQ) and aggregation-
induced emission (AIE) in one molecule. Therefore, the dis-
covery of this nido-cage---r= bond may open the door to a new
research avenue for supramolecular chemistry, luminescent
materials, and other potential applications.

Results and discussion
Synthesis and characterization of nido-cage...w interaction

As a proof of concept to validate the nido-cage---n interaction,
various aromatic rings like pyridinium were chosen to make
ionic pairs with nido-carborane (C.ByH12) (Figure 1b). The
target compounds can be synthesized through ion exchange in
high yields (Schemes S1 and S2). The structures were careful-
ly characterized by H-, **C-, *B-NMR, mass spectrometry,
and X-ray diffraction (Figure S2). All data indicate that nido-
carborane can be incorporated to be part of certain ionic pairs.
In solution, the chemical shifts of the nido-carboranyl moiety

are not affected by the cations, as shown by both !B- and 'H-
NMR when compared to the control compound 1-et (Figure
S1). Obviously, the attractive interaction for the ionic pairs
can not compete with solvation in solution.

On the other hand, all the nido-carborane-based compounds in
Figure 1b show either the parallel or perpendicular orientation
in the crystalline state (Figures 2a-c). In particular, the dis-
tance (centroid to centroid) and the dihedral angle (plane of =
system and the open face C.B; of nido-carborane) vary signif-
icantly, indicating the dependence on substituents at pyridini-
um and the type of aromatic rings (Figure S3). Firstly, com-
pound 1-py adopts less distorted parallel-displaced configura-
tion in comparison to compounds 1-py-cn and 1-py-ome
owing to the larger substituent effect in the = systems of the
latter two compounds (Figure 2a). As such, a shorter distance
of nido-cage--- interaction with 4.621 A is observed for com-
pound 1-py than those of 1-py-cn (4.995 A) and 1-py-ome
(4.862 A). Note that the three dimensional size of nido-
carborane approaches 5.6 A (Figure S4), thus the contacting
distance formed in the ionic pairs in this study should be long-
er than the conventional non-covalent interactions,
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Figure 2. The crystal structures of nido-carborane-based compounds containing nido-cage---n interactions.

for example, beyond the range of =---m interactions (usually
below 4.0 AP, Correspondingly, the dihedral angle of 5.01°
for 1-py is smaller than those of 17.96° for 1-py-cn and 24.99°
for 1-py-ome. Secondly, the packing mode can be tuned by
the type of aromatic rings. Compound 1-gl affords a T-shaped
orientation between the nido-carboranyl cage and methylquin-
olinium (Figure 2b). This arrangement is similar to one of the
standard m---m stacking interactions. Besides, this packing
mode induces a much longer contacting distance (5.904 A)
than that of compound 1-py (4.621 A). In the case of 1-ac with
a larger conjugated acridinium, the face-to-face geometry with
the nido-carboranyl unit is observed in the unit cell. This pack-
ing structure causes even a shorter contacting distance (4.562
A) and smaller dihedral angle (2.8°) of the nido-cage---r inter-
action in comparison to 1-py (4.621 A and 5.01°). Unexpect-
edly, the cation N,N’-dibutyl-4,4’-bipyridinium, a strong elec-
tronic acceptor,® leads to the shortest contacting distance
(4.422 A) of nido-cage---n interaction in 1-vb among the com-
pounds in this study. Particularly, the unit cell contains two
different conformations of the cation. One cation bearing a
cage--7 interaction possesses a twisted bipyridinium, whereas

the other shows a planar configuration for the bipyridinyl unit
which is surrounded by nido-carboranyl moieties through
multiple B—H---H-C interactions (Figures S3f and S3g). DFT
calculations reveal that the twisted cation is 1.3 kcal mol?
lower than the planar one, a value close to those reported for
biphenyl.°! Obviously, the nido-cage---r interaction is devot-
ed to the formation of more stable molecular conformation in
the crystalline state.

