
Nanoscale
Advances

MINIREVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 8
:0

3:
05

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Halogen bonding
Z
d
l
C
a
t
E
A
a
p
i
n
l

nano-structured material modi
assembly, and circular materials a

aInstitute of Materials Research and Engi

Technology and Research), Fusionopolis Wa

Singapore. E-mail: zheng_jie@imre.a-star.e

imre.a-star.edu.sg

Cite this:Nanoscale Adv., 2021, 3, 6342

Received 25th June 2021
Accepted 22nd September 2021

DOI: 10.1039/d1na00485a

rsc.li/nanoscale-advances

6342 | Nanoscale Adv., 2021, 3, 6342
regulated functional
nanomaterials

Jie Zheng, †*a Ady Suwardi, †a Claris Jie Ee Wong,b Xian Jun Loh *a

and Zibiao Li *a

Non-covalent interactions have gained increasing attention for use as a driving force to fabricate various

supramolecular architectures, exhibiting great potential in crystal and materials engineering and

supramolecular chemistry. As one of the most powerful non-covalent bonds, the halogen bond has

recently received increasing attention in functional nanomaterial design. The present review describes

the latest studies based on halogen bonding induced self-assembly and its applications. Due to the high

directionality and controllable interaction strength, halogen bonding can provide a facile platform for the

design and synthesis of a myriad of nanomaterials. In addition, both the fundamental aspects and the

real engineering applications are discussed, which encompass molecular recognition and sensing,

organocatalysis, and controllable multifunctional materials and surfaces.
Introduction

Intermolecular noncovalent interactions have immense tech-
nological potential owing to their versatile capability of
construction of various complex supramolecular architectures
which have found application in drug delivery,1–3 materials
engineering,4,5 catalysis,6,7 sensors,6,8–10 biological chemistry,11–13

and many other elds.14–16 Some prominent noncovalent
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interactions include hydrogen bonding (HB),17–22 halogen
bonding (XB),23,24 p–p interaction,25–27 metal ion coordina-
tion,28–31 hydrophobic interaction,32–35 donor–acceptor interac-
tion,36–38 and so on. Among these noncovalent interactions,
especially in solution, XB is considered the least explored
despite its promising potential in supramolecular chemistry
applications. Analogous to HB, XB also possesses a net attrac-
tive interaction between an electron-poor halogen (i.e. iodine (I)
Zibiao Li obtained his Ph.D.
from the National University of
Singapore (NUS). Currently, he
is working as a senior research
scientist at the Institute of
Materials Research and Engi-
neering (IMRE) at the Agency for
Science, Technology and
Research (A*STAR), Singapore.
He is the department head of the
Advanced Sustainable Materials
Department in IMRE and holds
an adjunct Associate Professor

position with NUS. His research interests are focused on biode-
gradable and functional polymeric material design, structural
property investigations, and their formulations for healthcare and
consumer care applications.

bDepartment of Material Science and Engineering, National University of Singapore,

S117576, Singapore

† These authors contributed equally to this work.

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d1na00485a&domain=pdf&date_stamp=2021-11-05
http://orcid.org/0000-0003-4859-0671
http://orcid.org/0000-0002-7342-0431
http://orcid.org/0000-0001-8118-6502
http://orcid.org/0000-0002-0591-5328
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00485a
https://rsc.66557.net/en/journals/journal/NA
https://rsc.66557.net/en/journals/journal/NA?issueid=NA003022


Minireview Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 8
:0

3:
05

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
or bromine (Br)) and an electron-rich Lewis base (i.e. an amine
or pyridine derivative).39 In the past two decades, HB has been
extensively studied as a driving force to build diverse categories
of supramolecular architectures.17–22 Given the similarities and
benecial differences from HB, such as higher directionality
(the R–X/B angle is close to 180�), water resistance, and
potential tuneability, XB is considered a fascinating and exible
directing force for self-assembly to fabricate halogen bonded
nanomaterials in various applications.40–44

To date, most research studies are focused on the theoretical
and crystallographic characterization of XB and its applications
in the solid phase, including crystal engineering, electrical and
magnetic materials, and isomer separation systems.4,45,46 With
the rapid development of controllable self-assembly in liquid
and solution phases, an increasing number of investigations on
the potential application of XB directed self-assembly in the
liquid and solution phases (such as liquid crystal (LC), drug
design, biological systems, anion recognition, and catalysis) are
expected.6,46,47 In recent years, some research groups have shed
light on the study of halogen bonding towards smart material
construction. The development of halogen bonding containing
polymers was introduced by Schubert's group.48 Besides, Res-
nati's group49 and Das' group50 highlighted the design criteria in
constructing various halogen-bonded functionalities by virtue
of the unique features of halogen bonding.

Unlike these important published studies, in this minire-
view, the use of XB as a exible linkage for functional nano-
material fabrication in the liquid and solution phases and its
state-of-the-art development will be discussed, focusing on
taking readers through the concept and features of halogen
bonding to explore its functionalities and applications (Fig. 1).
Along with the introduction of the nature of XB, different types
of halogen bonded LC will be presented. Aer that, XB induced
small molecular and polymeric self-assembly in solution will be
described. Moreover, different applications of the halogen
bonded nanomaterials in various elds, such as molecular
Fig. 1 Schematic illustration of XB-directed self-assembly in liquid and
solution phases.

© 2021 The Author(s). Published by the Royal Society of Chemistry
recognition and sensing, organo-catalysis, and the fabrication
of functional materials and surfaces, will be discussed as well.
This minireview concludes with a short perspective on the
future research direction of XB directed nanomaterials.
Nature of halogen bonding

XB is a highly directional supramolecular interaction with an
R–X/B angle close to 180�. It contains an electron-poor
halogen-bond donor part (X ¼ I, Br, Cl, F) and an electron-
rich halogen-bond acceptor part (B). The distance between X
and B atoms is less than the sum of their van der Waals radii.
For organic halide compounds, it was reported that the electron
density distribution around X atoms is anisotropic. In these
systems, the effective atomic radius along the extended C–X
bond axis is much longer than in the direction perpendicular to
this axis. Furthermore, along the extended C–X bond axis,
a region (“s hole”) of positive electrostatic potential is apparent
and becomes larger with increasing X atomic size and halogen
polarizability. This “s hole” is surrounded by a belt of negative
electrostatic potential, disposing the lone pair closer towards
the X atom, resulting in the straight orientation of XB.

Given the experimental data obtained from different states
(i.e., solid, liquid, and gas phases), the strength of the XB donor
is predicted to increase in the order of Cl < Br < I. The strength
of XB can be tuned in a controlled manner, either by varying the
nature of X atoms or by modifying the moiety that is covalently
bound to the X atom. In general, increasing the electron-
withdrawing ability of the functionalities positively contrib-
utes to the XB strength.

