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Organic luminogens with aggregation-induced emission (AIE) properties have unusual emission behaviour
in respect that their non- or weakly- emissive solutions can be tuned to emit strongly in the solution
aggregated and solid states. As restricted molecular rotation of luminogens is the main mechanism leading

to AIE activity, hydrogen bond (H bond) interactions are therefore used in organic and polymeric

www.rsc.org/polymers

luminogens to impose efficient rotational restriction and to intensify the emission intensity of the AIE-

active luminogens. Luminogenic polymers, containing H-bonding groups and luminogenic blends,

consisting of H-bond donors and acceptors, are therefore described in this review to evaluate the

relationship between H bond interactions, rotational restriction and AIE-related emission intensity.

Introduction

Traditional luminogens with disk-like, planar geometry (e.g.
pyrene)"? often experience strong m—7 interactions among the
neighbouring molecules in the concentrated solution and solid
states and upon photo-irradiation, the excited states of the
aggregates therefore decay via non-radiative pathways,
resulting in substantial weakening of the emission. This
aggregation-caused quenching (ACQ)*>? in the condensed
phase is notorious and limits the solid-state applications of the
traditional luminogens. In contrast to ACQ, a series of non-
coplanar luminogens were found to be non-luminescent in the
solution state but highly emissive in the aggregated state. The
aggregation-induced and -enhanced emission (AIE and AEE)*
' properties have been found in many organic and polymeric
luminogens and have attracted intensive research interests due
to the beneficial emission efficiency in the solid state.
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Although an AIE process may mechanistically be
associated with pathways like J-aggregate formation (JAF),?
twisted intramolecular charge transfer (TICT),”'13 and
excited-state intramolecular proton transfer (ESIPT),'* the
intrinsic mechanism is actually due to the effective restriction
on the intramolecular motions of the AIE-active luminogens.
Study'® on AIE-active luminogens of different molecular
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shapes has concluded that the restriction of intramolecular
rotations and vibrations (RIR and RIV) are the main causes for
the AIE phenomena observed in the propeller-shaped and
shell-like luminogens, respectively. Most of the AIE-active
luminogens are propeller-like molecules, so is the first
discovered AlE-active molecule of 1-methyl-1,2,3,4,5-
pentaphenylsilole (1, MPPS, Fig. 1).'¢!7

Restriction of
intramolecular
rotation (RIR)

AN emission (AIE)
CH3 MPPS
Nonemissive Emissive
1
(MPPS)
AIE

Fig. 1 Chemical structure of first-discovered AIE luminogen
of MPPS and the restriction of intramolecular rotation (RIR)
involved in MPPS. Adapted from Ref. [16]

As similar to most of the propeller-like luminogens, MPPS is
highly-emissive in the solution aggregated state and is non-
luminescent in the dilute solution state. It is considered that
the rotation- and vibration-coupled molecular interactions
between 1 and solvent molecules prevails are prevalent in the
dilute solution state, resulting in nonradiative decay of the
excited species and the final non-luminescence. The free
molecular motion in the mobile solution state can however be
hampered in the concentrated state; by dispersed in the
solution aggregated state, the molecular rotations of the non-
coplanar molecule 1 can be efficiently frozen by the
constraints imposed by the crowded environment and the
corresponding RIR process in the aggregated state reduces the
possibility of non-radiative decay pathways and therefore,
activates the radiative process to result in strong emission.
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Emission responses'® toward cooling, pressure and viscous
matrix also indicate that RIR'**® is indeed the main
mechanism controlling the AIE and AEE properties.

Since molecular rotations of organic luminogens can be
controlled internally or externally, several chemical and
physical methods were therefore attempted previously, with
the purpose to hamper molecular rotation and to achieve the
goal of enhance AIE-related emission. Internally, chemically-
linked bulky substituents®'® should inherently raise the
rotation energy barrier of the single bonds in the propeller-like
molecules, leading to the desired AIE-activity. Externally,
molecular rotation of the luminogens should be strongly
affected by the surrounding environment; for example,
molecular rotation of the luminogens in viscous polymer
matrix is considerably hampered and the corresponding
emissions should be largely enhanced compared to when they
are in the mobile solution state.

Hydrogen bonds (H bonds)?’ can be used to help formation
of self-assembled structures in organic molecules and
polymers. Unlike the isotropic electrostatic interaction forces,
H bonds are oriented dependent on the direction of the paired
interaction and molecules physically connected by H bonds
can be treated as a structural assembly in which the rotation of
the constituent molecules can be efficiently locked. Among
them, intramolecular H bond interactions are internal forces
constantly practiced in building effective rotational restriction
required for the AIE-active materials. In respect to
intramolecular H bond interaction, the salicylideneazine®®>?
derivative of 2 (CN4OH, Fig. 2), containing two six-
membered enolimine rings bridged by intramolecular H bonds,
is the most widely studied system. The C=N isomerization in
the excited state is considered to be the predominant decay
pathway for imine dyes with unbridged C=N bond but for the
bridged CN4OH, decay of its excited state actually involves
an excited-state intramolecular proton transfer (ESIPT)%*%
process. Upon photoexcitation, fast transfer of hydroxyl
proton to imine nitrogen quickly converts the excited enol (E*)
into the excited keto (K*), giving rise to emission band with
large Stoke shift. When in the solution state, luminogen 2°°
(CN4OH) emits weakly due to the efficient radiativeless decay
process of the twisted ketonic excited state; in the aggregated
state, a planar dimer structure, with the molecular rotations of
the two aromatic rings effectively locked by the
intramolecular H bonds in the enolimine rings, results in
strong AEE-related emission.

enol-imine

——
O—H //—QOH
:< y N—N\
HO H—0O
—
enol-imine
2 (CN40H)

Fig. 2 A salicylideneazine derivative of 2 (CN4OH)
containing two six-membered enolimine rings. (Reprinted
with permission from Ref. [30]. Copyright 2009, American
Chemical Society.)

A large salicylideneaniline-based molecule*® with the same
enolimine ring is also an AEE-active luminogen. In addtion,
organogelators containing hydrazine 12b)*', benzoxazole
12¢)*, acrylamido®, and naphthalide** moieties were also
reported to be AEE-active materials due to the rotational
restriction imposed by the inherent intramolecular H bond

This journal is © The Royal Society of Chemistry 2014
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interactions. Theoretically, the intramolecular H bond
interactions preferentially lock the molecular conformations
and the resulting RIR of the rigid conformers contributes to
the high emission of the organogelators.

