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ive fluorescence of AIE-active
poly(N-isopropylacrylamides) labeled with highly
twisted bis(N,N-dialkylamino)arenes†

Shunsuke Sasaki and Gen-ichi Konishi*

Highly twisted bis(N,N-dialkylamino)arenes, which represent a new class of viscosity-sensitive fluorophores with

aggregation-induced emission (AIE) luminogens, were introduced as co-monomers and cross-linkers into

poly(N-isopropylacrylamides) (PNIPAMs). Despite the excellent performance of these bis(N,N-dialkylamino)

arenes as fluorophores that are sensitive to the steric environment, synthetic methods to endow them with

other reactive groups have not yet been reported. This study presents short synthetic pathways to 9,10-

bis(N,N-dialkylamino)anthracenes (BDAAs) and 1,4-bis(N,N-dialkylamino)-2,3-dimethylnaphthalenes (DMe-

BDANs) with hydroxyl groups at their alkyl chains. These hydroxyl groups were acylated to afford

methacrylate moieties, which were subsequently used for the co-polymerization with N-isopropylacrylamide.

At T ¼ 20 �C, the resulting BDAA-containing PNIPAMs exhibited faint fluorescence (Ffl z 0.05) in THF,

whereas DMe-BDAN-containing PNIPAMs showed substantially stronger fluorescence in THF (Ffl z 0.32)

and water (Ffl z 0.55) relative to the corresponding monomers. Moreover, BDAA-containing PNIPAMs

featured a sharp increase of fluorescence intensity and quantum yield at T ¼ 27–35 �C, while DMe-BDAN-

containing PNIPAMs exhibited a continuous decrease of fluorescence intensity and Ffl with increasing

temperature.
Introduction

Due to their sensitivity toward local viscosity, aggregation, and
the binding to macromolecules, as well as their encapsulation in
cavities, two types of uorophores, i.e., molecular rotors1–5 and
luminogens with aggregation-induced emission (AIEgens),6–8

have received much attention regarding their fundamental and
practical properties. Although various uorescent molecular
rotors and AIEgens have been developed, only few hold specic
application monopolies. For example, in the area of molecular
rotors, 9-(2-carboxy-2-cyano)vinyljulolidine (CCVJ) derivatives1

have been extensively applied in molecular biology,9,10 polymer
science,1,12 contact mechanics,13 and uid dynamics.14 In the area
of AIEgens, tetraphenylethene (TPE)15 analogs are usually chosen
in order to endow molecular systems with AIE functionality.6,16

Given their simple structures and facile functionalization, it is
hardly surprising that CCVJs and TPEs were easily incorporated
into larger, more elaborate molecular systems.1,10,12,13,16 From
a practical perspective, it is thus very important that novel uo-
rophores with improved photophysical properties also exhibit
the potential for facile subsequent functionalization.17
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Some of our previous experimental and theoretical studies
revealed that highly twisted N,N-dialkylamino groups at the para-
positions of typical aromatic hydrocarbons induce AIE and
viscosity-responsive uorescence.18 This general design strategy
enabled us to develop structurally simple AIEgens such as 9,10-
bis(N,N-dialkylamino)anthracenes (BDAAs) and 1,4-bis(N,N-
dialkylamino)-2,3-dimethylnaphthalenes (DMe-BDANs). In addi-
tion to their acute viscosity-responsiveness, BDAAs and DMe-
BDANs feature brighter solid-state uorescence compared to
other simple AIEgens.18,19 Therefore, BDAAs and DMe-BDANs
represent promising prospectives formicroenvironmental probes.
However, synthetic routes to highly twisted bis(N,N-dialkylamino)
arenes with functional groups at their alkyl chains have not yet
been reported, despite the fact that numerous studies have been
reported regarding the synthesis of sterically congested N,N-
diarylaminoarenes.20,21

Herein, we present a facile route to functionalize the alkyl
chains of BDAAs and DMe-BDANs. These compounds were
subsequently used as co-monomers and cross-linkers in the
polymerization of N-isopropylacrylamides, which afforded the
corresponding poly(N-isopropylacrylamides) (PNIPAMs). In
aqueous solution, PNIPAMs undergo a coil-to-globule transition
at T z 31 �C.22 While the phase transition itself has been the
subject of extensive research, the sharp phase-transition
behavior close to the lower critical solution temperature (LCST)
has been used to visualize intracellular temperature.23 For both
fundamental and practical purposes, various uorophores such
RSC Adv., 2017, 7, 17403–17416 | 17403
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as pyrene,24 3-hydroxyavone,25 benzofurazan,26 rhodamine,27

and BODIPY28 have been introduced into PNIPAMs. In the same
way, PNIPAMs containing BDAAs and DMe-BDANs should be
expected to act as a microenvironmental probes. Furthermore,
BDAAs and DMe-BDANs exhibit not only AIE but also viscosity-
sensitive uorescence. These uorophores should therefore
most likely be able to visualize weak restrictions of intra-
molecular motions (RIM), which result from specic interactions
between PNIPAM chains, uorophores, and H2O molecules, in
addition to the severe RIM imposed by a coil-to-globule transi-
tion of the PNIPAM chains. Herein, we report the temperature-
dependent uorescence behavior of BDAA- and DMe-BDAN-
labeled PNIPAMs and the corresponding gels.
Results and discussion
Synthesis of bis(N,N-dialkylamino)arenes functionalized at
their alkyl chains

The syntheses of 9,10-bis((N-(30-(N00-(300-hydroxyprop-100-yl)-N00-
methylamino))prop-10-yl)-N-methylamino)anthracene (6)
and 1,4-bis(N-(hydroxypent-5-yl)-N-methylamino)-2,3-dimethyl
naphthalene (14) with hydroxy groups at the terminal positions
of their alkyl chains are outlined in Schemes 1 and 2, respectively.
The hydroxyl groups in 6 and 14 were subsequently transformed
into methacrylate moieties in order to prepare uorescent
monomers (ANTH-monomer and NAPH-monomer) and cross-
linkers (ANTH-linker and NAPH-linker). Detailed synthetic
procedures are described in the Experimental section. Alcohol-
amines, especially those with straight-chain structures, have
been reported to deactivate palladium/phosphine catalyst
systems by chelating palladium.29 For the N-arylation of alco-
holamines, the copper iodide/2-isobutyrylcyclohexane system
has been proposed as an alternative.30,31 However, a catalyst test
on the coupling between 1-bromo-iodonaphthalene and 5-
amino-1-pentanol revealed that this system yielded only trace
amounts of the desired product. Therefore, the nucleophilicity of
the hydroxyl group on the alcoholamine should be disabled prior
to the C–N coupling. This may be accomplished by either
Scheme 1 Synthetic route to terminal-functionalized 9,10-bis(N,N-dialk

17404 | RSC Adv., 2017, 7, 17403–17416
functional group interconversion (FGI)32 or by protection–
deprotection strategies.33,34

For the synthesis of terminal-functionalized 9,10-bis(N,N-dia-
lkylamino)anthracene 6, the same catalyst systemwas employed as
for the formation of the highly twistedN,N-dialkylaminoarenes,18,19

i.e., Pd-PEPPSI-IPr.20,35 As 9,10-diaminoanthracene and its N-
monoalkylated derivatives are extremely sensitive to oxydation,18,36

a secondary amine (2) was chosen as the coupling partner for 9,10-
dibromoanthracene (1). Subsequently, the chloride atoms in 3
were replaced with bromide atoms37 in order to enhance the
reactivity toward a subsequent SN2 reaction with alcoholamine 5.
The SN2 reaction proceeded selectively on the amine moiety to
afford 6, which was conrmed by NOEs around the N-methyl
group (Fig. S5†). In addition, functionalization with amethacrylate
moiety endowed the resulting compounds with the characteristic
absorption at 1717 cm�1, which clearly indicates the formation of
an ester instead of an amide group. The overall yield of 6 with
respect to starting material 1 was 53%.