The bonding energy of XB is up to 200 kJ mol�1, which is
comparable to the HB. The same charge-transfer interaction
allows XB to exhibit similar trends to HB in energetic and
geometric properties. As is well known, X atoms are much larger
than H, and the interaction between X and B is therefore more
sensitive to steric bulk or secondary interactions. Besides, XBs
are less sensitive towards solvent polarity and the binding
constants for X-bonding donor–acceptor pairs are three orders
of magnitude greater than closely related H-bonded pairs in
polar solvents. It is due to the intrinsic hydrophobic nature of
the participating halogen atom and the fundamental difference
in the nature of interaction via its electropositive sigma (s)-hole
site, which is more robust to solvent polarity.40 Moreover, it is
notable that HB can enhance XB interaction through the
synergistic effect. For example, the Ho groups described the
synergistic relationship between the hydrogen bond and
halogen bond.51 Through the polarization effect caused by the
hydrogen bond, the affinity of the receptor for halogen anions
was signicantly increased.
Halogen-bonding induced self-
assembly in the liquid state (liquid
crystals)

The liquid crystal (LC) is a state of matter that combines both
the order feature of solid crystals and the uidity of normal
Nanoscale Adv., 2021, 3, 6342–6357 | 6343
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liquids. Normally, LCs encompass a central rigid core, exible
end chains, and linking groups. Both covalent bonds and non-
covalent interactions (e.g., hydrogen bonding) have been
extensively used as bridges to connect the core and chains of
LCs. Apart from hydrogen bonding, another type of non-
covalent interaction, halogen bonding, serves as a new key
driving force to generate supramolecular liquid-crystalline
assemblies. Herein, different halogen bonded LCs, such as
simple halogen-bonded LCs, polymeric halogen-bonded LCs,
and photo-responsive halogen-bonded LCs, will be discussed.

Simple and polymeric halogen-bonded liquid crystals

Halogen-bonded LCs are constructed by the interaction
between the halogen-associated electrophilic region (XB
donors) and nucleophile (XB acceptors). In the past two
decades, various XB donors and acceptors have been designed
to form different halogen-bonded LCs. Through the reaction
between functional XB donors and acceptors, halogen-bonded
LC materials with different structures and properties can be
synthesized effectively.

The use of halogen-bonding as a driving force to generate
supramolecular LCs dates back to 2004.52 Bruce's group
prepared the rst LC complexes through the combination of
iodopentauorobenzene (XB donor) and nonmesomorphic 4-
alkoxystilbazoles (XB acceptors) (Fig. 2A). This opened the door
for new applications of XB in functional LCs. Although the used
XB acceptors did not show a liquid crystalline nature, the
resulting materials exhibited LC properties. The complexes with
longer chains (i.e., n ¼ 8, 10 and 12 in Fig. 2A) displayed
enantiotropic smectic A phases. Moreover, it was revealed that
most prominently solids were cleanly melted without the
appearance of biphasic regions which would characterize
a nonstoichiometric aggregate, indicating that the resultant
complexes formed via the formation of noncovalent halogen
bonds not a quadrupolar interaction. Besides, other XB donors,
such as molecular iodine (I2), were also utilized to prepare
Fig. 2 Simple liquid crystals formed by self-assembly through XBs. LC
complexes through the combination of (A) iodopentafluorobenzene
and nonmesomorphic 4-alkoxystilbazoles, and (B) iodopenta-
fluorobenzene and molecular iodine.

6344 | Nanoscale Adv., 2021, 3, 6342–6357
halogen-bonded LCs (Fig. 2B).53 Taking advantage of the short
halogen bond formed between the molecular iodine and
alkoxystilbazoles, the resultant LCs had unusually high meso-
phase stability. In this system, they disclosed that the inter-
molecular I/I contact changed its nature due to the strong
polarization, resulting in the formation of the SmC phase.
However, the preparation of analogous bromine complexes
caused an unexpected electrophilic substitution in the ethylenic
fragment of the alkoxystilbazole. Besides, XB also drove the self-
assembly of uorocarbons and hydrocarbons.54 It was notable
that this system was able to overcome the low affinity between
peruorocarbon and hydrocarbon derivatives, effectively
driving the self-assembly of alternating peruorocarbon and
hydrocarbon layers and exhibiting great potential for supra-
molecular polymer coating.

Researchers also attempted to extend the halogen-bonded
LC molecules into the domain of trimeric LCs. He and co-
workers explored the feasibility of XB as a driving force to
prepare liquid-crystalline supramolecular polymers.55 Through
the reaction between difunctional halogen-bonding molecules,
a new family member in liquid-crystalline polymeric materials
was successfully built (1 to 4 in Fig. 3A). This could be conrmed
using the infrared vibration, where the binding energies of both
the XB acceptors and donors were changed in comparison with
their respective unbonded equivalents, indicating the success-
ful formation of halogen bonds in them. Aer that, the same
group continued to prepare different trimeric supramolecular
thermotropic LCs via halogen bonding driven self-assembly (5
in Fig. 3A).56 The formation of XB interaction was substantiated
by infrared and X-ray photoelectron spectroscopy. Besides, they
also showed that there was little correlation between the length
Fig. 3 (A)–(D) Polymeric liquid crystals formed by self-assembly
through XBs through the reaction between difunctional halogen-
bonding molecules.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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in spacers and terminal groups and phase transition tempera-
tures. Trimeric halogen bonded supramolecular LC complexes
were also synthesized by the self-assembly of alkoxystilbazole
and 1,4-diiodotetrauorobenzene with a molar ratio of 2 to 1
(Fig. 3B).57 It was revealed that the starting materials only
exhibited monotropic nematic phases, while the resultant
complexes displayed enantiotropic nematic phases with a range
of up to 11 �C. The same group subsequently reported the u-
orophobic effect on supramolecular mesogens via XB directed
self-assembly of alkoxystilbazoles and a,u-diiodoper-
uoroalkanes (Fig. 3C).58 It was shown that even though the
starting materials have a non-liquid crystalline nature, most of
the prepared complexes demonstrated liquid-crystallinity. This
was the rst instance of the employment of halogen bonding
and iodoperuoroalkanes to fabricate uorinated LCs. The
authors also proposed to prepare other halogen-bonded uo-
rinated LCs via employing mono- and di-iodoperuoroalkanes,
with shorter and longer chains.

Besides, Cavallo and colleagues described the preparation of
new trimeric LC complexes by employing 1,4-diiodotetra-
uorobenzene or a,u-diiodoperuoroalkanes as XB donors, and
an alkoxystilbazole derivative functionalized with a methacry-
late terminal group as the XB acceptor (Fig. 3D).59 Despite the
nonmesomorphic nature of the starting materials, the synthe-
sized LCs showed liquid-crystalline properties with smectic A
phases. As evident by single crystal X-ray diffraction analysis,
the self-alignment of the molecules was mainly ascribed to the
formation of N/I bonds between the starting diiodoper-
uorocarbons and alkoxystilbazoles (Fig. 4). The obtained LCs
in this system had decomposition temperatures higher than the
melting points of the starting XB donors, showing the feasibility
of XB-driven self-organization for the construction of stable
volatile peruorinated compounds. More remarkably, the
resultant LCs with reactive groups demonstrated great potential
in different elds, such as liquid crystalline elastomeric actua-
tors. Remarkably, Nikolay et al. demonstrated millimeter length
scale assemblies of halogen-bonded mesogens.60 Such nano-
scale organization guiding macroscopic alignment was ach-
ieved via halogen bonding of mesogenic 1-iodoperuoroalkanes
to a star-shaped ethyleneglycol-based polymer, having chloride
end-groups. It was found that the parallel stacking of the
mesogens into aligned domains led to layers at 10 nm period-
icity. Such an alignment was possible by taking advantage of the
Fig. 4 Partial view of the crystal packing of the XB-based LC in ref. 59.
Adapted with permission from ref. 59. Copyright 2017, Elsevier.