Besides intramolecular H bonds mentioned above,
intermoleccular H bond interactions involving several
molecular species are other resources available for the purpose
of imposing rotational restriction required for AIE system and
are therefore the main focus of this review.

1. Luminogenic Polymer 2. Luminogenic Blends
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Fig. 3 Intermolecular H bond interactions involved in (1)

polymers with multiple or single luminogenic unit and (2)

luminogens blends containing H bond donors and acceptors.

Luminogen H-bonding group

As illustrated in Fig. 3, the intermolecular H bond interactions
existing in luminogenic polymers and luminogenic blends can
be briefly illustrated below. 1) Luminogenic polymers may
contain single or multiple luminogenic units connecting by H-
bonding groups (such as amine, amide and hydroxyl groups
etc.). The intermolecular H bond interactions among the
multiple H-bonding sites provide efficient rotational
restriction on the luminogenic units in the polymer chains,
thereby, the luminogenic units are supposed to emit strongly
with efficient RIR process. Besides the beneficial
intermolecular H bond interactions, chain conformation of the
copolymers containing hydrophobic and hydrophilic segments
is also affected by the H-bonding interactions; that is, the
hydrophobic luminogens may associate together to form
aggregated phase separated from the hydrophilic H-bonding
segments. Surrounding environment will affect the extent of
aggregation and the molecular motion of the hydrophobic
luminogens in the aggregated phase. High extent of
aggregation leads to efficient rotational restriction and the
enhanced emission of the aggregated luminogenic units. 2)
For the blend system, two components with the respective H-
bond donating and accepting groups are required. Therefore,
organic or polymeric luminogens containing H-bond donating
and accepting groups are used to inter-react with each other
through the facile H bond interactions, to result in molecular
architectures such as pseudo linear, pseudo crosslinked
network and interpenetrating network. Molecular rotation of
the luminogenic units in the vast entities of the assembled
pseudo structures is supposed to be effectively restricted to

This journal is © The Royal Society of Chemistry 2014
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and strong emission of the H-bonded blends is therefore
expected.

Above systems illustrate the generation of new AIE
systems by intermolecular H bond interactions. Several
examples already disclosed will be given and various factors,
from chemical structure and environment (e.g. solvent,
temperature), controlling the H bond interactions, the
restricted molecular rotation and therefore the AIE-related
emission behaviour will be illustrated case by case below.

1. Polymers with multiple or single luminogenic units

For polymers containing H-bonding groups, the molecular
motions of the luminogenic units are effectively restricted by
the long, viscous polymer chain and the multiple H-bonding
sites and the emission properties of the luminogenic units are
correlated to the self-assembled structures formed in different
solvents. The resulting AlE-related emission is strongly
affected by the rotational restriction of the aggregated
segments in the assembled structures and several examples
given below thereby illustrate it.

Constitutional dynamic chemistry (CDC)* involves the
implementation of reversible chemical connections of either a
covalent or non-covalent nature to link the components of a
molecular or supramolecular entity. As a consequence,
continuous modification of the constitutional dynamic entities
is possible thorough assembly/disassembly of their building
blocks***°. In materials science, the interconvertible building
process can generate dynamic polymers (dynamers) from the
reversible connection of monomers through covalent or
noncovalent linkages.’>*® Lehn and co-workers therefore
extended the dynamer research to biopolymers containing
oligosaccharide residues.®™®" By polycondensation of
oligosaccharide-containing aromatic dialdehyde 3 and
bishydrozide 4 (Fig. 4), a high Mw glycodynamer 5 with a M,
of 511,000 was prepared and was found to be soluble in water
due to extensive H bond interaction between the
oligosaccharide and water.

Despite the starting monomers 3 and 4 are non-
luminescent in D,O, the resulting glycodynamer 5 are highly
luminescent due to the restricted molecular rotation of the
fluorescent hydrazine units in the polymer. By linking to the
large oligosaccharide side chains, the fluorescent hydrazine
units are rather clumsy in rotational motion, rendering in the
observed high luminescence. The same polycondensation was
also applied to different monomers and all the resulting
glycodynamers are good emitters with strong emissive light
from blue to red dependent on the monomer counterparts and
this result illustrates the dynamic equilibrium nature of the
glycodynamer constituent.

Thermoresponsive water-soluble poly(N-
isopropylacrylamide) (PNIPAM) in water displays a lower
critical solution temperature (LCST)**”® and some possible
models have been portrayed to account for the coil-to-globule
collapse of PNIPAM in water. This temperature-driven
conformational transformation of the single PNIPAM chain
and the following macroscopic phase separation reflect rather
subtle changes in polymer/water H-bonded interactions. At
temperature below LCST, the facile H bond interaction
between the amide groups of PNIPAM and water makes the
homogeneous dispersion of the polymer in water; however,
dissociation of H bonds occurs when heated to the LCST
around 32 °C, polymer chains results in conformational
transformation from hydrated coil to dehydrated globule.

Poly. Chem. | 3
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Fig. 4 Preparation of glycodynamer S from polycondensation of dialdehyde 3 and bishydrozide 4. (Reprinted with permission from

Ref. [61]. Copyright 2010, American Chemical Society.)

Based on PNIPAM polymer, Tang and coworks’ developed a
fluorescent thermometer labelled with AIE-active luminogens
of tetraphenylethene (TPE) (Fig. 5). A representative
PNIPAM polymer of 6 containing 0.27% TPE unit was
demonstrated to be AlE-active by the solution emission
behavior in THF/water mixture.

1.9

-o- Cooling ﬁ
-e- Heating }E\O
RN
: A\

24 33 42 51
Temperature (°C)

Fig. 5 A TPE-labelled PNIPAM 6 (left) and variation of
solution emission intensity at different temperatures (right).
Adapted from Ref. [79]

In pure water, polymer 6 shows interesting emission
response toward heating. The aqueous solution of 6 shows a
major emission jump from 29 to 34.2 °C but further heating
leads to a gradual decrease in the luminescence intensity. At
temperature lower than 25 °C, the hydrophobic TPE labels
may have been loosely encompassed by the polymer coils or
aggregated into tiny particles, within which the motions of the
phenyl rings are effectively restricted, making the polymer
luminescent. Heating at the temperature region of 29-34 °C
weaken the intermolecular H bond interactions to water and
therefore, polymer chains start to dehydrate, forming compact
aggregates with high emission intensity. At temperatures
above 34 °C, the compact aggregates may associate with each
other into big aggregate and within it, the TPE labels may
have been isolated from each other by the PNIPAM chains,

4 | Poly. Chem.

resulting in the emission quenching due to the loss of
aggregated structures. Meanwhile, the elevated temperature
may activate the motions of the phenyl rings. These two
effects collectively make the system less emissive.

