
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/1
5/

20
25

 1
1:

35
:5

1 
A

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
Synthesis of fluor
aDepartment of Chemical Science and Eng

Meguro-ku, Tokyo 152-8552, Japan. E-mail:
bInstitut des Matériaux Jean Rouxel (IMN), U

Cedex 3, France
cFukui Institute for Fundamental Chemistry,
dInstitute for Materials Chemistry and Engin

8580, Japan
eInstitute for Materials Chemistry and E

Fukuoka 816-8580, Japan
fDepartment of Material and Life Scien

Biotechnology, Osaka University, 2-1 Yamad
gPRESTO, Japan Science and Technology Ag

† Electronic supplementary information (
and 13C NMR spectra, FT-IR chart, UV-v
10.1039/c9ra03701b

‡ Deceased on Nov 27, 2017.

Cite this: RSC Adv., 2019, 9, 21733

Received 16th May 2019
Accepted 9th July 2019

DOI: 10.1039/c9ra03701b

rsc.li/rsc-advances

This journal is © The Royal Society of C
escent polycarbonates with highly
twisted N,N-bis(dialkylamino)anthracene AIE
luminogens in the main chain†

Amir Sharidan Sairi,a Kohei Kuwahara,a Shunsuke Sasaki,b Satoshi Suzuki,c

Kazunobu Igawa, de Masatoshi Tokita, a Shinji Ando, a Keiji Morokuma,‡c

Tomoyoshi Suenobu f and Gen-ichi Konishi *ag

A synthetic route to embed aggregation-induced-emission-(AIE)-active luminophores in polycarbonates (PCs) in

various ratios is reported. The AIE-activemonomer is based on the structure of 9,10-bis(piperidyl)anthracene. The

obtained PCs display good film-forming properties, similar to those observed in poly(bisphenol A carbonate) (Ba-

PC). The fluorescence quantum yield (F) of the PC with 5 mol% AIE-active monomer was 0.04 in solution and

0.53 in solid state. Moreover, this PC is also miscible with commercially available Ba-PC at any blending ratio.

A combined analysis by scanning electron microscopy and differential scanning calorimetry did not indicate

any clear phase separation. These results thus suggest that even engineering plastics like polycarbonates can

be functionalized with AIE luminogens without adverse effects on their physical properties.
Introduction

The production of polymeric organic light-emitting diodes
(OLEDs) requires luminophores whose luminescence efficiency
does not decrease due to concentration quenching.1 In recent
years, the aggregation-induced emission (AIE) phenomenon has
received substantial attention on account of its potential appli-
cations in OLEDs.2,3 AIE describes a phenomenon in which
organic chromophores exhibit efficient luminescence in aggre-
gated states or under conditions where molecular motions are
restricted, while their luminescence is suppressed in dilute
solutions.4 This phenomenon is thus the opposite of aggregation-
caused quenching (ACQ), which is encountered in most organic
chromophores. The most outstanding advantage of AIE lumi-
nogens (AIEgens) is their bright solid-state luminescence. This
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niversité de Nantes, CNRS, 44322 Nantes

Kyoto University, Kyoto 606-8103, Japan

eering, Kyushu University, Fukuoka 816-

ngineering, IRCCS, Kyushu University,

ce, Division of Advanced Science and

a-oka, Suita, Osaka 565, Japan

ency (JST), Japan

ESI) available: Experimental details, 1H
is and uorescence spectra. See DOI:

hemistry 2019
feature arises from the weak excitonic interactions between these
chromophores even in the solid state.5

Over the last two decades, AIEgens have been extensively
investigated in the context of materials6 and analytical7 science.
However, the structural diversity of typical AIEgens is limited.
These molecules are usually sterically demanding and contain
multiple rotating axes.8 When such AIEgens are employed to
fabricate polymeric thin lms, their physical properties, such as
the glass transition temperature (Tg) and the toughness are usually
affected negatively. Structurally simple AIEgens are therefore
desirable in order to apply AIEgens in e.g.OLEDs and luminescent
polymers. Moreover, structural simplicity would make AIEgens (i)
easy to synthesize and (ii) susceptible to further modications.6a

In a previous report, we have discovered N,N-dia-
lkylaminoarenes as a new class of unique AIEgens,8–10 which do
not depend on axis rotation to display the AIE phenomenon.
These structurally simple dyes are easier to synthesize than the
aforementioned bulky AIEgens and display superior uores-
cence in the solid state. Moreover, they exhibit the same color in
solution and in the solid state. Our mechanistic study of these
unusual AIEgens opened up a new design avenue for structur-
ally simple AIEgens, which has been corroborated by theoretical
calculations.9 Our design strategy consists of introducing strong
electron donors to polycyclic aromatic hydrocarbons (PAHs) so
that a S1/S0 crossing (or minimum energy conical intersection
(MECI)) with large amplitude modes becomes readily accessible
in dilute states. This large motion is suppressed in the solid
state, which leads to pronounced AIE phenomena.