© 2021 The Author(s). Published by the Royal Society of Chemistry
directionality of halogen bonding. Such a layer-by-layer
assembly was also demonstrated in poly(4-(4-iodo-2,3,5,6-
tetrauorophenoxy)-butyl acrylate) and poly(4-vinylpyridine),
with 1.3 nm thickness of the bilayer. In addition, the halogen-
bonded multilayer was reported to have a better stability
compared to hydrogen-bonded multilayer lms in methanol.61
Photo-responsive halogen-bonded liquid crystals

Recent years have witnessed the rapid development and
increasing demand for stimuli-responsive functional materials,
especially light sensitive materials. Herein, photo-responsive
halogen bonded LCs containing azobenzene functional
groups with the ability to undergo photoinduced trans–cis phase
transitions will be discussed. Compared to non-light-triggered
LCs, these photo-sensitive LCs exhibit improved properties
with precise remote and regional control, offering various
opportunities in practical applications.

In 2014, Lu et al. successfully engineered photo-responsive
LCs by complexing halogen molecules and azopyridine
compounds with the aim of investigating the features of XB in
LC formation and photo-responsive behaviors (Fig. 5A).62 In this
system, azopyridine (AzPy) derivatives were chosen as the XB
acceptor due to their ability to undergo isothermal photoin-
duced phase transitions. Owing to the strict geometrical
constraint of XB, it was selected to construct LCs with enhanced
surface relief gratings (SRGs) and a more rigid junction.
Furthermore, the strong interactions between XB donors and
acceptors allowed the possibility to choose specically suitable
halogen atoms to take part in bond formation without altering
its electronic structure. Despite multiple attempts by Bruce et al.
in 2004,52 bromine-bonded LCs could not be obtained. It was
thus a breakthrough for Lu and coworkers to be able to obtain
them as well as quantify their thermal properties. They then
went on to study the photo-responsive properties of the
Fig. 5 (A)–(F) Examples of photoresponsive halogen bonded LCs
containing azobenzene functional groups.

Nanoscale Adv., 2021, 3, 6342–6357 | 6345
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Fig. 6 Schematic illustration of a photo-responsive XB-based LC and
its tuneable photophysical properties via changing the aromatic
fluorine substitution. Adapted with permission from ref. 68. Copyright
2019, American Chemical Society.
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obtained complexes under UV irradiation, where photoinduced
phase transition from an LC to an isotropic phase was observed.
This process was reversible and the initial LC texture was
recovered upon exposure to visible light for 80 s. Resnati et al.
were the rst to synthesize a halogen-bonded photo-responsive
low molecular weight (Mw) supramolecular complex with effi-
cient photoalignment that arises from its high temperature
liquid crystallinity, the rst of very few examples to date
(Fig. 5B).63 The designed halogen-bonded complex was
prepared by self-assembly of N,N-dimethyl-4-[(2,3,5,6-
tetrauoro-4-iodophenyl)diazenyl]aniline and 4-[(E)-2-(4-
methoxyphenyl)-ethenyl]-pyridine. The methoxy-substituted
stilbazole was suitable as longer alkyl chains which were
known to quell the formation of SRGs in LC polymers. Paired
with light-responsive azo groups, these resultant low Mw LCs
exhibited high degrees of photo-induced anisotropy upon
polarised light irradiation. The LC nature of the complex
enhanced the molecular cooperative motions despite being at
room temperature while maintaining exceptional SRG forma-
tion efficiency. Alaasar and coworkers were the rst to present
examples of photo-sensitive XB based supramolecular poly-
catenars formed between a non-mesogenic taper shaped tetra-
uoroiodobenzene (XB donor) and non-mesogenic or
mesogenic azopyridine derivatives (XB acceptors) (Fig. 5C and
D).64 Under UV light irradiation, the polycatenar LC was
observed to undergo fast and reversible photoinduced phase
transition. Lastly in comparison to related hydrogen bonded
polycatenars, halogen bonded polycatenars showed lower
melting temperatures as well as lower mesophase stability.
However, in this system, they were able to achieve fast and
reversible photoswitching in the bulk state which was not
possible with hydrogen bonded polycatenars. These ndings
were invaluable and hold great potential for further applica-
tions in the production of functional materials. Dichiarante and
coworkers made use of classic LC concepts and were able to use
a new approach to assemble 2 new supramolecular nano-
structures by complexing 1-ethyl-3-methylimidazolium iodides
and azobenzene derivatives containing an iodotetrauoro-
benzene ring (Fig. 5E).65 Exploiting the modularity of this
approach, new functionalities were allowed to be introduced
into the nal products via tailoring the chemical structure of the
starting complexes. In the present system, the iodide anions act
as XB acceptors to link two azobenzene derivatives (XB donors),
producing an alternative family of self-assembled ionic liquid
crystals with mesomorphic behavior, independent of the length
of the alkyl chain of the cation. Due to the high directionality of
XBs, together with the segregation between the charged and
uncharged parts, the prepared LC showed a layered structure in
the crystal lattice. Taking advantage of the azobenzene func-
tional group, the resultant ionic LCs exhibited the LC-to-
isotropic phase transition under light irradiation, offering
great potential towards applications in light-controllable ion
transporters. Recently, Navarro-Rodŕıguez reported a halogen-
bonded highly anisotropic photoactive mesogen through the
combination of a hexyloxy-substituted pyridyl-
ethynyleneazobenzene and a tetrauoroiodophenyl decanoate
(Fig. 5F).66 The obtained hexyloxy-substituted pyridyl-
6346 | Nanoscale Adv., 2021, 3, 6342–6357
ethynylene azobenzene was a thermotropic liquid crystal
encompassing a single nematic and two different smectic
phases. More remarkably, in this system, the smectic period
showed a shorter length compared with the theoretical one,
indicating a single layer stacking of molecules, offering the
possibility of the head-to-tail arrangement to satisfy the elec-
trostatic interaction between uorinated and non-uorinated
rings. In the work by Cinthya et al., the synthesis of polymers
carrying pyridylazobenzenes and iodopentauorobenzene rings
via self-assembly using halogen bonds was reported. In addi-
tion, the halogen complexes show liquid crystal properties of
smectic type as well as photo-induced isomerization despite the
bulky chromophore units. Furthermore, a good photo-response
was observed in both writing and erasing experiments. The
halogen bonded complex demonstrates regular SRGs, which
can be potentially used for optical data storage units.67 Recently,
Giese and coauthors reported a new strategy to control the XB-
based LC and its photophysical behaviours (Fig. 6).68 They
revealed that the halogen bond strength can be ne-tuned by
adjusting the position and degree of uorination at the XB
donor. Furthermore, the prepared XB-based supramolecular
liquid crystals exhibited photoinduced isomerization, which
were not only related to the photochemical properties of the
molecular components but also the operation temperature and
the clearing point.