The temperature-driven conformational transformation and
phase separation behavior also reflects in the PNIPAM
polymer 7% with an AIE-active tetraphenylthiophene (TP)
label (Fig. 6). In water, polymer 7 self-assembles into core-
shell micelles containing the hydrophilic PNIPAM shell, inter-
reacting with surrounding water molecules through
intermolecular H bond interactions, and the hydrophobic TP
core encompassed by the polymeric segments of the PNIPAM
outer shell. Below LCST, molecular rotation of the aggregated
TP units is effectively restricted in the compact core and the
aqueous solution of 7 therefore emits strongly; however,
heating dissociates the H bond interactions between PNIPAM
segments and water and the collapsed micelles further
coalesce to form macroscopic aggregates at temperature
higher than LCST. Inside the macroscopic aggregates, the
fluorescent TP units are all isolated by the retracted PNIPAM
chains and are therefore non-luminescent due to the loss of
aggregated structure. The emission quenching of polymer 7 at
high temperature can therefore be used to locate LCST.

N=N N=N
H \ I H
N N\ _N N
w \/Q/ \_-R—/ \/)\/NW
HN™ ™o ° ° w0
)\ 7 (TP-PNIAPM) )\
/ A\
T
TP
Fig. 6 Chemical structure of polymer 7 (TP-NIPAM) with an
AlE-active tetraphenylthiophene (TP) center. (Reproduced

with permission from Ref. [80]. Copyright 2011, American
Chemical Society.)

This journal is © The Royal Society of Chemistry 2014

Page 4 of 11



Page 5 of 11

Instead of covalent bond used in polymer 7, the
luminogenic TP unit can also bind to PNIPAM chain by ionic
bond as illustrated in the ionic complex 8 (iTP-PNIPAM).5"52
Complex 8 was prepared from the acid-base reaction between
a cationic ammonium-functionalized TP and an anionic sulfate
terminal of PNIPAM chain. In water, polymer 8 forms
micelles with the architecture that the interior TP core is
surrounded by the outer PNIPAM shell through the ionic
ammonium sulfonate bonds. Here, the ionic bonds connecting
the TP core and the PNIPAM shell are sensitive to acid, base
and metal ions. Under the reaction of the externally-added
acid, base and metal ions, the ammonium sulfonate bonds will
dissociate, resulting in the rupture of the micelles® and the
emission quenching due to the precipitation of the
hydrophobic TP molecules from the water matrix.

H NN N=N
°® ® o /\)\/H
WNA/N\CHZCHZSOJ HaN"R=NH; 0,8H,CH,c— N~ NW
n n
)
HNT N0 O N0
)\ 8 (TP-PNIAPM) /K

Saas
S
Fig. 7 Chemical structure of ionic polymer 8 (iTP-NIPAM).

(Reproduced with permission from Ref. [82]. Copyright 2012,
American Chemical Society.)

Emission responses of polymer 8 (iTP-PNIPAM) toward
concentration and temperature can be used to probe the critical
micelles concentration (CMC) and LCST, respectively. When
concentration of polymer 8 in water is low, the aqueous
solution of iTP-PNIPAM is non-emissive due to the failure in
forming micelles with aggregated TP core. With increasing
concentration to approach CMC, chains start to self-assemble
into emissive micelles with the aggregated TP core. Micelles
formed at this stage can be further heated to locate LCST;
however, in contrast to the emission quenching observed in
the covalently-bonded polymer 7 (TP-PNIPAM, Fig. 6),
emission of the ionic 8 was further intensified at temperature
above LCST. The peculiar emission enhancement at high
temperature can be attributed to the ammonium sulfonate
bonds, as the ionic insulation layer in between the TP2NH;"
core and the PNIPAM shell, and the involving long-range
electrostatic stabilization forces. It is suggested that the strong
electrostatic interactions still persist at high temperature and
function to keep the aggregated TP2NH;" phase remained
intact and isolated from the PNIPAM chains. During the coil-
to-globule collapse process, the PNIPAM chains contracted to
considerably compact the phase-separated TP2NH;"
aggregates, resulting in further emission enhancement at high
temperatures. The varied emission responses between
polymers 7 and 8 therefore reside on the nature of linking
groups (covalent or ionic) connecting the luminescent core
and the PNIPAM shell.

Study on synthetic polypeptides such as poly(y-benzyl-L-
glutamate) (PBLG)***® provides information regarding the
fundamental secondary structures such as a-helical rod, which
can be considered as structure stabilized through

This journal is © The Royal Society of Chemistry 2014
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intramolecular H bonds, and p-sheet stabilized by
intermolecular H-bonds and the random coil of the peptide
chains. Conformation and aggregation structures of PBLG can
be varied by external factors, for example, the rigid a-helical
conformation of PBLG"*** is the predominant form existing in
N,N-dimethylformamide or m-cresol whereas random-coil
conformation is the major form when PBLG is dissolved in
dichloroacetic and trifluoroacetic acid. This results illustrate
the transformation of intra and intermolecular H bonding
modes by the surrounding solvent media. Previously,
fluorescence spectroscopy had been shown to be a powerful
tool for detecting peptide conformation and by connecting
traditional fluorescent probes”®’ to PBLG, conformation of
polypeptides can be evaluated by the corresponding emission
behavior, for example, the emission spectrum of a pyrene-
based PBLG block copolymer®® contains no excimer emission,
which indicates the pyrene groups in the copolymer are
separated from each other in the self-assembled structure.