For the naphthalene-based system, a protection–deprotection
strategy was employed in order to introduce hydroxyl groups at
the terminal positions of the alkyl chains (Scheme 2). In this case,
a route similar to Scheme 1 cannot be applied, as the secondary
amine cannot be introduced at the 1- and 4-positions of 1,4-
dibromo-2,3-dimethylnaphthalene by C–N coupling reactions.18

Furthermore, an FGI strategy as outlined in Scheme 1 would be
more laborious than that described in Scheme 2. Firstly, 2,3-
dimethylnaphthalene (8) was regioselectively brominated to give
9.38 Subsequently, 9 was combined with tert-butyldiphenylsilyl
(TBDPS)-protected 5-amino-1-pentanol 11. It should be noted
here that the C–N coupling between 9 and 11 proceeded
successfully in the presence of trace amounts of moisture on the
glass vessel, while the product yield was poor in the absence of
moisture within the vessel aer e.g. ame-drying in vacuo. The
subsequent permethylation did not require adherence to strict
stoichiometry between 13 and methyl iodide as the substantial
steric hindrance around the nitrogen atoms prevents the further
methylation of the tertiary amine moiety, even in the presence of
an excess of methyl iodide. A nal deprotection of the TBDPS
group afforded 14 in 65% overall yield relative to 2,3-
ylamino)anthracenes.

This journal is © The Royal Society of Chemistry 2017
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Scheme 2 Synthetic route to terminal-functionalized 1,4-bis(N,N-dialkylamino)-2,3-dimethylnaphthalenes.
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dimethylnaphthalene (8). The 1H and 13C NMR spectra of 14
showed pairs of peaks with comparable chemical shis, identical
peak multiplicities, and coupling constants (Fig. S14 and S15†).
Further NMR studies based on DEPT-135, 1H–1H COSY, and
1H–13C HSQC techniques allowed a complete assignment of
these peaks (Fig. S15–S17†). Variable-temperature (VT) NMR
experiments revealed that these pairs of peaks originate from an
equilibrium of two conformers (Fig. 1),39 while chemical-
exchange peaks could not be discerned from the diagonal
peaks in the NOESY spectra (Fig. S18†).40 These conformers are in
Fig. 1 Variable-temperature 1H NMR spectra (300 MHz, CDCl3) of 1,4-
bis(N-(hydroxypent-5-yl)-N-methylamino)-2,3-dimethylnaphthalene
(14).

This journal is © The Royal Society of Chemistry 2017
fact two rotamers, which differ with respect to the rotation
around the aryl-N bonds (Fig. 2a and b). As illustrated in Fig. 2c,
the NOE signal of the Hh and Hh0 protons (1.59–1.49 ppm)
intensied upon irradiating one of the Hf protons (2.93 ppm). In
contrast to the cis-rotamer, the Hf protons in the trans-rotamer
should be in close spatial proximity to both Hh and Hh0 protons
(Fig. 2a and b). The observed stronger NOE for Hh and Hh0 thus
indicates that the irradiated Hf proton peak should be attributed
to the trans-rotamer. The slow equilibrium between the two
rotamers on the NMR timescale reects the severe steric
restrictions imposed by the peri-hydrogen atoms and methyl
groups at the 2- and 3-positions of the naphthalene core.
Co-polymerization of N-isopropylacrylamide with bis(N,N-
dialkylamino)arene-based monomers and cross-linkers

As outlined in Scheme 3, ANTH-monomer and NAPH-monomer
were co-polymerized using various monomer feed ratios (x : y)
to afford co-polymers [ANTH-polymer]x (yields: 61–84%) and
[NAPH-polymer]x (yields: 91–96%). The thus obtained copoly-
mers were puried by repeated reprecipitation into diethyl ether
(for details, see the Experimental section). The 1H NMR spectra
of [ANTH-polymer]x and [NAPH-polymer]x (Fig. S23 and S24†)
are consistent with those previously reported for PNIPAMs,41

except for the small signals of the uorophore moieties. Weight-
average molecular weights (Mw) and polydispersity indexes (Mw/
Mn; PDI) were determined by size exclusion chromatography
(SEC; Fig. S25 and S26†). In general, [ANTH-polymer]x exhibited
smaller Mw values and broader polydispersity values (Mw ¼
48 000–66 000 g mol�1, Mw/Mn ¼ 2.51–2.61) than [NAPH-
polymer]x (Mw ¼ 65 000–80 000 g mol�1, Mw/Mn ¼ 2.25–2.37).
The copolymer composition m : n (Scheme 3) was calculated
from the corresponding UV-Vis spectra. For that purpose, molar
RSC Adv., 2017, 7, 17403–17416 | 17405
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Fig. 2 Chemical structure of the (a) trans- and the (b) cis-rotamer of 1,4-bis(N-(hydroxypent-5-yl)-N-methylamino)-2,3-dimethylnaphthalene
(14) (red arrows represent NOE signals). (c) NOESY spectrum (500 MHz, CDCl3) of 14 for the Hf peak area.

Scheme 3 Co-polymerization of N-isopropylacrylamide with ANTH-monomer and NAPH-monomer.
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absorption coefficients of 6 (3 ¼ 5330 M�1 cm�1 at labs ¼ 401
nm) and 14 (3 ¼ 2700 M�1 cm�1 at labs ¼ 321 nm) were derived
from calibration lines (Fig. S27†), and used to determine the
concentration of the uorophore moieties. While them : n ratio
of the [NAPH-polymers]x agreed well with the monomer feed
ratio x : y, the concentration of the uorophore moieties in
[ANTH-polymer]x was signicantly lower than expected (Table 1).
Considering that the relative reactivity of ANTH-monomer and
NAPH-monomer should be comparable, the physical properties
17406 | RSC Adv., 2017, 7, 17403–17416
of the ANTH-monomer, such as incompatibility with concen-
trated PNIPAMs, may be responsible for the lower molecular
weight, the broader polydispersity, and the inefficient incorpo-
ration of the uorophore moieties.

Under the same conditions used for the preparation of
[ANTH-polymer]x and [NAPH-polymer]x, [ANTH-gel]x and
[NAPH-gel]x were prepared by free-radical polymerizations
(Scheme 4). In a preliminary experiment, the co-polymerization
was examined for a monomer concentration of 1.0 M, using
This journal is © The Royal Society of Chemistry 2017
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Table 1 Monomer feed ratios (x : y), copolymer compositions (m : n),
weight-average molecular weights (Mw), and polydispersity indexes
(Mw/Mn) for [ANTH-polymer]x and [NAPH-polymers]x

Entry x : y m : na Mw
b [g mol�1] Mw/Mn

b

[ANTH-polymer]167 167 : 1 180 : 1 48 000 2.54
[ANTH-polymer]83 83 : 1 90 : 1 66 000 2.61
[ANTH-polymer]56 56 : 1 84 : 1 53 000 2.51
[NAPH-polymer]167 167 : 1 169 : 1 65 000 2.25
[NAPH-polymer]83 83 : 1 83 : 1 76 000 2.30
[NAPH-polymer]56 56 : 1 56 : 1 80 000 2.37

a Co-polymer composition based on the UV-Vis spectra (Fig. S27).
b Molecular weight and PDI based on SEC (DMF + 0.01 M LiBr) using
calibrations with polystyrene standards.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 6
/1

2/
20

26
 5

:3
1:

08
 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
varying monomer feed ratios (x : y ¼ 333 : 1, 167 : 1, and 83 : 1;
Table 2). However, the preliminary experiment did not afford
infusible and/or insoluble gels. Therefore, the monomer concen-
tration (2.5 M) and the molar ratio of cross-linkers were increased
(x : y ¼ 167 : 1, 83 : 1 and 56 : 1). These changes successfully fur-
nished PNIPAM gels ANTH-linker and NAPH-linker (see the
Experimental section). The thus obtained PNIPAM gels were
swollen in water and THF and their swelling ratio was consistent
with the molar ratio of the cross-linkers (Table 2). Therefore, it can
be concluded that ANTH-linker andNAPH-linkerwere successfully
introduced as cross-linkers in the PNIPAM gels.
Photophysical properties of [ANTH-polymer]x and [ANTH-gel]x