Li and coauthors explored a novel halogen-bonded light-
driven axially chiral molecular switch, shedding new light on
the use of XB in the design and manipulation of functional
supramolecules and host–guest materials for photonic applica-
tions.69 They synthesized axially chiral binaphthyl based azo
compound 6 to act as the XB acceptor and paired it with XB donor
3 to form compound 7 as seen in Fig. 7A. Photodynamic chole-
steric liquid crystals (CLCs) were fabricated via doping
compound 7 into the commercially available achiral nematic
host. The helical twisting power (HTP) of 7 decreased upon UV
light irradiation due to the trans–cis photoisomerization of azo
moieties. Upon observation of the large HTP change in 7, they
then went on to study the photo-tunability of the selective
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Molecular structures of halogen-bond donor 3 (I-R), halogen bond acceptor 6, and the resulting halogen-bonded light-driven chiral
molecular switch 7 and (b) its photoisomerization upon light irradiation illustrated by an electron potential density map obtained at the DFTB3LYP
6-31G level. Adapted with permission from ref. 69. Copyright 2018, Wiley. (c) Chemical structures of halogen bond photodynamic cholesteric
liquid crystals. (d) Schematic representation of reversible unwinding and handedness inversion in the self-organized helical superstructure upon
visible-light irradiation. Adapted with permission from ref. 70. Copyright 2020, Wiley.
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reection colour and were able to achieve reversible colour
tuning across the whole visible spectrum. Recently, the same
group took their work further and designed 2 new XB-based
chiral molecular switches with reversible photoisomerization
capability upon exposure to visible light.70 These molecular
switches (XB donors) were able to generate CLCs through XB
formation via mixing with the commercially available achiral
liquid crystal host 5CB (as both the XB acceptor and host
medium) (Fig. 7C). It is noteworthy that the properties of CLCs
varied with varying terminal halogen atoms in molecular
switches. When the molecular switches bore an iodo terminal
group, the obtained CLC displayed a cholesteric–nematic phase
transition. Meanwhile, on the other hand, in the case of terminal
bromo atoms in themolecular switch, the resultant CLCs showed
reversible handedness inversion to the helical superstructure
upon irradiation with visible light of different wavelengths.
Fig. 8 (A) and (B) Examples of halogen bonded LCs with bent
structures.
Other halogen-bonded liquid crystals

XB-driven self-assembly acts as an effective and convenient
technique to prepare not only linear-shaped LCs but also bent-
shaped LCs. For example, Bruce and coauthors reported
© 2021 The Author(s). Published by the Royal Society of Chemistry
halogen-bonded LCs with a bent-core mesogen (Fig. 8A).71

These complexes were prepared by the co-crystallization of 1,3-
diiodotetrauorobenzene and 4-alkoxystilbazoles in THF via
gradually evaporating the solvent. It was interesting that despite
the use of achiral starting 1,3-diiodotetrauorobenzene, the
obtained LCs showed a chiral nematic phase. They also revealed
that the phase sequence was caused by the lability of the
halogen-bonded complex. Andrea et al. reported iodine-
modied FF dipeptides via halogenation.72 Through single
crystal X-ray characterization, it was revealed that halogen
atoms play a key role in the packing behaviour to obtain these
compounds. In addition, it also provided stability to the dry
Nanoscale Adv., 2021, 3, 6342–6357 | 6347
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interfaces formed by aromatic rings, contributing to the solid
state packing of dipeptides.

Researchers also explored halogen bonded ionic LCs, which
exhibited the properties of LCs and ionic liquids. The properties
of these LCs can be modied with the change of the nature of
the anion and cation parts. Cavallo and colleagues reported
a new family of uorinated ionic liquid crystals, which was
synthesized between 1-polyuoroalkyl-3-alkylimidazolium
iodides and mono-iodoperuoroalkanes of different chain
lengths or di-iodoperuorooctane.73 Over a wide range of
temperatures, these resulting halogen bonded ionic LCs
showed enantiotropic liquid crystalline phases.

Besides, Bruce's group also reported the formation of LCs
using nonmesomorphic components (4-alkoxystilbazoles and 4-
iodotetrauorophenol) by the combination of both halogen and
hydrogen bonding (Fig. 8B).74 It was revealed that the more
electrostatic nature of the hydrogen bond contributes favour-
ably to phase stabilization. Moreover, they also assumed that
compared with p-C6F4–F, p-C6F4–I was a more effective
terminal group for phase stabilization, presumably due to the
great polarisability anisotropy.
Halogen-bonding induced assembly in
the solution phase
Halogen-bonded molecular self-assembly

Analogous to HB, XB has emerged as an engaging tool to
regulate (macro)molecular organization. XB also exhibits some
benecial differences from HB, such as higher directionality
and hydrophobicity, as well as being favored in polar solvents,
providing many new opportunities to achieve novel
nanoarchitectures.48,49,75

In 2017, Jiang and co-workers reported the rst example of
a C–I/p halogen bonding driven supramolecular helix in
highly dilute acetonitrile solution by using a bilateral I-
substituted alanine based N-amidothiourea (Fig. 9).76 The b-
turn structure of the compound was designed with two iodo-
phenyl groups at two terminals of the compound to act as the
donor and acceptor of the C–I/p halogen “head to tail”
linkage, facilitating the propagation of the helical fragments,
and thus supporting the nal supramolecular helix. This was
a milestone nding contributing to their further research in
Fig. 9 Schematic illustration of the C–I/p halogen bonding driven
supramolecular helix. Adapted with permission from ref. 76. Copyright
2017, American Chemical Society.

6348 | Nanoscale Adv., 2021, 3, 6342–6357
2019 where they expanded on this concept to develop an arti-
cial double helix.77 In virtue of an alanine based bilateral N-(p-
iodobenzoyl) amidothiourea, which in its folded cis-form,
moves the S-atom closer towards the central benzene ring while
allowing a similar helical b-turn structure to remain, leading to
the formation of a right- or le-handed double helix. Further-
more, the synthesized sample exhibited high thermal stability
up to 75 �C in dilute acetonitrile solution indicating strong
intermolecular double crossed hydrogen bonds.

Very recently, Das' group presented a synthetically straight-
forward design strategy for the fabrication of functional nano-
architectures based on halogen bonding.78 A new example of
luminescent supramolecular polymers with a discrete nanorod-
like structure was developed by the self-complementary crystal-
lization of the building block (i.e., 5-(2,3,5,6-tetrauoro-4-
iodophenoxy)quinoline) in methylcyclohexane (MCH). Further-
more, the obtained nanoparticle was able to disassemble under
acid conditions along with the disappearance of the blue emis-
sion. It is noteworthy that the self-assembly morphologies could
be synthetically tuned via minor variations in the position of the
XB donor or the nature of the halogen atom in the building block.
This work offers various possibilities for further development
particularly in the construction of optically rich nanostructures
with precise control.