Instead of using traditional planar luminogens, the AIE-
active luminogen of tetraphenylthiophene (TP) was used as
probe for PBLG and the emission behavior of the resulting
polypeptide 9 (TP2PBLG, Fig. 8)*® is correlated with the
peptide chain conformation. It is envisaged that intermolecular
aggregation of the central TP unit in the disubstituted
TP2PBLG is sterically blocked by the large a-helical PBLG
chains, leading to weak emission of the aggregated solution.
The strong intramolecular H bonds involved in the o-helical
chains of TP2PBLG, however, can be ruptured by the
externally-added triflic acid (TFA) and the corresponding
helix-to-coil transformation induced by the acidic TFA results
in the enhanced emission. Suggestively, the TP centers
connected to the flexible coil-like chains can be easily
approached by each other and the feasible intermolecular
aggregation leads to the enhanced emission of the acidic
TP2PBLG solution. The helix-to-coil transformation induced
by TFA also refers to the conversion of the H-bonding pattern
from the intra to the intermolecular manner; therefore, this
study illustrated the important role of H bond interactions on
the AEE-related emission behavior. Compared to the neutral
solution, the acidic TFA solution emits at longer wavelengths,
presumably due to the formation of more coplanar TP unit in
the coil chain segments.

The hydroxyl groups also provide enriched sources for
generating the desired H bonding interactions as illustrated in
the luminogenic polymer of PFN (10, Fig. 9).”° For PFN, the
intermolecular H bond interactions among the inherent
hydroxyl groups of the naphthol units impose effective
restrictions on the molecular rotations of the neighboring
fluorene rings, and this effective rotational restriction is
responsible for the strong emission of polymer 10 in the
concentrated solution and solid film states. The emissive
behavior of the solid films deserves more discussion since the
solid films cast from different procedures show varied
emission behavior. When unidirectional shearing force was
applied during the solution-casting step, the resulting film
emits with intensity higher than film without shearing.
External shearing is supposed to align the polymer chains,
resulting in more intimately-packed chains with the chain
mobility effectively frozen by the prevalent intermolecular H
bonds among the aligned polymer segments. The enhanced H
bond interactions therefore contributed to the enhanced
emission of the sheared film.

Poly. Chem. | 5
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Fig. 8 Polypeptide 9 with an AIE-active TP center (left) and its solution emission spectra with and without the presence of TFA.

Adapted from Ref. [98]

10 (PFN)

Fig. 9 Alternative copolymer of poly(fluorene-alt-naphthol) (10, PFN) (left) and the solid state emission spectra of the pristine and
the sheared films (right). (Reprinted with permission from Ref. [99]. Copyright 2011, American Chemical Society.)

2. Blends containing H-bond donating and accepting
components

The H-bond donating (or accepting) groups can be chemically
linked to AIE-active molecules to generate functionalized
luminogens. These functionalized luminogens were then
blended with either monomers or polymers containing the
opposite H-bond accepting (or donating) groups to prepare
AlE-active blend systems with preferable intermolecular H
bond interactions among the H-bonding groups of the opposite
characters. With the intermolecular H bond interactions,
physical blends with the hypothetical pseudo linear, pseudo
crosslinked network or interpenetrating network structures can
be conveniently prepared and characterized. The luminogenic
units inside the pseudo structures are supposed to be clumsy in
rotation due to mobility restriction imposed by the
neighboring H-bonded molecules inside the vast entities of the
pseudo  structure. The relationship between H bond
interactions and the restricted molecular rotations in the blends
are therefore illustrated in the following examples.

An AlE-active luminogen of 11 (An2Py, Fig. 10)'% was
prepared and blended with organic bisphenol A (BPA) and
polymeric poly(vinyl phenol) (PVPh) to prepare the pseudo
linear An2Py/BPA and the pseudo crosslinked An2Py/PVPh
blends, respectively. As the H-bond accepting groups, the two
pyridine rings of An2Py can readily H-bond to the donating

6 | Poly. Chem.
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hydroxyl groups in BPA and PVPh, resulting in homogeneous
blends of different compositions. Molecular rotations of
An2Py are efficiently restricted in the H-bonded blend
systems and the resulting solid blends, with less content of
luminescent An2Pys, are all higher in emission than the pure
An2Py itself. The WAXD spectra of the selected An2Py/BPA
blends show the presence of new crystalline diffraction peaks
at positions essentially different from those in the spectra of
pure An2Py and BPA. New crystalline structure should form
in the An2Py/BPA blends and the results from the emission
spectra indicate that increasing BPA content enhances the
crystallinity and the corresponding emission intensity of the
An2Py/BPA blends. The coherent response between
crystallinity and emission intensity indicate the interesting
crystallinity-enhanced ~ emission  (CEE)'*'"'%  behavior.
Suggestively, crystalline lattices contain less defects and
molecular voids and molecular motions of the luminogens in
the intimately-packed crystalline lattices are considered to be
sluggish, resulting in the enhanced emission of the
An2Py/BPA blends. The pseudo crosslinked AnPy/PVPh
blends are also crystalline materials for the blends with lower
PVPh content but increasing PVPhs in the blends results in the
loss of the crystalline structure. Therefore, we may not give
conclusion for the AnPy/PVPh blends.

This journal is © The Royal Society of Chemistry 2014
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Pyridine and triphenylamine (TPA) were also incorporated
with the tetraphenylthiophene (TP)'”” moiety to preprac AIE-
active luminogens for the convenient blending with PVPh and
poly(vinly alcohol) (PVA), respectively. The resulting blends
also show enhanced emissions compared to the pure
luminoges, therefore, effective rotational restriction for the
luminogens in the blends is the key controlling the emisison
efficiency of the AIE-active blends.

As described earlier, the C=N isomerization in the excited
state was known as the predominant decay pathway for imine
dyes with unbridged C=N bond®*** and study on
salicyaldehydeazine derivative of molecule 2 (CN4OH, Fig. 2)
gives example on how the C=N isomerization can be
effectively inhibited by the intramolecular H bonds within the
enolimine rings. Besides two o-hydroxyl groups held by the
intramolecular H bonds, CN4OH also contains two p-hydroxyl

T
o)A
CH3

Polymer Chemistry

groups, which can be used to bind to other H-bond accepting
group through favorable intermolecular H bonds. In contrast
to the stable o-hydroxyl groups, the less-hindered p-hydroxyl
groups of CN4OH will preferably react with pyridine ring of
poly(vinyl pyridine) (PVP) (Fig. 11). Therefore, when the
pyridine rings of PVP is less than the p-hydroxyl groups of
CN4OH, the corresponding blends emit efficiently with
intensity higher than the pure CN4OH itself. Nevertheless,
excess pyridine rings loaded in the blends start to H-bond to
the o-hydroxyl groups of CN4OH and ruptured certain
fractions of the intramolecular H bonds in the enolimine rings
and this caused the C=N isomerization and reduced the
emission of the highly PVP-loaded blends. For the
CN2OH/PVP blends, the loaded PVPs can only H-bond to the
o-hydroxyl groups of CN2OH; therefore, the CN2OH/PVP
blends all emit with lower intensity than pure CN20OH itself.