By modifying these AIE dyes into bifunctional monomers,
application of these AIE dyes as building blocks in polymer
science becomes possible. As reported in our previous report,
RSC Adv., 2019, 9, 21733–21740 | 21733
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we have already synthesized AIE-active diamine monomers and
AIE-active polyamides.11 However, the application of AIEgens in
OLEDs requires the introduction of these dyes in transparent
optical materials such as polymethylmethacrylates (PMMAs)
and polycarbonates (PCs),12 which has not yet been accom-
plished. Incorporation of the AIEgen in the polymer chain has
many advantages compared to making doped polymers with the
AIEgen, such as the synthesized polymer not being affected
much by factors such as physical ageing of the polymer, etc.

In this study, we synthesized a new type of uorescent PCs that
contain N,N-dialkylaminoarene chromophores as AIEgens in the
main chain. The AIEgen was synthesized from an anthracene
derivative and a piperidine derivative with a hydroxyl group. The
bifunctional diol monomers were synthesized by a selective
transesterication process to protect the hydroxyl group using the
Ohshima–Mashima zinc cluster catalyst (ZnTAC24®),13 followed by
a C–N cross-coupling reaction14,15 and a simple deprotection step.
Using this bifunctional diol monomer, PCs with varying AIE-active
monomer ratios were synthesized. The PCs were then cast into
thin lms in order to determine the transparency of these lms.
Themiscibility of these PCs were determined by mixing them with
commercially available poly(bisphenol A carbonate) Ba-PC. The
optical properties of the PCs were then studied.
Scheme 1 Synthesis of AIE-active monomer 9,10-bis(4-hydrox-
ymethylpiperidyl)anthracene (1).
Results and discussion
Monomer synthesis

Synthesis of 9,10-bis(4-hydroxymethyl)piperidylanthracene (1) was
done by introducing a reactive group into the previously reported
AIEgens based on 9,10-bis(piperidyl)anthracene (BPA).8 Diol
monomer 1 was synthesized according to Scheme 1. Initially, we
attempted a direct synthesis using 9,10-dibromoanthracene 4 and
4-piperidinemethanol (2) with Pd-PEPPSI-IPr14 as a catalyst. This
reaction was not successful, most likely due to the interference of
the hydroxyl group with the C–N coupling reaction. One plausible
explanation for this failure is that the hydroxyl group might
coordinate to the palladium atom, which could stop the catalytic
cycle. Therefore, the reaction scheme was altered to include the
protection of the hydroxyl group and a nal deprotection step. In
this case, ZnTAC24®13 was used, given that it efficiently catalyzes
the selective O-acylation. This is due to the fact that the chemo-
selective O-acylation using zinc clusters can be carried out under
mild conditions, similar to enzymes, which allows the preservation
of sensitive functional groups. Therefore, we used ZnTAC24® as
a catalyst to selectively protect the hydroxyl group of 4-piper-
idinemethanol (2) to afford 3 in 43% yield through a trans-
esterication process with methyl benzoate (Scheme 1). For the
C–N cross-coupling reaction, we used Pd-(PEPPSI-IPr)14 or Pd(BI-
NAP)15 as the catalyst, considering that Pd catalysts with N-
heterocyclic carbene ligands are known for their high tolerance
towards sterically congested systems.9 Ultimately, Pd-PEPPSI-IPr
afforded better results compared to Pd-BINAP.§,16 The nal step,
§ The choice of the catalyst depends on the substrate. The Buchwald–Hartwig C–N
coupling reaction may proceed even with the presence of hydroxyl groups by
choosing a different ligand and base. However, in this study, we followed the
synthetic condition that was successful in our previous studies.

21734 | RSC Adv., 2019, 9, 21733–21740
i.e., a deprotection with sodium hydroxide, afforded 1 as a yellow
solid in 41% yield.