Because of the strong affinity between XB donors and
acceptors, anions (XB acceptors) in solution are able to effec-
tively bind with suitable XB donors via forming of halogen
bonding for anion recognition and sensing. Beer and co-
authors reported the rst example of a supramolecular anion
host system in which XB interaction was applied to selectivity
bind and optically detect iodide in water by using a ruthenium
rotaxane-based complex.79 In this system, a new water-soluble
XB ruthenium(II) functionalized rotaxane featured a XB axle-
shaped component prepared by permethylated b-cyclodextrin
motifs, and a luminescent component. The prepared rotaxane
was used for iodide recognition and sensing through the
formation of XB with high affinity and selectivity. Aer that, the
same group developed the recognition and sensing of a halide
anion in wet organic solution through the formation of XB in
the neutral interlocked host molecular systems.80 Notably, ne-
tuning of the XB strength and selectivity was possible through
controlling the position and number of XB donor groups (i.e.
iodotriazole) within the interlocked cavity. Besides, they also
synthesized the rst XB [3]rotaxane host system containing
a bis-iodo triazolium-bis-naphthalene diimide four station axle
component.81 They revealed that XB rotaxane was selective for
nitrate over the other anions (such as acetate, hydrogen
carbonate, and dihydrogen phosphate oxoanions and chloride).
Compared with a HB analogue, this system displayed enhanced
anion recognition (which will be further discussed in the
subsection of Molecular Recognition and Sensing).
Halogen-bond-driven supramolecular assembly with an XB
linker

Supramolecular assembly or polymeric self-assembly in solu-
tion is currently receiving well deserved attention due to its
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Schematic illustration of XB-driven self-assembly of QAI-
containing polymers in three phases and applications.
Figure reproduced with permission from ref. 87, copyright 2021,
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importance in many areas of supramolecular chemistry and
materials science. Non-covalent interactions (such as HB, XB,
ion pairing, crystallization, hydrogen bonding, and metal
chelation) have been widely leveraged to segregate polymer
blocks to prepare various sophisticated nanostructures.23,82–84

The advantage of such non-covalent interaction lies in the
formation of intricate morphologies that would have been
difficult to achieve using conventional methods. Furthermore,
stimuli-responsivity can be dialled in via disruption of non-
covalent contact. Amongst these interactions, halogen
bonding induced polymer assembly has received increasing
attention in, for instance, drug delivery, sensor separation, and
stimuli-responsive systems.46,48,49

Taking advantage of the water-resistant prole, halogen
bonding exhibits benets over the widely reported hydrogen
bonding for non-covalent surface modication in aqueous
medium. Das' group recently synthesised a graable supramo-
lecular polymer via halogen-bond-driven assembly in water
solution.85 In this system, they combined the strengths of
halogen and hydrogen bonding to complement one another, for
instance, by incorporating water sensitive hydrogen bonds in
the hydrophobic core domain of the supramolecular polymer
and halogen bonding on the outer surface to create a hydro-
philic active surface that will give rise to structurally diverse
graing. Self-assembly utilizing both hydrogen and halogen
bonds in an orthogonal manner has yet to be widely studied,
especially in water solution due to the competing solvent
interaction of H-bonding. Herein, a benzene-1,3,5-
tricarboxamide (BTA) functionalized with three pyridyl (Py)
groups at the periphery was used as the X-bonding and H-
bonding acceptor, to co-assemble with a PEG-based polymer
(X-donor) to form a helical nanostructure in acid aqueous
solution. This offers promising insight into the further devel-
opment of such pH responsive complex molecular assemblies.

Beyond that, halogen bonding can also be used to drive
highly ordered self-assembly of block copolymers, which can
eventually be used for preparing tailored nanostructures for
semiconductor applications. By minimizing repulsive interac-
tions between different blocks and maximizing attractive
interactions between similar blocks, microphase separation can
be achieved. Traditionally, small-molecule additives which can
specically bind to one block by non-covalent interactions can
be used to achieve such microphase separation. In recent
reports, Roberto et al. used halogen bonding to direct hierar-
chical self-assembly of diblock copolymers and low molecular
weight peruorinated molecules.86 The separation of the
microphase resulted in an upright cylindrical domain, which
consisted of internal lamellar self-assemblies which could be
cleaved using solvent to yield segmented cylindrical micelles
stabilized by halogen bonded supramolecular crosslinks. Such
a directed self-assembly strategy is highly promising for high
throughput and cost-effective nanoscale semiconductor
manufacturing processes. It exploits the spontaneity of block
copolymer self-assembly onto lithographically nanopatterned
surfaces to yield periodic nanostructures with a size of tens of
nanometers.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Very recently, Goto's group explored halogen bonding
induced supramolecular assembly of quaternary ammonium
iodide (QAI)-containing polymers in three phases, i.e., solution,
surface, and solid phases (Fig. 10).87 Instead of using neutral
nitrogen or oxygen atoms, this work used iodide anions (I�) as
the XB acceptor to react with the XB linker (containing iodide)
to generate halogen bonds with a strong bond energy of up to
180 kJ mol�1. Exploiting the co-assembly of the QAI-polymer
and diiodide linker in an aqueous solution, different sophisti-
cated morphologies were obtained, including giant vesicles and
one-dimensional nanostructures as well as large compound
micelles. Besides, they also studied XB-driven QAI-polymer
assembly on surfaces and in the solid state. On the surfaces,
QAI-based polymer brushes were able to undergo reversible
crosslinking and decrosslinking via the repeat formation of XB,
leading to a smart surface with tuneable wettability. Last but not
least, they used a QAI-containing monomer to prepare XB-based
co-crystal monomers, which were subsequently used for poly-
merization via solid-phase polymerization (SPP), synthesizing
solid polymer sheets. Interestingly, the attained polymer sheet
could be used as an appealing host material to reversibly
capture halogen-containing guest molecules. These results
demonstrate that the halogen bond is a powerful molecular tool
for functional nanoarchitecture construction.
Halogen-bonded polymeric self-assembly