O — BPA= D Pseudo linear
N
S
als Y
11 (AnPy)= D ] P\fh —_
Pseudo crosslinked
——

OH

Fig. 10 Blends of AlE-active 11 (AnPy) with BPA and PVPh to generate the pseudo linear and the pseudo crosslinked network

systems, respectively. Adapted from Ref. [100]

l e

HO—< E>—\\. B //—<; :}—OH W
5 / \ d W ‘
o i > i

enolimine

s

2 (CN40OH)

n

Fig. 11 Salicylideneazine derivatives of molecules 2 (CN4OH) and 12 (CN2OH) and the corresponding variations on chain conformations

upon blending with PVP. Adapted from Ref. [107]
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Fig. 12 H bond interactions between AnPy and polytyrosine (TPyr) (upper) and variations of the chain conformations upon increasing the

AnPy content in the blends (lower). Adapted from Ref. [110]

The preferable H bond interactions between the less-hindered
p-OH groups of CN4OH and the pyridine rings of the PVP chains
result in crystalline blends, too. Presumably, the polymeric PVPs
serve as templates to anchor the crystalline CN4OHs packed in
nearly-parallel fashion. Molecular rotation of the CN4OHs in the
closely-packed crystalline lattices was supposed to be effectively
restricted, leading to highly-emissive blends (a highest quantum
yield (®g) of 88% can be achieved). Nevertheless, extra PVPs
loaded in the blends inevitably bind to the lateral o-hydroxyl
groups of CN4OH, interfering the parallel packing of the CN4OHs
and reducing the crystallinity and the emission efficiency of the
corresponding CN4OH/PVP blends. All the results suggest that
luminescence of the blends is actually governed by crystallization.
Increasing crystallinity of the blends directly leads to the enhanced
emission efficiency. Once again, the emission behavior of the
CN4OH/PVP blends correlates with the CEE'"1% property.

Polytyrosine (PTyr)'**!% containing phenol side groups can be
used as H-bond donating groups for the convenient reaction with
pyridine ring of an AIE-active luminogen 12 (AnPy, Fig. 12)''° to
prepare AnPy/PTyr blends of different AnPy contents. Increasing
AnPy content in the blends causes the conformation changes on
both PTyr and AnPy components, which in turn change the degree
of restriction forces on the molecular rotation of the AnPy. The
varied restriction forces also generate blends of different emission
behaviour. Primary investigation on the DSC thermograms

8 | Poly. Chem.

indicates the presence of amorphous phase, representative of the
aggregated H-bonded PTyr chains, in the blends containing low
AnPys and the crystalline phase, representative of organic AnPy
molecules, in the blends containing high AnPys. The DSC
thermograms plus the results from WAXD spectra indicate that
chain conformation of the blends undergoes a two-step
transformation process with increasing AnPy content in the blends.

Initially (step I, Fig. 12), the intimately-packed [3-sheet
secondary structure of PTyr was open by the implanted AnPys,
transforming into rigid o-helical chains with distant phenol rings
for the accommodation of the AnPy molecules. The anchored
AnPys over the rigid helical chains of PTyr are sluggish in rotation
and therefore, emit strongly with prevalent effect of RIR. In this
stage, the fundamental feature of the blends is the coexisting
peptide aggregates and the amorphous AnPy zone in between the
peptide aggregates. To accommodate the implanted AnPys, the
peptide aggregates will reduce the size, resulting in the observed
reduced glass transitions, upon increasing AnPy content in the
blends.

Step II, involving in the highly AnPy-loaded blends, basically
relates to the formation of new AnPy crystals. With fewer PTyr
templates available, extra AnPys in the blends will form new
crystals separate from the amorphous PTyr aggregates. In the
middle region between the amorphous PTyr aggregates, AnPy
dimers in near parallel geometry exclusively develop through
stepwise orientation adjustments of the dimers. According to the

This journal is © The Royal Society of Chemistry 2014
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WAXD spectra, the parallel AnPy dimers contain closed-packed
anthracene pair with a short inter-ring distance of 3.47 A. The near
parallel dimers in the crystalline blends are considered to be rather
clumsy in rotation due to the short inter-ring distance; therefore, the
crystalline blends emit with higher intensity than the amorphous
blends with lower AnPy content (step i). In addition, the excimer
emission of the crystalline blends is at 545 nm, which is
comparatively higher in wavelength than the monomer emission at
506 nm.

The hydroxyl groups of polymer 10 (PFN, Fig. 13), as
described earlier,”” was also used as H-bond donating groups to
bind to the carbonyl groups of poly(vinylpyrrolidone) (PVR).
Conceptually, the resulting PEN/PVR blends''" are system with the
hypothetical interpenetrating network (IPN) structure. With the
mutual H bond interactions, all the PFN/PVR blends are

Polymer Chemistry

homogenous materials with one single glass transition according to
the DSC thermograms. The quantum yields (®g) of the solid
PFN/PVR blends are all higher than that of the pure PFN (&g =
0.61). As the blend containing the lowest amounts (2.33 wt %) of
the luminescent PFNs, the solid PFN/PVR(1/200) actually emits
with the highest ®p value of 0.93 among all solid blends. In the
PFN/PVR(1/200) blend, the luminescent PFNs should be well
isolated by the overwhelming PVR chains and molecular rotations
of the luminescent units are considered to be highly restricted by
the H-bonds imposed by the surrounding PVR chain matrix.
Because that aggregation of the luminogens in the blend (i.e.
PFN/PVR91/200)) full of PVR is rather difficult, it is then
reasonable to suggest that the key for the enhanced emission is the
restricted molecular rotation rather than the degree of aggregation.

10 PFN) e,

Fig. 13 Blending of polymer 10 (PFN) with PVR to result in interpenetrating network system with intense emissions. (Reproduced
with permission from Ref. [111]. Copyright 2011, American Chemical Society.)