With the aim to prove that the nido-cage:--r interaction may
not be predominated by electrostatic interaction between the
boron cluster and the = system, we replaced pyridinium by a
phenyl ring as a = system through removal of the positive
charge from the nitrogen atom of pyridinium to the phospho-
rus atom of the phosphorium as shown in 2-py (Figure 2c). In
addition, the substituent effect is also considered by attach-
ment of a methoxy group to the phenyl ring (e.g. 2-py-ome).
The crystal structure of compound 2-py presents an intramo-
lecular cage:--r interaction between the nido-carboranyl cage
and the phenyl ring with a contacting distance of 4.438 A and
a dihedral angle of 17.41° (Figure 2c). However, compound 2-
py-ome displays a twisted geometry with a longer contacting



distance of 5.155 A and larger dihedral angle of 38.46°, fully
reflecting the substituent effect as found in the intermolecular
nido-cage:--m interaction. Therefore, it is concluded that a
nido-cage:--m interaction can be generally existent, regardless
of the type of aromatic rings and their substituents, as well as
either intramolecular or intermolecular mode to be considered.

Quantum-chemical computations on nido-cage---n interac-
tion

To better understand the nature of the nido-cage--- interaction
observed, quantum chemical calculations based on the above
crystal structures have been performed. Geometry optimized
structures (Figure 3 and Table S2) at the ZORA-BLYP-
D3BJ/TZ2P level of theory (see Supporting Information for
full computational details) show a good agreement with the
crystal geometries, i.e. the same parallel or perpendicular
orientations are obtained with just some small conformation
changes that we attribute to crystal packing effects. Nonethe-
less, the computed centroid to centroid distance somehow
differs from that of the crystal structure. The best agreement is
afforded for systems 2-py and 2-py-ome (vide infra) in which
the nido-carboranyl unit and the n-system are intramolecularly
linked. In the case of 1-ql, the X-ray structure shows the fused
benzene ring in T-shaped conformation versus the C,Bs ring of
carborane, but in our calculations the system is relaxed to a
displaced parallel conformation as observed in Figure 3.
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Figure 3. Set of optimized nido-cage---n systems under analysis.
Computed distances (from the center of the = ring to the center of
the carborane, in A) between fragments are enclosed.

Next, a quantitative energy decomposition analysis (EDA, see
Supporting Information for details) has been performed to
characterize the interaction between the two fragments, i.e.
nido-carborane and the n system (Table 1). The total bonding
energies (AE) of the systems between nido-carborane and aryl-
substituted pyridine (or quinoline or acridine) enclosed in
Table 1 are in the order of -65 — -84 kcal mol™. System 1-vb

presents a stronger interaction because of its different charac-
teristics (doubly cationic). Again, if we first focus on the for-
mer set of the five systems, the strain energy (energy required
to deform the two reactants from their equilibrium structure to
the geometry they adopt in the complex) is small in all cases
(maximum of 1.9 kcal mol™), which means that the interaction
between the two species hardly affects the geometry of the
relaxed fragments at infinite distance. Then, the interaction
energy (AEix) can be further decomposed into Pauli (AEpaui),
electrostatic (AVeisar), Orbital interaction (AE.i), and dispersion
terms (AEqisp).*Y In particular, the fact that nido-carborane is
negatively charged, whereas the N-hetero-ring is positively
charged, causes the interaction between the two fragments to
be mainly electrostatic (Yeistat = Avemt/(AVe|stat+AEo.+AEd.sp))
which is in the order of 65-72%, in front of the much minor
covalent contribution. It must be pointed out that even though
1-vb presents different characteristics of the system interacting
with nido-carborane, the interaction is also mainly electrostatic
(71%).

Table 1. Energy decomposition analysis (EDA) (in kcal mol?) of
the systems.

System AE  AEstrain  AEint  AEpaui  AVeistat AEoi  AEdisp  Yoelstat
1-py -73.1 04 -735 23.2 -68.5 -144 -138 71
1-py-ome  -73.7 1.1 -748 24.8 =720 -129 -14.7 72
1-py-cn -83.7 19 -85.6 29.4 -74.8 -254 -14.7 65
1-ql -64.8 1.3 -66.1 17.9 -585 -150 -10.4 70
1-vb -135.8 3.7 -139.5 293 -119.1 -320 -176 71
1-ac -70.4 16 -72.0 234 -61.8 -18.1 -156 65