The absorption and uorescence spectra, as well as the uo-
rescence quantum yields (F) of ANTH-monomer and ANTH-
Scheme 4 Co-polymerization of N-isopropylacrylamide with ANTH-lin

This journal is © The Royal Society of Chemistry 2017
linker were recorded in n-hexane, THF, acetonitrile, and meth-
anol. A summary of the data is compiled in Fig. S28 and S29 and
Table S1,† while data measured in THF are listed in Table 3 and
Fig. 3. ANTH-monomer and ANTH-linker exhibited almost
identical absorption and uorescence spectra. These photo-
physical properties are comparable to those of BDAAs without
functionalization at the alkyl chains.18 It can thus be concluded
that the functionalization of alkyl chains of BDAAs does not
affect their photophysical properties. Regardless of the mono-
mer feed ratio x : y, [ANTH-polymer]x showed in both THF and
aqueous solution identical absorption and uorescence spectra
as well as F values (Table 3 and Fig. S30†). The spectra of
[ANTH-polymer]x are similar to those of ANTH-monomer and
ANTH-linker, except for the deviation of the absorption spec-
trum at labs ¼ �300 nm, which should be attributed to the
absorption of PNIPAM.42 In aqueous solution, [ANTH-polymer]x
exhibited a broader absorption band, a slight bathochromic
shi of the uorescence spectrum (Fig. 3), and enhanced F

(Table 2) than in THF solution. Although both THF and water
represent good solvents for PNIPAM, the solvation mechanism
for PNIPAM in water is substantially different from that in THF,
and results in restricted motion of the side chains.43,44 More-
over, the hydrophobicity of the uorophores45,46 and the rela-
tively high viscosity47 of pure water most likely contribute to the
enhanced F. Similarly, the F of [ANTH-gel]x increased upon
swelling in water (0.20–0.24), while those of [ANTH-gel]x swollen
in THF were comparable to those of ANTH-monomer and
[ANTH-polymer]x in THF (Table 2). According to the swelling
ratios, the concentration of PNIPAM and cross-linkers in
swollen [ANTH-gel]x was much higher than in an aqueous
ker and NAPH-linker.

RSC Adv., 2017, 7, 17403–17416 | 17407
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Table 2 Experimental conditions for the preparation of the gels,a swelling ratios [(W0 �W)/W], as well as fluorescence quantum yields (Ffl) for the
dried gels and those swollen in water and THF

Entry Monomer [M] x : y Swelling ratio (W0 � W)/Wb F (dried) F (H2O)
c F (THF)d

[ANTH-gel]333 1.0 333 : 1 No gelation
(pale yellow powder)

[ANTH-gel]167 1.0 167 : 1 No gelation
(pale yellow powder)

[ANTH-gel]83 1.0 83 : 1 No gelation
(pale yellow powder)

[ANTH-gel]167 2.5 167 : 1 No gelation
(yellow viscous liquid)

[ANTH-gel]83 2.5 83 : 1 14.2 0.24 0.22 0.07
[ANTH-gel]56 2.5 56 : 1 3.57 0.21 0.20 0.05
[NAPH-gel]167 2.5 167 : 1 17.1 0.52 0.53 0.33
[NAPH-gel]83 2.5 83 : 1 4.43 0.46 0.47 0.28
[NAPH-gel]56 2.5 56 : 1 2.87 0.49 0.53 0.28

a 1.0 mol% AIBN, THF, T ¼ 55 �C, t ¼ 20 h. b W: weight of the dry gel; W0: weight of the gel swollen in water. c Immersed in water for 48 h.
d Immersed in THF for 48 h.

Table 3 Photophysical parameters for ANTH-monomer, ANTH-
linker, and [ANTH-polymer]x (x ¼ 56, 83, 167)a

Entry Solvent x : y labs [nm] l
b [nm] F

b

ANTH-monomer THF — 400 527 0.05
ANTH-linker THF — 400 526 0.05
[ANTH-polymer]x THF 167 : 1 401 526 0.05

THF 83 : 1 401 525 0.05
THF 56 : 1 401 526 0.05
H2O 167 : 1 403 531 0.09
H2O 83 : 1 403 529 0.11
H2O 56 : 1 403 529 0.11

a All measurements were conducted at T ¼ 20 �C. b Excitation
wavelength corresponds to the maximum of the rst absorption band
labs.
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solution of [ANTH-polymer]x (1 g L�1), which would explain the
high F observed for [ANTH-gel]x swollen in water.

[ANTH-polymer]167 exhibited the large enhancement of
uorescence intensity and F at T ¼ 27–35 �C (Fig. 4). Upon
heating, the relative uorescence intensity (I/I0) initially
increased at T ¼ 27–28 �C and peaked at T ¼ 33–35 �C. Further
Fig. 3 (a) Absorption and (b) fluorescence spectra of ANTH-monomer (
well as of [ANTH-polymer]167 in water (red).

17408 | RSC Adv., 2017, 7, 17403–17416
heating led to a rapid decrease of I/I0 and at T ¼ 50 �C, I/I0 fell
below unity (T ¼ 21 �C). A similar behavior of I/I0 was also
observed for other monomer feed ratios x : y (Fig. S34†). This
uctuation of I/I0 coincided with the coil-to-globule transition
of the PNIPAM chains;22 the transmittance of the [ANTH-
polymer]x solutions began to decrease at T¼ 28 �C and nished
at T ¼ 40–45 �C (Fig. S32†). Peaking of I/I0, accompanied by
a coil-to-globule transition of the polymer chains has been re-
ported for some cases of uorophore-labeled PNIPAM-based
polymers27,48,49 and their microgels,50 although a decrease of
uorescence intensity at higher temperature is usually insig-
nicant in diluted solution (z0.01–0.02 g L�1).51,52 The F

values for [ANTH-polymer]x (Fig. 4b and S34†) showed a far less
drastic decrease even at higher temperatures. Therefore, fast
internal conversion or any other thermally induced deactivation
processes should be insignicant for the decrease of I/I0. Given
that the uorescence intensity is a function of F and the
absorbance, the main reason for the decrease of I/I0 at higher
temperatures should be associated with the less efficient
absorption of the excitation light at T > 35 �C. This should be
due to the aggregation of dehydrated [ANTH-polymer]x at
higher temperature and a concomitantly high heterogeneity of
purple), ANTH-linker (blue), and [ANTH-polymer]167 in THF (green), as

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Temperature dependence of (a) the fluorescence intensity (I) and (b) fluorescence quantum yields (Ffl) of [ANTH-polymer]167; I0 ¼
fluorescence intensity at �530 nm; T ¼ 21 �C, lex ¼ 403 nm, and csolute ¼ 1 g L�1.
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the solution, through which the bulk of the excitation light
could pass or be scattered from without absorption.

Even though the peaking of I/I0 was also observed during the
cooling, it was less pronounced than during the heating. In
addition, F exhibited a “hysteresis”-type behavior, i.e., the F

of [ANTH-polymer]x remained higher during the cooling than
during the heating, but both values coincided eventually at T ¼
22 �C. In fact, the temperature-dependent transmittance
(Fig. S32†) of [ANTH-polymer]167 during the cooling is almost
identical to that during the heating. Therefore, the two hyster-
eses observed during cooling should be attributed to microen-
vironments around the uorophores rather than to
abnormalities of the LCST behavior of [ANTH-polymer]x. As far
as I/I0 is concerned, the heterogeneity of the optical density
should be responsible for the observed hysteresis; immediately
aer hydration, the polymer chains should be in close spatial
proximity with respect to each other, and consequently,
absorption of the excitation lights should be inefficient. Higher
F values during the cooling should be ascribed to restrictions
of the intramolecular motion of the uorophores that persisted
up to a late stage of hydration.