Conclusions

Intermolecular H bond interactions are the versatile sources
efficient in imposing rotational restriction required for the AIE-
active polymers and blends. By appropriate choices of H bonding
sites, or H bond donating and accepting groups, large amounts of
AIE-, AEE- and CEE-active luminogenic polymers and blends can
be conveniently created. Inside the H-bonded assembled body,
molecular motion of the luminogens is considered to associate with
movements of the neighbouring groups and therefore, should be
rather sluggish. The rotational restriction of the luminogens with
prevalent H bond interaction is therefore so effective that high
emissive polymers and blends can be conveniently prepared.

For polymers containing multiple luminogenic units, viscous
polymer chains and the multiple, intermolecular H bonding sites
offer effective rotational restriction on the inherent luminogens.
Strong emission efficiency is a general character of this system. For
hydrophilic polymers containing single Iuminogen, easy
aggregation of the hydrophobic luminogen from the phase-
separated H-bonding sites reinforces the beneficial rotational
restriction to result in an AIE system with intense luminescence.
For lumingenic blends consisting of H bond donors and acceptors,
the preferable intermolecular H bond interactions effectively
hamper the motion of the constituent components. Appropriate
selections of H bond donating and accepting components provide
versatile sources for the generation of AlIE-active blends with
strong emission intensity.

With effective intermolecular H bond interactions, the blend
systems are emitters with emission intensity higher than the pure

This journal is © The Royal Society of Chemistry 2014

luminogens without any H bond interactions. Therefore, it is the
effective rotational restriction, rather than the amounts of
luminogens loaded in the blends, controls the final AIE-related
emission intensity.

Acknowledgements

We appreciate the financial support from the National Science
Council, Taiwan, under the contract no. NSC 102-2221-E-
110-084-MY3 and no. NSC 102-2221-E-110-080.

Notes and references

Department of Materials and Optoelectronic Science, National Sun
Yat-Sen  University, —Kaohsiung 80424, Taiwan. E-mail:
Jjlhong@mail.nsysu.edu.tw; Tel: +886-7-5252000, ext 4065.

Th. Forster and K. Kasper, Z. Phys. Chem. (Munich), 1954, 1, 275.
J. B. Birks, Photophysics of Aromatic Molecules, Wiley, London, 1970.

3 J. Malkin, Photophysical and Photochemical Properties of Aromatic
Compounds, CRC, Boca Raton, 1992.

4 N. J. Turro, Modern Molecular Photochemistry, University Science
Books, Mill Valley, 1991.

5 X.C.LiandS. C. Moratti, Photonic Polymer Systems, Ed. D. L. Wise,
G. E. Wnek, D. J. Trantolo, T. M. Cooper and J. D. Gresser, Marcel
Dekker, New York, 1998, Ch. 10.

Poly. Chem. | 9



6

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30
31

32

33
34

10

Polymer Chemistry

J. Wu, W. Liu, J. Ge, H. Zhang and P. Wang, Chem. Soc. Rev., 2011, 40,
3483.

Y. Hong, J. W. Y. Lam and B. Z. Tang, Chem. Soc. Rev. 2011, 40, 5361.
J. Liu, J. W. Y. Lam and B. Z. Tang, J. Inorg. Organomet. Polym.
Mater:, 2009, 19, 249.

A. Qin, J. W. Y. Lam and B. Z. Tang, Prog. Polym. Sci., 2012, 37, 182.
A. Qin and B. Z. Tang, Aggregation-Induced Emission: Fundamentals;
Ed. John Wiley & Sons, Ltd., New York, 2013.

Y. Hong, J. W. Y. Lam and B. Z. Tang, Chem. Commun., 2009, 29,
4332.

Y. Hong, J. W. Y. Lam and B. Z. Tang, Chem. Soc. Rev., 2011, 40,
5361.

R. Hu, N. L. C. Leung and B. Z. Tang, Chem. Soc. Rev., 2014, 43,
4494,

Z. Shuang, A. Qin, J. Z. Sun and B. Z. Tang, Prog. Chem., 2011,
23, 623.

J. Mei, Y. Hong, J. W. Y. Lam, A. Qin, Y. Tang, and B. Z. Tang,
Adv. Mater., 2014, 26, 5429.

J. Luo, Z. Xie, J. W. Y. Lam, L. Cheng, H. Chen, C. Qiu, H. S. Kwok,
X. Zhan, Y. Liu, D. Zhu and B. Z. Tang, Chem. Commun., 2001, 18,
1740.

B. Z. Tang, X. Zhan, G. Yu, P. P. S. Lee, Y. Liu and D. Zhu, J. Mater.
Chem., 2001, 11, 2974.

J. Chen, C. C. W. Law, J. W. Y. Lam, Y. Dong, S. M. F. Lo, I. D.
Williams, D. Zhu and B. Z. Tang, Chem. Mater., 2003, 15, 1535.

B. Z. Tang, Y. Geng, J. W. Y. Lam, B. Li, X. Jing, X. Wang, F. Wang, A.
B. Pakhomov, and X. Zhang, Chem. Mater., 1999, 11, 1581.

J. Shi, N. Chang, C. Li, J. Mei, C. Deng, X. Luo, Z. Liu, Z. Bo, Y. Q.
Dong, and B. Z. Tang, Chem. Commun., 2012, 48, 10675.

Z.1i, Y. Dong, B. Mi, Y. Tang, M. Héussler, H. Tong, Y. Dong, J. W. Y.
Lam,Y. Ren, H. H. Y. Sung, K. S. Wong, P. Gao, 1. D. Williams, H. S.
Kwok and B. Z. Tang J. Phys. Chem. B, 2005, 109, 10061.

Z. Zhao, S. Chen, J. W. Y. Lam, C. K. W. Jim, C. Y. K. Chan, Z. Wang,
P. Lu, C. Deng, H. Kwok, Y. Ma and B. Z. Tang, J. Phys. Chem. C,
2010, 114, 7963.