Monomer 1 was characterized by 1H and 13C NMR spec-
troscopy as well as FT-IR spectroscopy and high-resolutionmass
spectrometry (HRMS) (Fig. S2–S4†). Usually, anthracene rings
with identical moieties at the para-position of the central
aromatic ring, such as 9,10-bis(N,N-dimethylamino)anthracene,
are expected to produce NMR spectra that exhibit doublets of
doublets in the aromatic region. However, the aromatic region
of the 1H NMR spectrum of 1 shows three types of peaks.
Moreover, the 13C NMR spectrum shows more peaks in the
aromatic region than what should be expected of 1. Variable-
temperature (VT) 1H and 13C NMR experiments revealed that
indicates that 1 has more than one isomer at room temperature.
(Fig. S14†) In particular, measurement of 13C NMR (DMSO-d6) at
20.5 shows at least 14 peaks in aromatic region (carbon of
anthracene ring). On the other hand, that of 140 �C shows 4
peaks (carbons a–d: minimum number of anthracene ring) in
the aromatic region, as shown in Fig. 1. Some possible isomers
of 1 include an isomer in which both hydroxyl groups are facing
the same direction, and an isomer in which the hydroxyl groups
are facing opposite directions. In order to unequivocally deter-
mine the precise structure of 1, a single-crystal X-ray diffraction
analysis would be required; however, this is beyond the scope of
this study. The FT-IR spectrum indicates the presence of
a hydroxyl group, and the observed m/z value matches the
calculated m/z value measured by HRMS.
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Magnified view of the aromatic region of the 13C NMR (125MHz,
DMSO-d6) spectrum of 1 at 20.5 �C (top) and 140 �C (bottom).

Scheme 2 Synthesis of PCs with varying AIEgen ratios.
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Polymer synthesis

To capitalize on the excellent transparency, strength, and lm-
forming properties of Ba-PC, a novel design of copolymers with
low AIEgen content is required. Numerous polymers have been
synthesized through condensation polymerization with lumi-
nescent units in the polymer chain, which contain small doses
of dyes.17 In this study, we decided to use various ratios of
AIEgens in the copolymerization of triphosgene and 2,2-bis(4-
hydroxyphenyl)propane (bisphenol A) as shown in Scheme 2.
For comparison, PCs containing only the AIEgen or utilizing
1,6-hexanediol were also synthesized.

The synthesis of all PCs was carried out at low temperatures
in solution. The concentration of the diol monomers in dry
pyridine was set to 1.0 mol L�1. Triphosgene was dissolved in
dichloromethane at a concentration of 0.40 mol L�1, and
added dropwise to the monomer solution at 0 �C. The reaction
mixture was then allowed to stir for 30 minutes at 0 �C, and
then for another 30 minutes at room temperature. Subse-
quently, dichloromethane was added to dissolve the precipi-
tate formed during the reaction. The reaction mixture was
then added dropwise to methanol at 0 �C in order to induce
reprecipitation. The precipitate was ltered and dried in vacuo.
Furthermore, in some cases, the amount of dry pyridine was
increased due to the low solubility of 1. The obtained
This journal is © The Royal Society of Chemistry 2019
copolymers were well soluble in good solvents for Ba-PC, e.g.
dichloromethane and THF.

The structures of the obtained PCs were determined by 1H
NMR spectroscopy (Fig. S5 and S7–S10†). The 1H NMR spectra
show that the ratios of bisphenol A to monomer 1 in the
synthesized PCs are approximately identical to the starting
ratios.

The yields of the synthesized PCs, the number-average
molecular weight (Mn), the weight-average molecular weight
(Mw), and the polydispersity index (PDI) are summarized in
Table 1. The molecular weight and the degree of polymerization
(DP) were determined either by gel permeation chromatography
(GPC) in THF or by 1H NMR spectroscopy. The obtained results
suggest that the molecular weight increases with a decreasing
ratio of monomer 1 to bisphenol A. In the case of 1, decompo-
sition did not occur during the synthesis and the purication of
the PCs. Therefore, the reduction of the molecular weight of the
PC due to the decomposition of 1 is highly unlikely. In the case
of PolyBHMPA, the low molecular weight was therefore attrib-
uted to its low solubility during the polymerization.