[ANTH-gel]x also exhibited an increase of F at T ¼ 25–32 �C
(Fig. 5a). However, the increase of F is less than half of that of
[ANTH-polymer]x, which is due to the fact that [ANTH-gel]x is
already uorescent at T ¼ 20 �C (F ¼ 0.20–0.22). Further
heating (T > 32 �C) induced a signicant decrease of F,
Fig. 5 Temperature dependence of the fluorescence quantum yields of
and (b) [NAPH-gel]167 (green), [NAPH-gel]83 (blue), and [NAPH-gel]56 (re

This journal is © The Royal Society of Chemistry 2017
resulting in a peak of F at T z 32 �C. In the measurements of
both [ANTH-gel]x and [NAPH-gel]x, experimental errors were
inevitable due to the limited absorbance of these gel samples. At
this stage, we are unable to unequivocally determine the cause
of the decrease of F at T > 32 �C, but the results nevertheless
demonstrate that BDAA can be used to probe the coil-to-globule
transition of the PNIPAM chains.

Photophysical properties of [NAPH-polymer]x and [NAPH-gel]x

Absorption and uorescence spectra, as well as F values and
uorescence lifetimes were examined for NAPH-monomer and
NAPH-linker in polar and nonpolar solvents (Table S1 and
Fig. S31†). The photophysical parameters obtained from THF
solutions are summarized in Table 4. Although the absorption
and uorescence spectra of NAPH-monomer and NAPH-linker
were almost identical (Fig. 6), their F values in THF were
signicantly higher (F ¼ 0.14–0.20) than that of DMe-BDAN
(F ¼ 0.04).18 This difference may be attributed to the exible
alkyl chain of NAPH-monomer and NAPH-linker; our previous
study suggested that exible alkyl chains could induce planarity
around the aryl-N bonds of N,N-dialkylaminoarenes, which may
result in relatively large oscillator strengths for the S0 ) 1CT
uorescence transition.18 The co-polymerization or cross-
linking with NIPAM resulted in a further increase of the F

for [NAPH-polymer]x in THF (F ¼ 0.32–0.34) and in H2O (F ¼
0.54–0.59), as well as for [NAPH-gel]x in THF (F ¼ 0.28–0.33)
(a) [ANTH-gel]83 (blue) and [ANTH-gel]56 (red) in H2O (lex ¼ 403 nm)
d) in H2O (lex ¼ 323 nm).
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Table 4 Photophysical parameters of NAPH-monomer, NAPH-linker,
and [NAPH-polymer]x (x ¼ 56, 83, 167)a

Entry Solvent x : y
labs
[nm]

l
b

[nm] F
b s

c [ns]

NAPH-monomer THF — 320 432 0.20 2.94
NAPH-linker THF — 318 430 0.14 2.33
[NAPH-polymer]x THF 167 : 1 318 430 0.32 3.26 (0.25)

5.80 (0.75)
THF 83 : 1 320 430 0.32 3.83 (0.47)

6.29 (0.53)
THF 56 : 1 320 432 0.34 3.75 (0.42)

6.21 (0.58)
H2O 167 : 1 324 442 0.54 —
H2O 83 : 1 322 439 0.58 —
H2O 56 : 1 323 436 0.59 —

a All measurements conducted at T ¼ 20 �C. b Excitation wavelength
corresponds to the maximum of the rst absorption band labs.

c lex ¼
343 nm.
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and H2O (F ¼ 0.47–0.53). The relatively high F value observed
for [NAPH-polymer]x in THF coincides with the emergence of
a long-lived excited-state species (s z 6 ns), which indicates
specic interactions between the PNIPAM chains and the uo-
rophore. However, considering the structural differences
between NAPH-monomer and ANTH-monomer, i.e., shorter
side chains, a smaller p-system, and the absence of aliphatic
Fig. 6 (a) Absorption and (b) fluorescence spectra of NAPH-monomer (
well as of [NAPH-polymer]167 in H2O (red).

Fig. 7 Temperature dependence of (a) the fluorescence intensity (I) a
fluorescence intensity at �440 nm; T ¼ 21 �C, lex ¼ 323 nm, and csolute

17410 | RSC Adv., 2017, 7, 17403–17416
amino groups, it is difficult to determine precisely how the
uorophores in [NAPH-polymer]x interact with the PNIPAM
chains in THF.

Given that the aqueous solutions of [NAPH-polymer]x are
already uorescent at T ¼ 20 �C, the relative uorescence
intensity I/I0 declined during heating (Fig. 7a and S35†). Even
though a small increase of F at T ¼ 30–35 �C was observed for
[NAPH-polymer]167 (Fig. 7b), the F of [NAPH-polymer]x (x¼ 56,
83) also decreased with increasing temperature (Fig. S35†). It
should also be noted that the temperature-dependent trans-
mittance of [NAPH-polymer]x, monitored at 650 nm, was largely
affected by the incorporation of the uorophore (Fig. S33†). For
[NAPH-polymer]x, the decrease of transmittance occurred much
slower and persisted up to higher temperatures than that of
pristine PNIPAM.53 Especially [NAPH-polymer]x (x ¼ 56 and 83)
exhibited a steep drop of the transmittance, even at T > 40 �C. It
has previously been reported that small amounts of hydro-
phobic moieties substantially affect the LCST behavior of the
PNIPAM chains.45,48 Considering that the uorophores in
[NAPH-polymer]x is subject to specic interactions with the
PNIPAM chains even in THF, it is reasonable to expect a severe
perturbation of the LCST behavior of [NAPH-polymer]x. Similar
to the F of [NAPH-polymer]x, that of [NAPH-gel]x did not show
any temperature dependence (Fig. 5b), i.e., although the F of
[NAPH-gel]x declined slightly with increasing temperature, the
signal-to-noise ratio was too low to discern any reliable trends.
purple), NAPH-linker (blue), and [NAPH-polymer]167 (green) in THF, as

nd (b) fluorescence quantum yields (Ffl) of [NAPH-polymer]167; I0 ¼
¼ 1 g L�1.

This journal is © The Royal Society of Chemistry 2017
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Conclusions

In this study, we presented the synthesis of 9,10-bis((N-(30-(N00-(300-
hydroxyprop-100-yl)-N00-methylamino))prop-10-yl)-N-methylamino)
anthracene (6) and 1,4-bis(N-(hydroxypent-5-yl)-N-methylamino)-
2,3-dimethylnaphthalene (14), which contain hydroxy groups at
the terminal positions of their alkyl chains. While the former was
obtained in 53% yield from a three-step protocol, the latter
required four steps (yield: 65%). Due to the severe steric
hindrance imposed by the peri-hydrogen and methyl groups at
the 2- and 3-positions of 14, two rotamers with respect to the aryl-
N bonds were observed. Aer endowing 6 and 14 with methac-
rylate moieties, ANTH-monomer, ANTH-linker, NAPH-monomer,
and NAPH-linker were used for co-polymerizations with N-iso-
propylacrylamide to afford uorophore-labeled PNIPAMs and the
corresponding gels. While [ANTH-polymer]x exhibited low uo-
rescence, similar to ANTH-monomer and ANTH-linker, THF
solutions of [NAPH-polymer]x exhibited stronger uorescence
(F¼ 0.32–0.34) than those ofNAPH-monomer and NAPH-linker
(F ¼ 0.14–0.20); in aqueous solution, the uorescence quantum
yields of [NAPH-polymer]x increased even further (F ¼ 0.54–
0.59). In a similar manner, [ANTH-gel]x was only weakly uo-
rescent in THF (F ¼ 0.05–0.07), while the uorescence of
[NAPH-gel]x was stronger in THF (F ¼ 0.28–0.33). The
temperature-dependent uorescence of [ANTH-polymer]x and
[ANTH-gel]x revealed a steep increase of uorescence intensity
and F at T ¼ 27–35 �C, while [NAPH-polymer]x and [NAPH-gel]x
did not exhibit an increase in uorescence intensity upon heating.
Thus, 9,10-bis(N,N-dialkylamino)anthracene (BDAA) is able to act
as a useful probe for the microenvironment of PNIPAM chains In
contrast, the sensitivity of 1,4-bis(N,N-dialkylamino)-2,3-
dimethylnaphthalene (DMe-BDAN) toward the steric environ-
ment was hindered by interactions with the PNIPAM chains.
Nevertheless, DMe-BDANmay be used to monitor other aspects of
microenvironments, e.g. the local viscosity ormolecularmobilities,
upon introduction into suitable systems without such interac-
tions.18 This study thus provides access to terminal-functionalized
BDAA and DMe-BDAN, and these may be subjected to further
modications in order to facilitate their incorporation into larger
and more complex molecular systems. Given their sensitivity and
versatility, we expect these uorophores to nd a multitude of
applications.