M. Wang, G. Zhang, D. Zhang, D. Zhu and B. Z. Tang, J. Mater.
Chem., 2010, 20, 1858.

B. Xu, Z. Chi, H. Li, X. Zhang, X. Li, S. Liu, S. Zhang, and J. Xu, J.
Phys. Chem. C, 2011, 115, 17574.

S. Chen, J. W. Y. Lam, P. Lu, R. T. K. Kwok, F. Mahtab, H. S. Kwok
and B. Z. Tang, Chem. Mater., 2011, 23, 2536.

J. T., Lai and J. L. Hong, J. Phys. Chem. B, 2010, 114, 10302.

M. M. Coleman, J. F. Graf, and P. C. Painter, Specific interactions and
the miscibility of polymer blends, Technomic Publishing, Lancaster, PA,
1991.

T. Mutai, H. Tomoda, T. Ohkawa, Y. Yabe and J. Araki, Angwe. Chem.
Int. Ed., 2008, 47, 9522.

Y. Qian, S. Y. Li, G. Q. Zhang, Q. Wang, S. Q. Wang, H. J. Xu, C. Z.
Li, Y. Li and G. Q. Yang, J. Phys. Chem. B, 2007, 111, 5861.

W. X. Tang, Y. Xiang and A. J. Tong, J. Org. Chem., 2009, 74, 2163.

S. Scheiner and V. M. Kolb, Proc. Natl. Acad. Sci. U. S. A.,1980, 77,
5602.

H. Birkedal and P. Pattison, Acta Crystallogr, Sect. C: Cryst. Struct.
Commun., 2006, 62, 139.

M. Y. Berezin and S. Achilefu, Chem. Rev., 2010, 110, 2641.

C. C. Hsieh, Y. M. Cheng, C. J. Hsu, K. Y. Chen and P. T. Chou, J.

| Poly. Chem.

35
36
37

38

39
40

41
42

43

44
45
46

47
48

49
50
51
52

53

54

55

56
57

58

59
60
61

62
63
64

65

66

67
68
69
70
71

Phys. Chem. A, 2008, 112, 8323.

M. M. Henary and C. J. Fahrni, J. Phys. Chem. A, 2002, 106, 5210.

A. Mordzinski and A. Grabowska, Chem. Phys. Lett., 1982, 90, 122.

A. Douhal , F. Lahmani and A. H. Zewail, Chem. Phys., 1996, 207,
4717.

S. Lochbrunner, T. Schultz, M. Schmitt, J. P. Shaffer, M. Z. Zgierski
and A. Stolow, J. Chem. Phys., 2001, 114, 2519.

J. Goodman and L. E. Brus, J. Am. Chem. Soc., 1978, 100, 7472.

P. Chen, R. Lu, P. Xue, T. Xu, G. Chen and Y. Zhao, Langmuir, 2009,
25, 8395.

P. Zhang, H. Wang, H. Liu and M. Li, Langmuir, 2010, 26, 10183.

T. H. Kim, M. S. Choi, B. H. Sohn, S. Y. Park, W. S. Lyoo and T. S.
Lee, Chem. Commun., 2008, 20, 2364.

J. H. Wan, L. Y. Mao, Y. B. Li, Z. F. Li, H. Y. Qiu, C. Wang and G. Q.
Lai, Soft Matter, 2010, 6, 3195.

M. K. Nayak, J. Photochem. Photobio, A: Chem., 2011, 217, 40.

J. -M. Lehn, Chem. Soc. Rev., 2007, 36, 151.

S. J. Rowan, S. J. Cantrill, G. R. L. Cousins, J. K. M. Sanders and J. F.
Stoddart, Angew. Chem. Int. Ed., 2002, 41, 898.

J. -M. Lehn, Prog. Polym. Sci., 2005, 30, 814.

P. T. Corbett, J. Leclaire, L. Vial, K. R. West, J. L. Wietor, J. K. M.
Sanders and S. Otto, Chem. Rev., 2006, 106, 3652.

O. Ramstrom, J. -M. Lehn, Nat. Rev. Drug Discovery, 2002, 1, 26.

J. -M. Lehn, Polym. Int., 2002, 51, 825.

T. Ono, T. Nobori and J.-M. Lehn, Chem. Commun., 2005, 12, 1522.

H. Otsuka, K. Aotani, Y. Higaki and A. Takahara, Chem. Commun.,
2002, 23, 2838.

H. Otsuka, K. Aotani, Y. Higaki and A. Takahara, J. Am. Chem. Soc.,
2003, 125, 4064.

G. Yamaguchi, Y. Higaki, H. Otsuka and A. Takahara, Macromolecules,
2005, 38, 6316.

T. Ono, S. Fujii, T. Nobori and J. -M. Lehn, Chem. Commun., 2007, 1,
46.

N. Giuseppone and J. -M. Lehn, J. Am. Chem. Soc., 2004, 126, 11448.
1. Nakazawa, S. Suda, M. Masuda, M. Asai and T. Shimizu, Chem.
Commun., 2000, 10, 881.