Controlled radical polymerization (reversible addition–frag-
mentation chain-transfer polymerization, RAFT) was carried out
to polymerize an iodoperuoroarene-bearing methacrylate to
prepare an XB donor-functionalized polymer.88 It was revealed
Elsevier.
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Fig. 11 (a) Schematic illustration of halogen bonding mediated
formation of nanostructured microparticles via confined-assembly
between PS51k-b-P4VP18k AB diblock copolymer and a PTFIPA32k C-
type homopolymer. (b–g) TEM images of PS51k-b-P4VP18k blended
with different molar ratios of PTFIPA32k, ranging from 0 to 0.2, 0.5, 1,
2, and 3, respectively, using PVA as an emulsifier. Insets in the upper-
right are the cartoons showing the nanostructured particles, blue and
red colors represent the PS and halogen bonded P4VP/PTFIPA
domain, respectively. Figure reproduced with permission from ref. 91,
copyright 2021, WILEY-VCH GmbH.
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that the polymeric donor moiety was able to combine with an
amine-containing block copolymer (XB acceptor) in both
aqueous and organic media, resulting in higher-order nano-
particles, initiating the development of XB induced polymeric
self-assembly. Vanderkooy et al. reported a structurally novel
nanoarchitecture prepared by halogen bonding induced self-
assembly of iodoperuoroarene-substituted polystyrene in
acetone solution.89 RAFT polymerization was leveraged to
prepare well-dened halogen bond donating polystyrene
derivatives. A solvent switching protocol was used to achieve the
co-assembly of XB donor polymers with an amine-
functionalized methacrylate block copolymer, which was
conrmed by electron microscopy and dynamic light scattering
analysis. More importantly, the work reports on intricate
wormlike structures, vesicle structures, and hexagonally packed
hoops, which are typically challenging by conventional
methods. A new supramolecular system using halogen bonded
macromolecular substances was reported by Salla et al.90 It was
shown that there was complex formation between N-benzyl
ammonium resorcinarene bromide as a halogen bond acceptor
and a library of polymeric halogen bond donors, as conrmed
by dynamic light scattering and transmission electron micros-
copy. The study also showed that both polyethylene glycol block
copolymers and homopolymers can act as effective donors of
the halogen bond to form polymer-architecture dependent
complex morphologies.

To understand more about halogen-bond mediated
assembly in emulsion droplets, Xihuang et al. reported an I/N
bond induced conned-assembly to realize order–order phase
transitions.91 Polystyrene-b-poly(4-vinyl pyridine) (PS-b-P4VP)
AB diblock copolymer was chosen to be the halogen acceptor
while the halogen donor was an iodotetrauorophenoxy
substituted C-type homopolymer, poly(3-(2,3,5,6-tetrauoro-4-
iodophenoxy)propyl acrylate), PTFIPA (Fig. 11). The core
domain of the nanostructure was increased due to the halogen
bonding donor–acceptor pairing between P4VP and PTFIPA,
leading to an order-to-order structure transition. Through
adjusting the PTFIPA length and surfactant types, the
morphologies of nanostructures changed from spherical to
cylindrical to lamellar to inverse cylindrical in a controlled
manner. Moreover, the internal morphology transition was
allowed by selective swelling and deswelling of the P4VP
segment, resulting in different sophisticated architectures,
such as tailored mesoporous microparticles and disassembled
nanodiscs, as well as super aggregates.
The applications of halogen-bonded
assemblies

XB has recently attracted increasing attention owing to its
unique properties such as directionality, strength, tunability
and hydrophobicity. It has been used as a tool to design and
synthesize supramolecular functional materials.23 More
recently, it has also been a popular tool to drive self-assembly of
polymers.23,46 In addition, halogen bonding has also found good
use in a broad range of crystalline materials for novel
6350 | Nanoscale Adv., 2021, 3, 6342–6357
optoelectronics, drug formulation, molecular machines, porous
solids, and even conductive materials.92–102
Molecular recognition and sensing

Because of the prevalence of anions in biology and the envi-
ronment, their recognition and sensing are continuously
developing, and various new research efforts have been devoted
to the design of new effective anion receptors. However, due to
the anion's inherent low affinity in aqueous solution and high
energy of solvation, only a few anion binders have been devel-
oped so far. Supramolecular interactions, such as HB, anion–p
interactions, and ion–ion interactions, have shown selective
anion recognition, while XB is less exploited in this eld.
Because of the electron-rich nature of XB, it exhibits great
potential as an excellent anion binding candidate.

An important example of halogen bonding based anion
helicates in solution was reported by Casey et al.103 In this
system, iodide was encapsulated by a tubular anion channel
formed by the self-assembly of three tricationic arylethynyl
strands (Fig. 12). Remarkably high temperature stability was
observed in the triplex endowed by eight strong iodine/iodine
halogen bonds and numerous buried p-surfaces. Fig. 12a shows
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Solid-state representations of the triple helicate and DFT
minimized nonamer. (a) Solid-state structure of the triple helicate
binding two intrachannel iodides. (b) Crystal structure of the triplex
looking down its anion channel (iodides removed for clarity). (c)
Pseudo-square-planar coordination geometry of the helicate's
halogen-bond donors (scaffolding removed). Black dashes denote
halogen bonds. (d) DFT-minimized nonamer of 7. Black dashes and
iodides added to emphasize the non-convergence of the halogen-
bond donors. Figure reproduced with permission from ref. 88, copy-
right 2016, WILEY-VCH GmbH.
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each complex composed of three intertwined tricationic nona-
meric strands that were offset along a common axis dened by
two intrachannel iodides. Four halogen bonds bound each
iodide within the helical channel with an average halogen bond
distance of 3.4 Å. As a consequence, pseudo-square-planar
coordination was achieved, shown in Fig. 12c. Complement-
ing the halogen bonds are the numerous aromatics and ethynyl
p-stacking interactions with an average ring–ring distance of 3.7
Å, as shown in Fig. 12b. In addition, ion-pairing interaction
enables seven iodides on the helicate's exterior to balance the
nine positive charges associated with cationic strands. The
approximate height and width of each triplex are 13 Å and 19 Å,
respectively, with a pitch of 10 Å. A 2.7 Å pore with halogen bond
donors represents the unique microenvironment within the
triple helicate. The yellow sticks in Fig. 12a and c represent the
molecular axis of symmetry (C2) for the triplex alignment with
the C–I bond of the nonbonding iodopyridinium donor. Overall,
such complex shape stabilized by the numerous strong and
linear halogen bonds and p-stacking interactions was persis-
tent at high temperatures and in the aqueous phase.

Halogen bonding based sensing was also used in triggering
aggregation induced emission (AIE). For instance, Mostafa et al.
reported on an ultrasensitive and selective sensor for picomolar
detection of Ag nanoparticles based on halogen bond triggered
AIE.104 The iodine atom in the dye (CyI) skeleton acts as the
halogen bond acceptor while aggregates of iodine atoms on the
Ag NP plasmonic surfaces serve as the halogen bond donor or
form halogen bonds with the p-orbitals of Ag+. Fluorescence
enhancement was evident due to the formation of XB, which
was the basis of the Ag NPs or Ag+ sensor. The responsivity of
© 2021 The Author(s). Published by the Royal Society of Chemistry
the sensor was linearly correlated with the Ag NP concentration
within the range of 1.0–8.2 pM with a LOD of 6.21 pM (s ¼ 3)
while for Ag+ the linearity was over the 1.0–10 mM range (LOD
2.36 mM). Overall, the sensors show remarkable sensitivity for
Ag NPs (down to the pM range) as compared to Ag+ (mM range).
Remarkably, no interference was observed even when different
metal ions of 10-fold higher concentrations were present,
opening a pathway for application in wastewater sensing.