With the aim to compare the above discussed boron cluster-n
interactions with n-n interactions present in well-known clas-
sical aromatic species, we have taken system 1-py as the ref-
erence, and performed a systematic analysis for the systems
depicted in Figure 4. In particular, we have first changed bu-
tyl-pyridine by pyridine and benzene, and then the carborane
has been changed by benzene and cyclopentadienyl anion.
Interestingly, the structure of (C,BgHi1)Fe(CsHs), a metallo-
carborane derivative (shown in Figure 1b) reported by Haw-
thorne,[*? indicates that C.BgH:»~ and CsHs share similar
chemical bonding characteristics. Indeed, there are five mo-
lecular orbitals in C,BgH1,~ with similar shapes and energies
as the five = molecular orbitals of CsHs™ (Figure S18), with the
cyclopentadienyl anion having slightly less stable MOs and,
therefore, higher electron donating character. The optimized
geometries enclosed in Figure 4 show the parallel displaced
equilibrium geometries for all systems, except when either
neutral pyridine or benzene interacts with the negatively
charged nido-carborane or the cyclopentadienyl anion (sys-
tems 1b, 1c, 1h, and 1i), in which case the T-shaped confor-
mation is preferred. With respect to system 1f, i.e. benzene
dimer, the calculated results at either ZORA-revPBE-
D3BJ/TZ2P or ZORA-BLYP-D3BJ/TZ2P are in agreement
with previously reported data at higher levels of theory show-
ing that the parallel displaced (PD), the T-shaped tilted (TT)
and the T-shaped (T) conformations are almost isoenergetic.[**!
In our ZORA-BLYP-D3BJ/TZ2P calculations, the PD con-



formation is the most stable, followed by the TT at 0.32 kcal
mol?, the T at 0.52 kcal mol?, and finally the sandwich (S) at
1.14 kcal mol (Table S3).

The EDA analysis performed on this set of systems (Table S5)
shows the importance of dealing with charged species or neu-
tral ones at determining the character of the interaction be-
tween the two fragments. Thus, when the two fragments are
neutral (1f and le), the dispersion (AEqisp) is the most attrac-
tive term of the interaction energy (AEix). For charged species,
the interaction energy is much higher by a factor of about 10

and the electrostatic term (AVeistar) becomes the most important.

It should be noted at this point that the nature of the interaction
between 1-py and 1g (i.e., changing C;BgH1 by CsHs) is
basically the same, the electrostatic component being the most
important followed by the orbital interaction (AE.j) and the
dispersion terms. The higher interaction of 1g is ascribed to
the larger HOMO-LUMO overlap in this system (Table S6
and Figure S7), which results in larger AEq; and, consequently,
shorter distance between the fragments. The latter is translated
in higher repulsive Pauli repulsions and larger attractive
AVeistar interactions. Similarly, the interactions in 1c and 1i or
in 1b and 1h are of the same nature, which proves that the
C.B;s ring of C,BgH12 interacts with pyridine (1b) or benzene
(1c) almost identically to the cyclopentadienyl anion in 1h or
1i. It fully proves that nido-carborane can be treated as a build-
ing block to form these new non-covalent intermolecular in-
teractions.
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Figure 4. Set of derived systems from compound 1-py. Computed
distances (in A) between fragments are enclosed.

To further clarify that this nido-cage-n bond is not a pure
electrostatic interaction, we have performed an EDA analysis
for system 1-ac and its derived systems ac-s (SbFg), ac-p

(PF¢), and ac-b (BFs) (Figures 5a and S9 and Table S8), in
which nido-carborane is substituted by fluorinated anion spe-
cies. Our results indicate that the components of the interac-
tion energy are quite similar for these four systems. However,
for 1-ac, the electrostatic term is somewhat less attractive than
in the rest of the systems because the negative charge is more
delocalized whereas the orbital interaction and dispersion
terms are more attractive because of the existence of the nido-
cage-= interaction. Finally, we have analyzed the two systems
with intramolecular nido-cage-n interaction enclosed in Figure
2 (2-py and 2-py-ome). Results obtained indicate that the
trends remain the same no matter if the nido-cage-n interaction
is inter or intramolecular (Table S10).