Experimental procedure
Variable-temperature photophysical studies

Unless otherwise noted, all measurements were conducted
under ambient conditions and temperature (T¼ 293 K). For the
photophysical measurements in THF, the solute concentration
of [ANTH-polymer]x and [NAPH-polymer]x were adjusted so that
the optical density (O.D.) at themaximum of the rst absorption
band was 0.1. For the variable-temperature photophysical
measurements, aqueous solutions of [ANTH-polymer]x and
[NAPH-polymer]x (csolute ¼ 1 g L�1) were prepared and aliquots
of 3.5 mL were transferred into quartz cells (1 cm). The samples
of [ANTH-gel]x and [NAPH-gel]x used for the photophysical
measurements were prepared by dipping f 6 mm � 22 mm
This journal is © The Royal Society of Chemistry 2017
glass tubes in the co-polymerization reaction mixtures (for
details, see the synthetic procedure), yielding cylindrical gels (f
4 mm� 15mm) aer drying. These cylindrical gel samples were
transferred into quartz cells (1 cm � 1 cm) and immersed in
THF or water for 48 h. Immediately prior to the photophysical
measurements, the swelling solvent was replaced with fresh
solvent.

For variable-temperature uorescence quantum yield
measurements, the sample temperature was controlled with
a water bath and an immersion heater. Aer the temperature of
the water bath reached the target temperature, the quartz cells
containing the samples were kept immersed in the water bath for
10 min. Then, their uorescence quantum yields were measured
(�10 s) quickly right aer retrieving the samples from the water
bath. For the measurement of the uorescence spectra, the
temperature of the sample solutions was controlled by a UNI-
SOKU CoolSpeK USP-203 unit, which was mounted within
a JASCO FP-6500 spectrouorometer. The stirred sample solu-
tions were also incubated for 10 min at the respective target
temperatures.
Synthesis and characterization

9,10-Bis(N-(3-chloropropyl)-N-methylamino)anthracene (3).
A solution of potassium tert-butoxide (2.0 g, 21mmol), PEPPSITM-
IPr catalyst (142 mg, 0.21 mmol), N-methyl-3-chloropropylamine
hydrochloride (2, 1.3 g, 9.2 mmol), and 9,10-dibromoanthracene
(1, 1.4 g, 4.2 mmol) in dry and degassed 1,4-dioxane (70 mL) was
stirred at 100 �C for 18 h. Aer cooling to room temperature, the
reaction mixture was ltered and the ltrate was extracted with
ethyl acetate/hexane (1 : 2, v/v). The combined organic layers
were washed with water and brine, before being dried over
magnesium sulfate. The solvent was removed in vacuo, and the
residue was puried by column chromatography on silica gel
using dichloromethane/hexane (1 : 4, v/v) to yield crude 3 (1.4 g)
as a yellow solid. The crude product was used for the next step of
the reaction without further purication. Yield: 87%; 1H NMR
(300 MHz, CDCl3): d 8.33 (dd, 4J ¼ 3.3 Hz, 3J ¼ 6.8 Hz, 4H), 7.46
(dd, 4J ¼ 3.3 Hz, 3J ¼ 6.8 Hz, 4H), 3.64 (t, 3J ¼ 6.9 Hz, 4H), 3.60 (t,
3J ¼ 6.5 Hz, 4H), 3.22 (s, 6H), 2.03 (quint, 3J ¼ 6.8 Hz, 4H) ppm
(Fig. S1†).

9,10-Bis(N-(3-bromopropyl)-N-methylamino)anthracene (4).
The reaction apparatus was ame-dried in vacuo before being
charged under an argon atmosphere with a mixture of 3 (3.5 g,
9.0 mmol) and sodium bromide (0.37 g, 3.6 mmol). Subse-
quently, 1-methyl-2-pyrrolidine (50 mL) and 1-bromoethane (13
mL) were deaerated by sparging with argon and added to this
mixture, which was then stirred for 31 h at 65 �C, before more 1-
bromoethane (6.7 mL) was added. The reaction mixture was
stirred for further 16 h at the same temperature. Aer complete
consumption of 3 (monitored by TLC), the reaction mixture was
extracted with ethyl acetate and washed with water and brine.
The combined organic layers were dried over magnesium
sulfate before the solvent was removed in vacuo. The thus ob-
tained residue was puried by column chromatography on
silica gel using chloroform : hexane (1 : 3, v/v) to yield crude 4
(3.5 g) as a yellow solid. Yield: 81%; 1H NMR (300 MHz, CDCl3):
RSC Adv., 2017, 7, 17403–17416 | 17411
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d 8.32 (dd, 4J¼ 3.3 Hz, 3J¼ 6.8 Hz, 4H), 7.46 (dd, 4J¼ 3.3 Hz, 3J¼
6.8 Hz, 4H), 3.63 (t, 3J¼ 6.9 Hz, 4H), 3.45 (t, 3J¼ 6.7 Hz, 4H), 3.21
(s, 6H), 2.11 (quint, 3J ¼ 6.8 Hz, 4H) ppm (Fig. S2†).

9,10-Bis((N-(30-(N00-(300-hydroxyprop-100-yl)-N00-methylamino))
prop-10-yl)-N-methylamino)anthracene (6). A solution of 4
(0.50 g, 1.0 mmol), cesium carbonate (0.85 g, 2.6 mmol), and
potassium iodide (0.17 g, 1.0 mmol) in deaerated acetonitrile
was treated dropwise with 3-(N-methylamino)-1-propanol (5,
0.50 mL, 5.2 mmol). The reaction mixture was heated to reux
for 12 h under an atmosphere of argon. Aer cooling to room
temperature, the reaction mixture was extracted with chloro-
form and the combined organic layers were washed with water
and brine, before being dried over magnesium sulfate. Then, all
volatiles were removed in vacuo. The residue was puried by
column chromatography on silica gel using (i) hexane : -
chloroform (1 : 1, v/v), (ii) ethyl acetate, and (iii) ethyl aceta-
te : methanol (5 : 1, v/v) with 5% triethylamine (v/v) to yield 6
(0.39 g) as a yellow solid. Yield: 76%; mp: 123.6–124.5 �C; 1H
NMR (500 MHz, CDCl3): d 8.34 (dd, 4J ¼ 3.3 Hz, 3J ¼ 6.8 Hz, 4H),
7.44 (dd, 4J¼ 3.3 Hz, 3J¼ 6.8 Hz, 4H), 3.71 (m, 4H), 3.49 (t, 4H, 3J
¼ 7.1 Hz), 3.48 (s, 2H), 3.20 (s, 6H), 2.50 (t, 4H, 3J ¼ 5.8 Hz), 2.40
(t, 4H, 3J ¼ 7.4 Hz), 2.17 (s, 6H), 1.77 (quint, 4H, 3J ¼ 7.1 Hz),
1.63–1.60 (m, 4H) ppm (Fig. S3†); 13C NMR (125 MHz, CDCl3):
d 143.3 (Ar), 131.4 (Ar), 125.6 (Ar), 124.6 (Ar), 64.6, 58.6, 56.2,
55.7, 50.8, 43.2, 41.9, 27.6 ppm (Fig. S4†); FT-IR (KBr): 3150
(OH), 1618 (Ar ring stretch), 1475 (Ar ring stretch), 1385 (Ar-N
stretch), 776 (Ar-H) cm�1. The structure of 6 was also sup-
ported by a NOESY spectrum (Fig. S15–S18†).