Organo-catalysis

Although XB donors have found applications in synthetic
organic chemistry as easy-to-handle organic Lewis acids, their
activation is mainly limited to sp2 hybridized nitrogen atoms of
quinolines and imines, carbonyl oxygen atoms, and alkyl
halides. Masato et al. recently reported the preferential inter-
action of so Lewis acidity of XB donors with so electrophiles,
which represents the rst efficient electrophilic activation of
iodonium (III) ylides using the XB donor.105 In addition, the XB
donor/Brønsted base cooperative catalytic system was devel-
oped to enable in situ formation of the nucleophilic component
without the deactivation of the XB donor catalyst. Besides
electrophilic activation, Yongquan et al. reported a silver-
catalysed intermolecular aminosulfonylation of terminal
alkynes with TMSN3 and sodium sulnates.106 Sequential
hydroazidation of the terminal alkyne and sulfonyl radical
addition to the resultant vinyl azide make up the three-
component reaction. This method opens an avenue to stereo-
selective synthesis of a wide range of b-sulfonyl enamines
without electron-withdrawing groups on the nitrogen atom.

Metal-free initiation systems for cationic polymerization are
attractive for environmentally benign polymer synthesis. Koji
et al. reported the development of XB mediated and controlled
cationic polymerization of isobutyl vinyl ether (IBVE) using 2-
iodoimidazolium salts as organocatalysts.107 Just by adding
a small amount of nBu4NCl (0.02 equivalents), controlled
cationic polymerization was accomplished, with the nal ob-
tained poly IBVE having a molecular weight distribution below
1.3. Lastly, Akinobu et al. reported on the rst instance where
iodoalkyne was used as a halogen bond donor catalyst.108

Thioamines were efficiently activated using iodoalkyne with
a pentauorophenyl group as a catalyst to react with 2-amino-
phenol and generate benzoxazoles with high yield. This opens
a path for iodoalkynes as a scaffold for halogen bonding
catalysis.

Functional materials

In recent years, halogen bonding has been utilized as a exible
building block for the fabrication of diverse functional mate-
rials, such as smart gels and phosphorescent materials.
Supramolecular gels are of great interest in various elds, such
as catalysis, drug delivery, and controlled release systems.
Attributed to their capability of repeatedly forming aggregates
by using dynamic non-covalent interactions, these gels display
switchable rheology and controlled ow characteristics, which
are appealing features in real applications. A novel supramo-
lecular gel with tuneable properties based on halogen bonding
Nanoscale Adv., 2021, 3, 6342–6357 | 6351
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Fig. 13 (a) Molecular structures of the halogen-bonded compound
CaS4Br and its three isomers. (b) Image illustration of the 3D pattern
fabricated by the micro-crystalline molecule CzS2Br under daylight
with the excitation source on and off. Figure reproduced with
permission from ref. 112 and 115. Copyright 2020, WILEY.
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was reported by Steed's group.109 The gelation was carried out
between a pyridyl substituent in a bis(pyridyl urea) and 1,4-
diiodotetrauorobenzene. Interestingly, taking advantage of
the hydrophobicity of XB, this synthesized gel exhibited excel-
lent stability even in polar media, involving aqueous solutions,
which had been thought to be impossible for such hydrophilic
HB-based gels. Thus, the utilization of XB in supramolecular gel
formation undoubtedly facilitates the manipulation of func-
tional materials in real application engineering. Hu et al. re-
ported photo-responsive gels with changeable morphologies in
response to optical stimulation.110 Halogen bonded
azopyridine-containing azopy-C10 and 1,4-tetra-
uorodiiodobenzene (TFDIB) were used to prepare the gel in
acetonitrile or ethanol. Gel–sol transition induced by UV irra-
diation was caused by trans–cis isomerization of the azopyridine
moiety, with accompanying morphological variation from
akes to uffy bobble-like and subsequently to peony-like with
increasing exposure time. The authors attributed the micro-
structural change to the variations of cis-isomer content and the
strength of halogen bonding. Such novel supramolecular gel
can nd applications in information storage and
anticounterfeiting.

Phosphorescent materials, particularly room temperature
phosphorescent materials (RTPs), have immense potential in
various applications as diverse as photonic materials, bio-
electronics, and night-vision devices. Themost widely employed
RTPs are inorganic or organometallic complexes due to their
fast singlet-to-triplet intersystem crossing (ISC) rates. However,
most of the aforementioned RTPs consist of novel metals, are
high cost and toxic, and have tough synthesis requirements,
making them low competitive in the phosphorescence market.
On the other hand, organic phosphorescence has drawn
increasing attention due to the absence of metal, as well as
being cheaper and environmentally friendly. Like other non-
covalent interactions, XB has been utilized to prepare long-
lasting RTPs with high quantum efficiency (QE).111

Outstanding work was carried out by Chi's group for the
development of ultralong organic phosphorescence with high
QE up to 52%, which is the highest aerglow efficiency reported
so far (Fig. 13).112 According to the comprehensive photo-
physical and theoretical investigations, they revealed that the
signicantly improved QE was ascribed to the key effect of
intermolecular halogen bonding in boosting the ISC rate and
restricting non-radiative pathways. This work offers a brilliant
strategy to improve phosphorescence efficiency for the design of
high QE RTPs for practical application.113 Recently, a range of
fast triplet-forming tetraethyl naphthalene-1,4,5,8-
tetracarboxylates were developed for XB-based RTP by Wu and
coworkers.114 The number and position of bromo substituents
of the compound were controlled to adjust the intermolecular
XB interaction, to realize the suppression of non-radiative
relaxation and improvement of the ISC process. The highest
QE of 20% was obtained when the molecule is surrounded by
a Br/O halogen-bonded network.

Additionally, stimuli-responsive luminescent materials can
also be prepared via XB induced self-assembly. Das et al. re-
ported a unique halogen bonded supramolecule to construct
6352 | Nanoscale Adv., 2021, 3, 6342–6357
emissive supra-p-amphiphiles in water (Fig. 14, schematic).115 It
consisted of a hydrophilic iodotetrauorophenyl functionalized
polyethylene glycol (PEG-I) or triethylene glycol (TEG-I) based X-
bond donor and a hydrophobic pyridyl functionalized naph-
thalene monoimide (NMI-Py) based X-bond acceptor. Through
the higher ordered assemblies' luminescent properties being
governed by dipole–dipole interaction and p-stacking of the
NMIPy uorophore, XB functioned as a key linkage to obtain
nanostructures. Fig. 14(a) shows a TEM image of an aqueous
solution of NMI-Py + TEG-I which revealed nearly spherical
hollow structures with diameters ranging from 200–400 nm,
similar to a vesicle-like morphology. At elevated temperatures,
no change in the size of nanostructures was observed, which
was a testament to the high thermal stability, but they could be
readily denatured in 1% acetic acid as shown in Fig. 14(b). A
CLSM (confocal laser scanning microscope) was used to eluci-
date the vesicles' emissive properties. Evidently, the hydro-
phobic membrane of the vesicles composed of the NMI-Py
uorophore emits green uorescence, as shown by CLSM in
Fig. 14(c). A hydrophobic dye, Nile red, showed selective local-
ization within the NMI-Py member, as shown by CLSM in
Fig. 14(d). In addition, it was found that variation of the chain
length of the X-bond donors led to various morphologies such
as bers or vesicles for PEG-I and TEG-I. Such a strategy can be
leveraged for facile synthesis of structurally diverse smart
luminescent functional materials.