Subsequently, copolymer PolyBP5 was chosen for the anal-
ysis of its physical properties given that it is the only copolymer
among the synthesized PCs with properties similar to engi-
neering plastics, i.e., PolyBP5 exhibits a suitable molecular
weight, lm strength, and stability of its melting point. There-
fore, it is possible to generate transparent lms of PolyBP5 from
spin coating or casting from dichloromethane solution.
RSC Adv., 2019, 9, 21733–21740 | 21735
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Table 1 Yield and physical properties of the synthesized PCs

PC Yield (%) Mn Mw PDI

PolyBP5 92 32 000 100 000 3.1
PolyBP10 78 18 000 45 000 2.5
PolyBP20 48 5900 15 000 3.0
PolyHD10 72 7200 27 000 3.8
PolyBHMPA 30 a a a

a PolyBHMPA: DP ¼ 4; calculated based on the 1H NMR spectrum.

Fig. 3 SEM analysis of a 1 : 1 (w/w) polymer blend of PolyBP5 and Ba-
PC.
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Polymer blends

Apart from the use of the polymer lms of uorescent PCs, the
use of polymer blends is also important for applications in
advanced optical materials. To study the miscibility of PolyBP5
with Ba-PC, we employed differential scanning calorimetry
(DSC) and scanning electron microscopy (SEM).

PolyBP5 was mixed with commercially available Ba-PC (typi-
cally: Mw ¼ 64 000; Sigma-Aldrich) in a dichloromethane solution
(1 : 1, w/w). The mixture was stirred until the polymers were
completely dissolved before the polymer solution was added
dropwise intomethanol at 0 �C in order to induce reprecipitation of
the polymer. The precipitate was ltered and dried under reduced
pressure. This precipitate was then dissolved in 1,4-dioxane and
used to generate a polymer blend lm (thickness: �10 nm;
measured by a Dektak surface proler) using a spin coater.

This polymer blend exhibited a jump in heat capacity
ascribed to the glass transition at 127 �C. This glass transition
temperature (Tg) lies between that of the commercially obtained
Ba-PC (Tg ¼ 150 �C) and that measured for PolyBP5 (Tg ¼ 119
�C). The observed single intermediate glass transition indicates
that the polymers were mixed evenly (Fig. 2).

The polymer blend lm was then characterized by SEM in
order to examine the morphology of the lm. The SEM images
show a clear image without any visible polymer domains
(Fig. 3), which is consistent with the DSC data, that the formed
Fig. 2 DSC thermograms of PolyBP5 and a 1 : 1 (w/w) polymer blend
of PolyBP5 and Ba-PC.

21736 | RSC Adv., 2019, 9, 21733–21740
lm is structurally uniform. The results of the SEM and DSC
measurements thus suggest the absence of any phase separa-
tion between PolyBP5 and Ba-PC. Based on these results, Pol-
yBPs with small AIEgen ratios (5 mol%) seem ideal candidates
for polymer blends, in view of their good solubility, lm-
forming properties and transparency, which are comparable
to those of Ba-PC.
Optical properties

The optical absorption and uorescent properties of the PCs
synthesized in this study are summarized in Table 2 together
with those of the reference compound BPA. Fig. 4a and b show
the UV-vis absorption and uorescence spectra of the PCs
together with those of 1. Fig. 5 shows the UV-vis absorption and
uorescence spectra of monomer 1 and the reference
compound BPA.

The absorption and uorescence spectra of 1 do not differ
from those of previously reported BPA. However, 1 shows
a similar quantum yield in solution, and a lower quantum yield
than BPA in the solid state. The presence of the hydroxyl groups
in 1makes it difficult to remove all impurities from the sample.
The decreased quantum yield in the solid state might be caused
Table 2 Optical properties of 1 and the PCs synthesized in this study

Compound labs [nm] l [nm] FTHF
a Fsolid

b

1 399 528 0.03 0.57
PolyBP5 (bulk) 399 522 0.04 0.53
PolyBP5 (lm) 407 516 — 0.62
PolyBP10 399 519 0.04 0.54
PolyBP20 399 524 0.04 0.47
PolyHD10 399 524 0.04 0.23
PolyBHMPA 399 520 0.04 0.17
PC blend lm 400 510 — 0.51
1&Ba-PC blend 410 510 — 0.74
BPAc 399 528 0.02 0.86

a Measured in THF (10�4 M) to obtainF at 293 K; excitation wavelength:
399 nm. b Bulk sample; excitation wavelength: 400 nm. c 9,10-
Bis(piperidyl)anthracene (BPA).