Methacrylate-monofunctionalized 9,10-bis((N-(30-(N00-(300-
hydroxyprop-100-yl)-N00-methylamino))prop-10-yl)-N-methylamino)
anthracene (ANTH-monomer). The reaction apparatus was
ame-dried in vacuo before being charged with a solution of 6
(1.1 g, 2.1 mmol) and dry triethylamine (3.0 mL, 21 mmol) in
deaerated and dry chloroform (30 mL). Methacryloyl chloride
(0.23 mL, 2.4 mmol) was added to this solution at 0 �C, and the
mixture was stirred under an argon atmosphere for 10 min
before being allowed to warm to room temperature, where
stirring was continued for 5 h. The reaction mixture was
consecutively washed with aqueous sodium hydroxide (1 M, 100
mL), water, and brine. The combined organic layers were dried
over magnesium sulfate, before all volatiles were removed in
vacuo. The residue was puried by column chromatography on
silica gel using (i) ethyl acetate and (ii) ethyl acetate : methanol
(5 : 1, v/v) with 5% triethylamine (v/v), which afforded crude
ANTH-monomer as a yellow liquid. Further purication was
achieved by high-performance liquid chromatography (HPLC),
which furnished pure ANTH-monomer (0.32 g). Yield: 26%; 1H
NMR (300 MHz, CDCl3): d 8.35 (dd, 4J ¼ 1.7 Hz, 3J ¼ 4.2 Hz, 2H),
8.33 (dd, 4J ¼ 1.7 Hz, 3J ¼ 4.2 Hz, 2H), 7.46–7.40 (m, 4H), 6.06
(dq, 4J ¼ 0.9 Hz, 3J ¼ 1.7 Hz, 1H), 5.51 (dq, 4J ¼ 1.5 Hz, 3J ¼
1.7 Hz, 1H), 4.98 (brs, 1H), 4.12 (t, 3J ¼ 6.5 Hz, 2H), 3.72 (t, 3J ¼
5.3 Hz, 2H), 3.49 (t, 3J ¼ 7.2 Hz, 4H), 3.20 (s, 6H), 2.49 (t, 3J ¼
5.7 Hz, 2H), 2.38 (t, 3J¼ 8.2 Hz, 2H), 2.36 (t, 3J¼ 7.9 Hz, 4H), 2.17
(s, 3H), 2.14 (s, 3H), 1.92 (dd, 4J ¼ 0.9 Hz, 4J ¼ 1.5 Hz, 3H), 1.79–
1.70 (m, 6H), 1.66–1.60 (m, 2H) ppm (Fig. S6†); 13C NMR (75
MHz, CDCl3): d 167.3 (CO), 143.4 (Ar), 143.2 (Ar), 136.5 (C]
CH2), 131.4 (Ar), 131.4 (Ar), 125.6 (Ar), 125.5 (Ar), 125.1 (C]CH2),
17412 | RSC Adv., 2017, 7, 17403–17416
124.6 (Ar), 124.5 (Ar), 64.5, 63.1, 58.4, 56.2, 55.9, 55.8, 55.7, 54.3,
43.1, 43.1, 42.2, 41.9, 27.9, 27.7, 26.6, 18.2 ppm (Fig. S7†); FT-IR
(neat): 2951, 1718 (C]O ester stretch), 1637 (Ar ring stretch),
1392 (Ar-N stretch), 779 (Ar-H) cm�1; HRMS (FAB+) exact mass
calculated for [M + H]+ (C34H51N4O3):m/z¼ 563.3961, found:m/
z ¼ 563.3965.

Methacrylate-difunctionalized 9,10-bis((N-(30-(N00-(300-
hydroxyprop-100-yl)-N00-methylamino))prop-10-yl)-N-methylamino)
anthracene (ANTH-linker). The reaction apparatus was ame-
dried in vacuo before being charged with a solution of 6
(0.50 g, 1.0 mmol) and dry trimethylamine (1.4 mL, 10 mmol) in
deaerated and dry chloroform (30 mL). Under an argon atmo-
sphere, methacryloyl chloride (0.29 mL, 3.0 mmol) was added at
0 �C, and the reaction mixture was stirred at this temperature
for 10 min before being allowed to warm to room temperature,
where stirring was continued for 5 h. Aer the complete
consumption of 6 (monitored by TLC), the reaction mixture was
consecutively washed with aqueous potassium hydroxide (1 M,
100 mL), water, and brine. The combined organic layers were
dried over magnesium sulfate, before the solvent was removed
in vacuo. The residue was puried by column chromatography
on silica gel using ethyl acetate followed by ethyl aceta-
te : methanol (5 : 1, v/v) to afford ANTH-linker (0.48 g) as
a yellow liquid. Yield: 75%; 1H NMR (300 MHz, CDCl3): d 8.34
(dd, 4J ¼ 3.2 Hz, 3J ¼ 6.8 Hz, 4H), 7.43 (dd, 4J ¼ 3.2 Hz, 3J ¼
6.8 Hz, 4H), 6.07 (s, 2H), 5.53 (s, 2H), 4.12 (t, 3J ¼ 6.0 Hz, 4H),
3.49 (t, 3J ¼ 7.1 Hz, 4H), 3.19 (s, 6H), 2.42–2.37 (m, 8H), 2.18 (s,
6H), 1.92 (s, 6H), 1.79–1.75 (m, 8H) ppm (Fig. S8†); 13C NMR (75
MHz, CDCl3): d 167.3 (CO), 143.3 (Ar), 136.3 (C]CH2), 131.3
(Ar), 125.5 (Ar), 125.3 (C]CH2), 124.6 (Ar), 62.9, 55.8, 55.5, 54.1,
43.0, 41.9, 27.5, 26.2, 18.3 ppm (Fig. S9†); FT-IR (neat): 2950,
1717 (C]O ester stretch), 1638 (Ar ring stretch), 1392 (Ar-N
stretch), 779 (Ar-H) cm�1; HRMS (FAB+) exact mass calculated
for [M + H]+ (C38H55N4O4): m/z ¼ 631.4223, found: m/z ¼
631.4210.

1,4-Dibromo-2,3-dimethylnaphthalene (9).38 A stirred solu-
tion of 2,3-dimethylnaphthalene (1.0 g, 6.4 mmol) in chloro-
form (10 mL) at 0 �C was gradually treated with a solution of
bromine (0.69 mL, 13 mmol) in chloroform (6 mL). The reaction
mixture was stirred for 10 min at 0 �C, before being allowed to
warm to room temperature. The reaction mixture was set aside
for 3 h before being quenched by addition of sodium thiosulfate
monohydrate (5.5 g, 19 mmol). The resultant suspension was
extracted with chloroform and the combined organic layers
were washed with water and brine. Then, the organic fraction
was dried over magnesium sulfate and the solvent was removed
in vacuo to yield crude 9 (2.0 g) as a white solid. Yield:$99%; 1H
NMR (300 MHz, CDCl3): d 8.30 (dd, 4J ¼ 3.4 Hz, 3J ¼ 6.3 Hz, 2H),
7.54 (dd, 4J ¼ 3.4 Hz, 3J ¼ 6.3 Hz, 2H), 2.69 (s, 6H) ppm
(Fig. S10†).

5-(tert-Butyldiphenylsiloxy)pentan-1-amine (11). At 0 �C,
a stirred solution of 5-amino-1-pentanol (10; 2.9 g, 28 mmol)
and imidazole (2.8 g, 41 mmol) in dichloromethane (50 mL) was
treated dropwise with tert-butyldiphenylchlorosilane (8.5 mL,
33 mmol). Aer the exothermic stopped, the reaction temper-
ature was allowed to raise to room temperature, where stirring
was continued for 5 h, before the temperature was raised to
This journal is © The Royal Society of Chemistry 2017
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40 �C, were stirring was continued for 1 h. The reaction was
quenched with water and washed with brine. The combined
organic layers were dried over magnesium sulfate and the
solvent was removed in vacuo. The residue was puried by
column chromatography on silica gel consecutively using ethyl
acetate : hexane (1 : 1, v/v) and ethyl acetate : methanol (5 : 1, v/
v) with 5% triethylamine to afford crude 11 (6.8 g) as a colorless
liquid. Yield: 72%; 1H NMR (300 MHz, CDCl3): d 7.66 (dd, 4J ¼
1.9 Hz, 3J¼ 7.4 Hz, 4H), 7.40–7.33 (m, 6H), 4.29 (brs, 2H), 3.65 (t,
3J ¼ 6.3 Hz, 2H), 2.75 (t, 3J ¼ 7.2 Hz, 2H), 1.59–1.49 (m, 4H),
1.41–1.36 (m, 2H), 1.05 (s, 9H) ppm (Fig. S11†).