Besides, XB induced self-assembly is also a powerful tool to
construct other functional materials, such as self-healing
materials. Ronny et al. demonstrated the rst XB based self-
healing behaviour in thin lms.116 They explored the rst
isothermal calorimetric titrations to characterize the anion
affinity dependence on key parameters such as monomeric vs.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Schematic illustration of the XB based assemblies and TEM
image showing a solution of NMI-Py + TEG-I (1 : 1) in (a) water and (b)
1% acetic acid. CLSM (confocal laser scanning microscope) images of
Nile red encapsulated NMI-Py + TEG-I (1 : 1) in water (c) through the
green channel and (d) through the red channel. Figure reproduced
with permission from ref. 115. Copyright 2020, American Chemical
Society.
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polymeric receptor, charge assistance, and hydrogen vs.
halogen bonding. These donor systems were paired together
with copolymer bearing accepting carboxylate groups to prepare
crosslinked polymer networks. Taking advantage of the revers-
ibly formed halogen bonds, the resulting material showed
excellent self-repairing ability.
Fig. 15 Molecular structures (calculated), electrostatic potential (ESP)
maps, and SEM images showing the film morphologies on mica
surfaces. (a) 2,9-BHP; (b) 2,9-BHPO; (c) 3,8-BHP; (d) 3,8-BHPO.
Figure reproduced with permission from ref. 118. Copyright 2020,
American Chemical Society.
Controllable functionalized surfaces

Apart from the intrinsic functional properties, functionalizing
the material surfaces is important to control their interactions
with other molecules or surfaces. The formation of halogen
bonded 2D supramolecular assemblies on solid surfaces has
been gaining increasing attention in recent years. For instance,
work from Shaoze et al. provided theoretical insights into the
halogen bonded network formation of pyridine derivatives and
aryl-halidemolecules on a graphene surface using rst principles
DFT calculations.117 In order to elucidatemolecule–molecule and
molecule–substrate interactions, the density of states (DOS),
electron density difference (EDD), non-covalent interaction index
(NCI), and scanning tunneling microscopy (STO) images were
presented. The N/I interactions were predicted to be stronger
than the molecule–surface stacking interactions between the
© 2021 The Author(s). Published by the Royal Society of Chemistry
terminal pyridyl groups and iodoperuorobenzenes. They also
appeared to be the primary interactions in the self-assembled
networks, conrmed by STM images. Such theoretical insights
laid a good foundation towards understanding of molecular self-
assembly interactions on surfaces.

Experimentally, halogen-bond mediated intermolecular
interactions have been reported to inuence the spectroscopic
Nanoscale Adv., 2021, 3, 6342–6357 | 6353
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and photophysical properties of organic lm materials.118 In
regioisomeric phenanthridine derivatives, it was shown that the
different intermolecular Br/N halogen bonds, H/Br hydrogen
bonds, and Br/Br type-II halogen bonds were the dominant
factors in determining the different nanostructures and lm
morphologies. SEM images provided further insights into the
self-assembly process, as shown in Fig. 15. A rod-like aggrega-
tion was observed in the 2,9-BHP molecule in the lms
(Fig. 15a), which looked straight and had prismatic crystals less
than 1 micrometer in diameter. In contrast, the 3,8-BHP self-
organizes into a nanober-like structure about 50 nm in
diameter, as shown in Fig. 15c. They are slightly twisted with
respect to each other along right-handed helical sense, resulting
in minimized interaction energy, shown in the inset of Fig. 15c.
In addition, the 3,8-BHPO and 2,9-BHPO form nanosheets with
lamellar stacking, as evident in Fig. 15(c) and (d). This
demonstrates that the intermolecular interactions of 2,9-BHPO
are stronger than those of 3,8-BHPO since the 3,8-BHPO was
unable to form a uniform morphology, which signies no
signicant intermolecular hydrogen or halogen bond. There-
fore, the role of halogen bond in this work shone light on the
molecular structure–packing–property relationship in these
organic materials.

More recently, Yuxuan et al. demonstrated the fabrication
and manipulation of nanostructure ordering in polymer lms
driven by supramolecular self-organization.119 The halogen
bond in the block copolymer facilitates microphase separation
via XB-driven self-assembly in the supramolecule. Through the
halogen bonded interaction, the nonmesogenic block copol-
ymer which was made up of poly(ethylene oxide) and
azopyridine-containing polymethacrylate was transformed into
a supramolecular liquid crystalline polymer. In comparison, no
such ordering was observed in the hydrogen bonded liquid
crystalline polymer, which indicates that the highly directional
nature of XB and the resulting supramolecular mesogenic
ordering plays a key role in the enhanced ordering. Remarkably,
Fig. 16 Photoreorientation of supramolecular mesogens and MPS
nanostructures in the XB-involved supramolecular LCBC film. AFM
images of (a) the annealed film, (b) the film after the first irradiationwith
LPL of 460 nm at 75 �C, and (c) the film after successive irradiation with
orthogonal LPL at 75 �C. Scale bar: 200 nm. (d–f) The possible sche-
matics of the supramolecular mesogens (white) and PEO nano-
cylinders (blue) corresponding to (a–c), respectively. Images showing
the filmmorphologies onmica surfaces. (a) 2,9-BHP; (b) 2,9-BHPO; (c)
3,8-BHP; (d) 3,8-BHPO. Figure reproduced with permission from ref.
119. Copyright 2020, American Chemical Society.

6354 | Nanoscale Adv., 2021, 3, 6342–6357
efficient photoalignment and reorientation of nanostructures
which coincided with the supramolecular mesogen direction
was achieved using linearly polarized light irradiation, as shown
in Fig. 16. Such photoreorientation is highly promising for
novel advanced composite liquid crystal applications.
Conclusions and perspectives

Halogen bonding serving as a driving force to direct (macro)
molecular self-assembly has progressed in leaps and bounds
over the last few years. In this minireview, we discussed the
nature and structure of halogen bonding and its unique appli-
cation in regulating supermolecules' construction in solution
and liquid phases. In addition, halogen bonding and the
resulting assemblies have found applications ranging from
molecular recognition and sensing, organocatalysis, and
surface functionalization.

Moving forward, it is envisaged that halogen bonding will
play an increasingly important role in many dimensions of
polymer chemistry and materials science, especially towards
self-assembly and functional materials. For instance, its robust
and tailorable optical properties are highly attractive to replace
the ever-shrinking sizes of conventional semiconductor-based
devices, which have been traditionally fabricated using top-
down nanolithography methods. The immediate advantage of
driving self-assembly using halogen bonding lies in its robust
bonding strength as well as its directionality. Such advantages,
in combination with the low-cost nature of the bottom up
approach, is highly attractive and will receive increasing atten-
tion from both academia and industry.
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