N. Sreenivasachary, D. T. Hickman, D. Sarazin and J. -M. Lehn, Chem.
Eur. J., 2006, 12, 8581.

J. -M. Lehn, Prog. Polym. Sci., 2005, 30, 814.

Y. Ruffand J. -M. Lehn, Angew. Chem. Int. Ed., 2008, 47, 3556.

T. Ruff, E. Buhler, S. J. Candau, E. Kesselman, Y. Talmon and J. -M.
Lehn, J. Am. Chem. Soc., 2010, 132, 2573.

H. G. Schild, Prog. Polym. Sci., 1992, 17, 163.

H. Inomata, S. Goto, and S. Saito, Macromolecules, 1990, 23, 4887.

Z. M. O. Rzaev, S. Dincer, and E. Piskin, Prog. Polym. Sci., 2007, 32,
534.

K. C. Tam, X. Y. Wu, and R. H. Pelton, J. Polym. Sci., Polym. Chem.
Ed., 1993, 31, 963.

E. L Tiktopulo, V. E. Bychkova, J. Ricka, and O. B. Ptitsyn,
Macromolecules, 1994, 27, 2879.

X. Wang, X. Qiu, and C. Wu, Macromolecules, 1998, 31, 2972.

Y. Maeda, T. Higuchi, and 1. Ikeda, Langmuir, 2001, 17, 7535.

M. Stieger, and W. Richtering, Macromolecules, 2003, 36, 8811.

R. Kita, and S. Wiegand, Macromolecules, 2005, 38, 4554.

J. Ye, J Xu, J. Hu, X. Wang, G. Zhang, S. Liu, and C. Wu,
Macromolecules, 2008, 41, 4416.

This journal is © The Royal Society of Chemistry 2014

Page 10 of 11



Page 11 of 11

72 K. Zhou, Y. Lu, J. Li, L. Shen, G. Zhang, Z. Xie, and C. Wu,
Macromolecules, 2008, 41, 8927.

73 X. Ye, Y. Lu, L. Shen, Y. Ding, S. Liu, G. Zhang, and C. Wu,
Macromolecules, 2007, 40, 4750.

74 A. Matsuyama and F. J. Tanaka, Chem. Phys.,1991, 94, 781.

75 C.Wuand S. Zhou, Macromolecules, 1995, 28, 5388.

76 Y. Okada and F. Tanaka, Macromolecules, 2005, 38, 4465.

77 S. Furyk, Y. Zhang, D Ortiz-Acosta, P. S. Cremer and D. E.
Bergbreiter, J. Polym. Sci., Part A, Polym. Chem. 2006, 44, 1492.

78 Y. Ono and T. Shikata, J. Am. Chem. Soc. 2006, 128, 10030.

79 L. Tang, J. K. Jin, A. Qin, W. Z.Yuan, Y. Mao, J. Mei, J. Z. Sun and B.
Z. Tang, Chem. Commun., 2009, 33, 4974.

80 C. T. Lai, R. H. Chien, S. W. Kuo and J. L. Hong, Macromolecules,
2011, 44, 6546.

81 Y. W. Lai, S. W. Kuo and J. L. Hong, RSC Adv., 2012, 2, 8194.

82 C.M. Yang, Y. W. Lai, S. W. Kuo and J. L. Hong, Langmuir, 2012, 28,
15725.

83 H. A. Klok and S. Lecommandoux, Adv. Polym. Sci., 2006, 202, 75.

84 J.T. Yang and P. Doty, J. Am. Chem. Soc., 1957,79, 761.

85 M. F. Perutz, Nature, 1951, 167, 1053.

86 J. H. Wang, C. C. Cheng, Y. C. Yen, C. C. Miao and F. C. Chang, Soft
Matter, 2012, 8, 3747.

87 D. A. Prystupa and A. M. Donald, Macromolecules, 1993, 26, 1947.

88 A. C. Engler, D. K. Bonner, H. G. Buss, E. Y. Cheung and P. T.
Hammond, Soft Matter, 2011, 7, 5627.

89 S. W. Kuo, H. F. Lee and F. C. Chang, J. Polym. Sci., Part A: Polym.
Chem., 2008, 46, 3108.

90 S. W. Kuo, H. F. Lee, W. J. Huang, K. U. Jeong and F. C. Chang,
Macromolecules, 2009, 42, 1619.

91 P. Papadopoulous, G. Floudas, H. A. Klok, I. Schnell, and T. Pakula,
Biomacromolecules, 2004, 5, 81.

92 T. Torii, T. Yamashita, and K. Horie, Eur: Polym. J., 1993, 29, 1265.

93 P. Doty, J. H. Bradbury, and A. M. Holtzer, J. Am. Chem. Soc., 1956,
78, 947.

94 F. A. Bovey and G. V. D. Tiers, Adv. Polym. Sci., 1963, 3, 139.

95 V. Pokornd, D. Vyprachticky and J. Pecka, Macromol. Biosci., 2001, 1,
185.

96 K. T. Kim, C. Park, G. W. M. Vandermeulen, D. A. Rider, C. Kim, M.
A. Winnik, and 1. Manners, Angew. Chem. Int. Ed., 2005, 117, 8178.

97 L. Rubatat, X. Kong, S. A. Jenekhe, J. Ruokolainen, M. Hojeij, and R.
Mezzenga, Macromolecules, 2008, 41, 1846.

98 S.T.Li Y.C. Lin, S. W. Kuo, W. T. Chuang and J. L. Hong, Polym.
Chem., 2012, 3, 2393.

99 R. H. Chien, C. T. Lai, and J. L. Hong, J. Phys. Chem. C, 2011, 115,
12358.

100 W. L. Chien, C. M. Yang, T. L. Chen, S. T. Li and J. L. Hong RSC Adv.,
2013, 3, 6930.

101Y. Dong, J. W. Y. Lam, A. Qin, Z. Li, J. Sun, H. H. Y. Sung, 1. D.
Williams, and B. Z. Tang, Chem. Commun., 2007, 1, 40.

102 Y. Dong, J. W. Y. Lam, A. Qin, J. Sun, J. Liu, Z. Li, J. Sun, H. H. Y.
Sung, I. D. Williams, H. S. Kwokc and B. Z. Tang, Chem. Commun.,
2007, 31,3255.

103 L. Qian, B. Tong, J. Shen, J. Shi, J. Zhi, Y. Dong, F. Yang, Y. Dong, J.
W.Y. Lam, Y. Liu, and B. Z. Tang, J. Phys. Chem. B, 2009, 113, 9098.

104 C. M. Yang, I. W. Lee, T. L. Chen, W. L. Chien and J. L. Hong, J.
Mater. Chem. C, 2013, 1,2842.

This journal is © The Royal Society of Chemistry 2014

Polymer Chemistry

105 Y Dong, J. W. Y. Lam, A. Qin, Z. Li, J. Sun, Y. Dong and B. Z. Tang,
Jour: of Inorg. and Organometallic Polym. Mat., 2007, 17, 673.

106 X. Luo, J. Li, C. Li, L. Heng, Y. Q. Dong, Z. Liu, Z. Bo and B. Z. Tang,
Adv. Mater., 2011, 23, 3261.

107 S. L. Deng, T. L. Chen, W. L. Chien and J. L. Hong J. Mater. Chem. C,
2014,2, 651.

108 R. K. Scheule, F. Cardinaux, G. T. Taylor and H. A. Scheraga,
Macromolecules, 1976, 9 , 23.

109 Y. S. Lu, Y. C. Lin and S. W. Kuo, Macromolecules, 2012, 45, 6547.

110 K. Y. Shih, Y. C. Lin, T. S. Hsiao, S. L. Deng, S. W. Kuo and J. L.
Hong Polym. Chem., 2014, 5, 5765.

111 R. H. Chien, C. T. Lai, and J. L. Hong J. Phys. Chem. C, 2011, 115,
20732.

Poly. Chem. | 11