1,4-Bis(N-(5-(tert-butyldiphenylsiloxy)-pent-1-yl)amino)-2,3-
dimethylnaphthalene (12). A solution of sodium tert-butoxide
(1.5 g, 16 mmol), PEPPSITM-IPr catalyst (0.13 g, 0.19 mmol), 5-
(tert-butyldiphenylsiloxy)pentan-1-amine (11; 2.7 g, 8.0 mmol),
and 1,4-dibromo-2,3-dimethylnaphthalene (9; 1.0 g, 3.2 mmol)
in deaerated and dry 1,4-dioxane (100 mL) was stirred for
15 min under argon at room temperature. The resulting mixture
was heated to reux for 72 h. Aer cooling to room temperature,
the reaction mixture was extracted with ethyl acetate and the
combined organic layers were washed with water and brine.
Then, the organic layer was dried over magnesium sulfate and
the solvent was removed in vacuo. The residue was puried by
column chromatography on silica gel using hexane : ethyl
acetate (10 : 1, v/v) to afford crude 12 (2.1 g) as a pale yellow
liquid. Yield: 80%; 1H NMR (300 MHz, CDCl3): d 8.03 (dd, 4J ¼
3.4 Hz, 3J ¼ 6.4 Hz, 2H, ArH), 7.72–7.66 (m, 8H, ArH), 7.40–7.31
(m, 14H, ArH), 3.69 (t, 3J ¼ 6.2 Hz, 4H, CH2), 3.10 (brs, 2H, NH),
2.98 (t, 3J ¼ 7.0 Hz, 4H, CH2), 2.36 (s, 6H, ArCH3), 1.67–1.61 (m,
8H, CH2), 1.54–1.52 (m, 4H, CH2), 1.06 (s, 18H, C(CH3)3) ppm
(Fig. S12†).

1,4-Bis(N-(5-(tert-butyldiphenylsiloxy)-pent-1-yl)-N-methyl-
amino)-2,3-dimethylnaphthalene (13). A solution of 12 (0.96 g,
1.2 mmol) and sodium carbonate (0.31 g, 2.9 mmol) in dea-
erated acetonitrile (30 mL) was treated at room temperature
with methyl iodide (0.22 mL, 3.5 mmol). The reaction mixture
was warmed to 60 �C and stirred for 12 h under argon. Then,
more methyl iodide (0.22 mL, 3.5 mmol) was added and the
reaction mixture was stirred for 4 h at the same temperature.
Aer the complete consumption of 12 (monitored by TLC), the
reaction mixture was extracted with ethyl acetate and the
combined organic layers were washed with water and brine.
Then, the organic layer was dried over magnesium sulfate and
the solvent was removed in vacuo. The thus obtained residue
was puried by column chromatography on silica gel using
hexane : ethyl acetate (20 : 1, v/v) to afford crude 13 (0.84 g) as
a colorless liquid. Crude 13 was used in the next reaction step
without further purication. Yield: 85%; 1H NMR (300 MHz,
CDCl3): d 8.13 (dd, 4J ¼ 3.3 Hz, 3J ¼ 6.1 Hz, 2H), 7.66 (dd, 4J ¼
2.0 Hz, 3J ¼ 7.6 Hz, 8H), 7.37–7.31 (m, 14H), 3.64 (t, 3J ¼ 6.4 Hz,
4H), 3.18–3.13 (m, 4H), 2.93 (s, 6H), 2.32 (s, 6H), 1.58–1.53 (m,
8H), 1.42–1.38 (m, 4H), 1.04 (s, 18H) ppm (Fig. S13†).

1,4-Bis(N-(hydroxypent-5-yl)-N-methylamino)-2,3-dimethyl-
naphthalene (14). A solution of TBDPS-protected alcohol 13
(1.4 g, 1.6 mmol) in dry THF (30 mL) was treated with a THF
solution of tetrabutylammonium uoride (6.4 mL, 1 M, 6.4
mmol). The reaction mixture was stirred for 21 h under argon at
This journal is © The Royal Society of Chemistry 2017
room temperature. Aer the complete consumption of 13
(monitored by TLC), the reaction mixture was extracted with
ethyl acetate and the combined organic layers were washed with
water and brine. Then, the organic layer was dried over
magnesium sulfate and the solvent was removed in vacuo. The
residue was puried by column chromatography on silica gel
using hexane : ethyl acetate (1 : 1, v/v) to afford crude 14 (0.59 g)
as a colorless liquid. For further purication, column chroma-
tography on silica gel was repeated. Yield: 95%; 1H NMR (500
MHz, CDCl3): d 8.13 and 8.13 (dd, 4J ¼ 3.3 Hz, 3J ¼ 6.4 Hz, 2H,
ArH of different rotamers), 7.37 (dd, 4J¼ 3.3 Hz, 3J¼ 6.4 Hz, 2H,
ArH), 3.59 and 3.56 (t, 3J ¼ 6.6 Hz, 4H, CH2 of different rotam-
ers), 3.18 and 3.17 (t, 3J¼ 6.9 Hz, 4H, CH2 of different rotamers),
2.95 and 2.94 (s, 6H, NCH3 of different rotamers), 2.33 and 2.33
(s, 6H, ArCH3 of different rotamers), 1.66 (brs, 2H, OH), 1.59–
1.49 (m, 8H, CH2), 1.39–1.33 (m, 4H, CH2) ppm (Fig. S14†); 13C
NMR (125 MHz, CDCl3): d 143.8 and 143.7 (Ar of different
rotamers), 135.0 and 134.9 (Ar of different rotamers), 132.4 (Ar),
124.8 (Ar), 124.2 (Ar), 62.8 and 62.7 (CH2 of different rotamers),
56.7 and 56.6 (CH2 of different rotamers), 41.6 and 41.5 (NCH3

of different rotamers), 32.6 and 32.5 (CH2 of different rotamers),
29.4 and 29.4 (CH2 of different rotamers), 23.4 and 23.3 (CH2 of
different rotamers), 16.2 and 16.2 (ArCH3 of different
rotamers) ppm (Fig. S15†); HRMS (FAB+) exact mass calculated
for [M]+ (C24H38N2O2): m/z ¼ 386.2933, found: m/z ¼ 386.2937.
These 1H and 13C NMR signals were assigned on the basis of
DEPT-135, 1H–1H COSY, 1H–13C HSQC, and NOESY spectra
(Fig. S5†).