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) Absorption spectra of monomer 1 (black), as well as
copolymers PolyBP5 (red), PolyBP10 (green), PolyBP20 (blue), and
PolyBHMPA (purple). All spectra were measured in THF (10�4 M). (b)
Fluorescence spectra of monomer 1 (black), as well as copolymers
PolyBP5 (red), PolyBP10 (green), PolyBP20 (blue), and PolyBHMPA
(purple). All spectra were measured in THF (10�4 M).
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by these impurities. Unfortunately, it is currently not possible
for us to purify 1 further with the equipment available to us.

Dispersing 1 in Ba-PC at a concentration of 0.5 wt% creates
a dispersion which shows a slightly higher quantum yield
compared to 1 in bulk. The dispersion solution produced
a polycarbonate lm which is mostly clear, indicating that the
individual AIEgens are mixed evenly throughout. The higher
quantum yield might be due to the fact that factors such as
charge transfer cannot occur easily in the dispersion, and also
the fact that there is less contamination when compared to the
synthesized polycarbonates.
Fig. 5 Absorption and fluorescence spectra of 1 and BPA. Solid
fluorescence of 1 (blue), as well as solution fluorescence of 1 (black)
and BPA (red) (dashed lines: absorption spectra; solid lines: fluores-
cence spectra). The intensities of the spectra were normalized. All
spectra were measured in THF solution (10�4 M).

This journal is © The Royal Society of Chemistry 2019
All the PCs display F values of ca. 4% in dilute solution,
which is identical to that of 1 and BPA.8 Therefore, it can be
concluded that in dilute solution, mobility of the luminophore
units are not affected by the polymer chain of PCs. Hence, the
luminophores in these PCs should undergo rapid non-radiative
transitions via their S1/S0 MECI, which is stabilized by N,N-
dialkylamino functional groups and consistent with our
previous report.9

The quantum yield of PolyBP5 and PolyBP10 in solution and
the solid state is comparable to that of 1. However, when the
concentration of the AIEgen is increased to 20% (PolyBP20), the
quantum yield in the solid state decreases to 47%. This
phenomenon could be explained by contamination from the
polymerization, given that the absorption band of PolyBP20 is
broader than that of the other copolymers. Such impurities
might also absorb the excitation beam, thus affecting the
quantum yield.

As PolyHD10 is a viscous liquid at room temperature (Tg ¼
�51 �C), the micro-Brownian motion of the polymer chain is
less restricted than that of the PCs synthesized from bisphenol
A. The unrestrictedmovement could make the S1/S0 MECI of the
BPA luminophore easily accessible, which would result in effi-
cient quenching.

PolyBHMPA shows the smallest F value in the solid-state
(0.17). The absorption spectrum suggests that this might be
due to a potential contamination of the sample, similar to the
case of PolyBP20.

The photophysical properties of PC lms of PolyBP5, which
were generated using a spin coater, showed an average F of
0.62, which is similar to that of PolyBP5 in the bulk state. The
PC blend lm also showed a similar quantum yield of 0.51. The
emission and uorescence spectra are also comparable to those
in the bulk. The uorescence lifetime was found to be
Fig. 6 (a) PolyBP5 film under ambient light (left) and under exposure
to a UV lamp (lex ¼ 365 nm) (right). (b) PolyBP5 in THF solution under
ambient light (left) and under exposure to a UV lamp (lex ¼ 365 nm)
(right).

RSC Adv., 2019, 9, 21733–21740 | 21737
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approximately 11.7 ns. The kf was calculated to be 4.8 � 107 s�1,
and the knr was found to be 4.6 � 107 s�1. In comparison, BPA
shows a uorescence lifetime value of 9.9 ns in THF solution,
and 12.1 ns (kf was calculated to be 6.7 � 107 s�1, and the knr
was found to be 1.8 � 107 s�1) in colloidal suspension in
a mixture of THF and water. These values indicate that non-
radiative deactivation is faster, most likely due to the remain-
ing molecular movement or the contamination in the sample
(Fig. 6).

Conclusions

AIE-active PCs with varying AIE-active monomer ratios were
synthesized. The photophysical properties of these PCs show
that PCs with 5 mol% or 10 mol% AIE-active monomers achieve
optimal luminescence. These PCs also form miscible blends
with commercially available Ba-PC. The synthesized PCs exhibit
good lm-forming properties, which renders them suitable for
applications in e.g. luminescent polymers. Embedding small
ratios of AIEgens in PCs do not seem to negatively affect the
physical properties of the lms, and the unique properties of
the AIEgen is retained in the lms. Currently, we are investi-
gating AIEgens that exhibit the three basic colors; i.e. blue, red
and green in order to produce a PC with white uorescence.
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