Variable photophysical properties triggered by nido-
cage---w interaction

To explore the properties and potential applications of the new
non-covalent nido-cage---m interaction, a set of experiments
were conducted on the selected compound 1-ac, and the fluor-
inated ionic pairs ac-s, ac-p, and ac-b were used as model
systems (Figure 5a). First of all, we investigated the electronic
properties of these compounds to try to uncover the influence
from nido-cage---w interactions. The absorption spectra in THF
indicates no evident difference between 1-ac and the model
compound ac-p (Figure S19), demonstrating that the attractive
interaction for the ionic pairs in solution can not change the
ground state of methylacridinium as shown in the NMR spec-
tra in solution. However, a large red-shift (~110 nm) in the
absorption spectra is observed in the solid state (Figure S20).
This bathochromic-shift transition can be assigned to a charge
transfer (CT) transition between the two fragments.®! The CT
character of the ground state for 1-ac is verified by the solid-
state electron paramagnetic resonance (EPR) spectrumi4!
(Figure S21). A relatively weak but sharp resonance signal is
centered at 3324 T, indicating the existence of an active radi-
cal. The g factor is calculated to be 2.0029, which is almost
equal to the value of a free electron (2.0023). But no EPR
signal is detected for compound ac-s. In addition, the theoreti-
cal calculations at the CAM-B3LYP/TZ2P level also suggest a
new CT absorption band for 1-ac (Figures S13-17 and Table
S11). Particularly, such a CT transition is not observed in
either methylacridinium or the control compounds ac-s, ac-p,
and ac-b. Indeed, the nido-cage---n interaction influences the
ground state properties in solid state.

To further support the electronic communication between
nido-carborane and methylacridinium, the photophysical prop-
erties in the excited states for 1-ac and the control compounds
ac-s, ac-p, and ac-b were tested as well. The band positions in
the PL (photoluminescence) spectra for 1-ac and ac-p in THF
are the same (Figure 5b). However, the luminous efficiency of
compound 1-ac (66.06%) is lower than that of compound ac-p
(91.94%), which indicates the existence of extra non-radiative
channel in the excited states for 1-ac. Unexpectedly, com-
pound 1-ac shows ACQ in the crystalline state in contrast to
the low luminous efficiencies of compounds ac-s, ac-p, and
ac-b (Figures 5¢c and S22). This could be attributed to the
multiple and face to face =---m interactions in the packing
structures of the latter compounds (see Figure 5d),
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which prompts the formation of such rigid and detrimental
species as excimers,*® thus leading to the observed low lumi-
nous efficiency in solid state. In the case of 1-ac, however, the
packing structure is totally different, where only the nido-
cage--7 interaction (4.562 A) and the negligible w---m interac-
tion (3.998 A) are observed (Figure 5d). Therefore, we infer
that such a packing style is induced by the nido-cage:--r inter-
action, which leads to luminescence quenching for 1-ac in
crystalline state.

The further investigation on PL spectra in solution for 1-ac
was performed as an ionic species facilely influenced by me-
dia. Firstly, the PL spectra in different solvents (Figure 5e)
show that the emission band positions in the range of 450-600

nm remain unchanged, reflecting the characteristic T—n* tran-
sition of the methylacridinium fragment. However, the lumi-
nous efficiency is sharply dependent on solvent polarity. In
particular, in the non-polar or less polar solvents such as CCl,4
and hexane, no luminescence can be detected, showing the
same phenomenon as in crystalline state. If the solvent polarity
is increased, the absolute quantum yield is correspondingly
improved (Figure 5f). The similar result is also observed in the
mixed solvents of CH,Cl, and CCl, (Figures 5g and S23).
Therefore, we assume that in the low polar solvents compound
1-ac forms compact ionic pairs to create CT complexes, thus
leading to luminescence quenching. When the compound is
dissolved in polar solvents, the compact ionic pair can be



dissociated, thus luminescence is regenerated. Secondly, the
PL spectra in the mixed solvents of THF and water demon-
strate aggregation-induced emission (AIE)* during addition
of water (Figures 5h and S24). The X-ray powder diffraction
indicates the formation of amorphous particles upon water
fraction up to 99% (Figure S25). Clearly, in the amorphous
state, the nido-cage---n interaction can be destroyed. On the
basis of these results, it is easily understood that the formation
of nido-cage---r interaction requires a crystalline atmosphere.
Only in crystalline form can effective electronic communica-
tion be induced. In summary, the luminescent properties of the
zwitterionic species such as 1-ac can be tuned by both solvent
polarity and the condensed state form, showing variable pho-
tophysical properties for one molecule.

Conclusions

For the first time, a novel type of non-covalent interaction,
boron-cluster cage---m interaction has been experimentally
discovered in both intramolecular and intermolecular modes.
Theoretical calculations reveal a major electrostatic character
or orbital- and dispersion-dominated interaction, similar to
those found in cyclopentadienyl anion---t or 7---mt interactions.
In this study, the nido-cage---x interaction has been successful-
ly used to tune both ground state and excited state properties
of organic luminogens. These findings not only extend the
types of non-covalent bonds and strengthen the understanding
on non-covalent interactions, but also open a door to exploit
the nido-cage---n interaction for self-assembly, luminescent
materials, and other potential applications.
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