Methacrylate-monofunctionalized 1,4-bis(N-(hydroxypent-5-
yl)-N-methylamino)-2,3-dimethylnaphthalene (NAPH-mono-
mer). The reaction apparatus was ame-dried in vacuo before
a stirred solution of 14 (0.50 g, 1.3 mmol) and dry triethylamine
(1.8 mL, 13 mmol) in deaerated and dry chloroform (18 mL) was
treated at 0 �C with methacryloyl chloride (0.14 mL, 1.4 mmol).
Under an argon atmosphere, the reaction mixture was stirred at
this temperature for 10 min, before being allowed to warm to
room temperature, where stirring was continued for 3 h. Aer
the complete consumption of 14 (monitored by TLC), the
reaction mixture was washed consecutively with aqueous
potassium hydroxide (1 M, 100 mL), water, and brine. The
combined organic layers were dried over magnesium sulfate
before the solvent was removed in vacuo. The residue was
puried by column chromatography on silica gel using ethyl
acetate : hexane (1 : 1, v/v) to afford NAPH-monomer (0.25 g) as
a colorless liquid. The NAPH-monomer was thoroughly puried
by column chromatography on silica gel using chloroform as
the eluent immediately prior to any photophysical measure-
ments and polymerization reactions. Yield: 43%; 1H NMR (500
MHz, CDCl3): d 8.13 and 8.12 (dd, 4J ¼ 3.3 Hz, 3J ¼ 6.5 Hz, 2H,
ArH of different rotamers), 7.37 (dd, 4J¼ 3.3 Hz, 3J¼ 6.5 Hz, 2H,
ArH), 6.06 (s, 1H, C]CH2), 5.52 (s, 1H, C]CH2), 4.11 and 4.10
(t, 3J ¼ 6.5 Hz, 2H, CH2 of different rotamers), 3.57 (t, 3J ¼
6.5 Hz, 2H, CH2), 3.22–3.15 (m, 4H, CH2 of different rotamers),
2.94 and 2.93 (s, 6H, NCH3 of different rotamers), 2.33 and 2.33
(s, 6H, ArCH3 of different rotamers), 1.91 (s, 3H, COC(CH3)),
1.66–1.49 (m, 8H, CH2 of different rotamers), 1.41–1.34 (m, 4H,
CH2 of different rotamers) ppm (Fig. S19†); 13C NMR (125 MHz,
RSC Adv., 2017, 7, 17403–17416 | 17413
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CDCl3): d 167.5 (CO), 143.9 and 143.9 (Ar of different rotamers),
143.8 (Ar), 143.8 (Ar), 136.4 (C]CH2), 135.0 and 135.0 (Ar of
different isomers), 135.0 (Ar), 132.4 (Ar), 132.4 and 132.4 (Ar of
different rotamers), 125.2 (C]CH2), 124.8 (Ar), 124.7 (Ar), 124.2
and 124.2 (Ar of different rotamers), 64.8, 62.8, 56.7, 56.6, 41.5,
41.5, 32.6, 29.5, 29.4, 28.5, 23.8, 23.4, 18.3, 16.3, 16.2 ppm
(Fig. S20†); FT-IR (neat): 2933, 1718 (C]O ester stretch), 1637
(Ar ring stretch), 1577, 1387 (Ar-N stretch), 756 (Ar-H) cm�1;
HRMS (FAB+) exact mass calculated for [M]+ (C28H42N2O3): m/z
¼ 454.3195, found: m/z ¼ 454.3195.

Methacrylate-difunctionalized 1,4-bis(N-(hydroxypent-5-yl)-
N-methylamino)-2,3-dimethylnaphthalene (NAPH-linker). The
reaction apparatus was ame-dried in vacuo before a stirred
solution of 14 (0.31 g, 0.81 mmol) and dry triethylamine (1.1
mL, 7.8 mmol) in deaerated and dry chloroform (11 mL) was
treated at 0 �C with methacryloyl chloride (0.24 mL, 2.4 mmol).
Under an argon atmosphere, the reaction mixture was stirred at
this temperature for 10 min, before being allowed to warm to
room temperature, where stirring was continued for 3 h. Aer
complete consumption of 14 (monitored by TLC), the reaction
mixture was consecutively washed with aqueous potassium
hydroxide (1 M, 100 mL), water, and brine. The combined
organic layers were dried over magnesium sulfate before the
solvent was removed in vacuo. The thus obtained residue was
puried by column chromatography on silica gel using ethyl
acetate : hexane (1 : 4, v/v) to afford NAPH-linker (0.42 g) as
a colorless liquid. Immediately prior to any photophysical
measurements and polymerization reactions, the NAPH-linker
was thoroughly puried by column chromatography on silica
gel using chloroform as the eluent. Yield: 99%; 1H NMR (300
MHz, CDCl3): d 8.12 (dd, 4J ¼ 3.3 Hz, 3J ¼ 6.5 Hz, 2H, ArH), 7.37
(dd, 4J¼ 3.3 Hz, 3J¼ 6.5 Hz, 2H, ArH), 6.06 (s, 2H, C]CH2), 5.51
(s, 2H, C]CH2), 4.11 (t,

3J¼ 6.6 Hz, 4H, CH2), 3.20 and 3.18 (two
triplets from different isomers, 3J ¼ 7.0 Hz, 4H, CH2), 2.94 (s,
6H, NCH3), 2.33 (s, 6H, ArCH3), 1.92 (s, 6H, COC(CH3)), 1.66
(quint, 3J ¼ 6.9 Hz, 4H, CH2), 1.59 (quint, 3J ¼ 7.3 Hz, 4H, CH2),
1.45–1.36 (m, 4H, CH2) ppm (Fig. S21†); 13C NMR (75 MHz,
CDCl3): d 167.3 (CO), 144.7 (Ar), 137.5 (C]CH2), 135.7 and 135.7
(Ar from different isomers), 133.3 (Ar), 125.5 (C]CH2), 125.3
(Ar), 125.1 (Ar), 65.1, 57.4, 41.8, 30.6, 30.2, 24.5, 18.4, 16.5 and
16.4 (from different isomers) ppm (Fig. S22†); FT-IR (neat):
2936, 1717 (C]O ester stretch), 1638 (Ar ring stretch), 1387 (Ar-
N stretch), 757 (Ar-H) cm�1; HRMS (FAB+) exact mass calculated
for [M]+ (C32H46N2O4): m/z ¼ 522.3458, found: m/z ¼ 522.3460.
Representative co-polymerization procedure

A 10 mL Schlenk tube with a stopcock in the sidearm was ame-
dried in vacuo before being charged with N-isopropyl acryl-
amide (NIPAM) (1.13 g, 10.0 mmol), a solution of NAPH-
monomer (5.0 � 10�2 M, 3.6 mL for a monomer feed ratio x : y
¼ 56 : 1, 2.4 mL for x : y ¼ 83 : 1, and 1.2 mL for x : y ¼ 167 : 1),
and 2,20-azobisisobutyronitrile (AIBN, 16 mg, 0.10 mmol). Then,
dry, deaerated THF was added under an argon atmosphere to
reach a total volume of 5 mL for the reaction mixture. Subse-
quently, the reaction mixture was subjected to thorough argon
sparging until the total volume of the reaction mixture
17414 | RSC Adv., 2017, 7, 17403–17416
decreased to 4 mL. The reaction mixture was kept for 20 h at
55 �C, before being transferred into diethyl ether at 0 �C. The
thus obtained precipitate was collected by ltration and dis-
solved again in THF. This reprecipitation procedure was
repeated three times to afford [ANTH-polymer]x and [NAPH-
polymer]x as yellow and colorless solids, respectively. Yields for
[ANTH-polymer]x: 75% (0.85 g) for x : y¼ 56 : 1, 61% (0.69 g) for
x : y ¼ 83 : 1, 84% (0.95 g) for x : y ¼ 167 : 1; yields for [NAPH-
polymer]x: 91% (1.0 g) for x : y ¼ 56 : 1, 96% (1.1 g) for x : y ¼
83 : 1, 95% (1.1 g) for x : y ¼ 167 : 1; 1H NMR (500 MHz, CDCl3):
d 6.80–6.20 (br, 1H, CONH), 4.00 (m, 1H, CH(CH3)2), 2.14 (m,
1H, CHCH2), 1.86–1.35 (m, 2H, CHCH2), 1.14 (m, 6H,
CH(CH3)2) ppm.41 For a detailed assignment, see Fig. S23 and
S24.†
Representative procedure for the preparation of gels

A 10 mL Schlenk tube with a stopcock in the sidearm was ame-
dried in vacuo before N-isopropyl acrylamide (NIPAM, 1.13 g,
10.0 mmol), a THF solution of ANTH-linker (5.0 � 10�2 M, 3.6
mL for a monomer feed ratio x : y ¼ 56 : 1, 2.4 mL for x : y ¼
83 : 1, 1.2 mL for x : y ¼ 167 : 1), and 2,20-azobisisobutyronitrile
(AIBN, 16 mg, 0.10 mmol) were added. Dry, deaerated THF was
added under an argon atmosphere to reach a total volume of 5
mL for the reaction mixture. Then, the reaction mixture was
subjected to thorough argon sparging until the total volume of
the reaction mixture decreased to 4 mL. The reaction mixture
was kept at 55 �C for 20 h, before being transferred to THF (150
mL) in order to conrm the formation of a gel. The thus
prepared PNIPAM gel was puried by Soxhlet extraction using
THF as eluents to afford yellow ([ANTH-gel]x) or colorless
([NAPH-gel]x) gels.
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