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ABSTRACT: Amphiphilic polymers with hydrophilic poly(N-
isopropylacylamide) (PNIPAM) shell connecting hydrophobic
tetraphenylthiophene (TP) core, which has the novel aggregation-
induced emission (AIE) property, by ionic bonds were prepared
to explore the AIE-operative emission responses toward critical
micelle concentration (CMC) and lower critical solution
temperature (LCST). To exercise the idea, ammonium-function-
alized TP2NH,* and sulfonate-terminated PNIPAM were
separately prepared and mixed in different molar ratios to yield
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three amphiphilic TP-PNIPAMn complexes for the evaluations of CMC and LCST by fluorescence responses. The nonemissive
dilute aqueous solutions of TP-PNIPAMn became fluorescent when increasing concentrations above CMC. Heating micelles
solution to temperatures above LCST's causes further enhancement on the emission intensity. The fluorescence responses are
explained by the extent of aggregation in the micelles and in the globules formed at room temperature and at high temperatures,

respectively.

1. INTRODUCTION

Polymer micelles' responsive to external stimuli have received
considerable research interest due to their potential applications
on drug delivery” and catalysis.” Among them, amphiphilic
block copolymer is one attractive system and much effort” has
been directed toward engineering “smart” micelle from the
hydrophilic/hydrophobic polymers featuring multiple-stimuli.
In water, the amphiphilic block copolymers are aggregated to
form different molecular assemblies by the repelling and
coordinating action between the hydrophilic and hydrophobic
parts to the surrounding environment. At low concentrations,
copolymers in aqueous solutions exist as individual molecules;
their self-assembly starts when copolymer concentration
reaches the specific value of critical micelle concentration
(CMC). Previous study on the amphiphilic poly(ethylene
glycol)-b-poly(L-lactide) (PEG-PLLA),® polystyrene-b-poly-
(ethylene oxide),® and polycarbonate-b-poly(N-isopropyacryla-
mide) (PC-PNIPAM)’ has suggested that CMC depends
strongly on the chemical nature and the ratio between the
hydrophilic and the hydrophobic blocks. With the higher
PLLA/PEG ratio, the corresponding PEG-PLLA® tends to form
micelles with a lower CMC.

In addition to CMC, the thermally induced conformational
change of PNIPAM also stimulated much research interest.* '
Under semidilute conditions, PNIPAM in water forms a clear
solution that rapidly clears, becomes cloudy upon heating to
temperatures above 32 °C, the lower critical solution
temperature (LCST). A possible model relating to the
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corresponding coil-to-globule collapse of PNIPAM in
water'*™'® has been proposed and the temperature-driven
single-chain conformational transformation and the subsequent
macroscopic phase separation reflect rather subtle changes in
polymer/water hydrogen-bond (H-bond) interactions, primar-
ily the release of water molecules from a polymer hydrophilic
layer into the bulk water. Minor changes in the chemical
composition of PNIPAM were anticipated to have significant
influences on the phase diagram of PNIPAM in water.'®
Conventional organic luminogens enjoy the high fluores-
cence in the dilute solutions but suffer from the detrimental
aggregation-caused quenching (ACQ) in the concentrated
solution and solid states. When dispersed in liquid media or
fabricated into solid film, the fluorescence of conventional
luminogens is often weakened or even quenched, which greatly
limits their real-world application. In 2001, Tang’s group
discovered that one particular silole molecule (1-methyl-
1,2,3,4,5-pentaphenylsilole) emits strongly in the concentrated
solution or the solid state even though it is nonemissive in the
dilute solution.'” This interesting phenomenon was designated
as “aggregation-induced emission” (AIE) later on to emphasize
the phenomenon that the originally nonemissive solution of
silole can be tuned to emit strongly when the corresponding
aggregates formed after introduction of the water nonsolvent.
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Scheme 1. Chemical Structures of Covalently-Bonded TP Polymers of Pm and Mixings of TP2NH;" with SECPS and SBES To
Prepare Ionic Complexes of TP-PNIPAMn and TP-SBES, Respectively
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The AIE effect is rationalized as a result of restricted
intramolecular rotation (RIR) of the phenyl peripheries'®™>!
against the central silole core in the aggregate state. It was
rationalized that the nonradiative channel via the vibrational/
torsional energy relaxation processes can be blocked in the
aggregate state, leading to the enhanced radiative recombina-
tion of the excited state. Since the first discovery of the silole
system, several organic and polymeric materials** ™" with AIE
or AIE enhancement (AIEE) properties have been prepared
and well characterized.

Luminescence spectroscopy is a useful techni%ue in the
investigations of the thermal response of PNIPAM'*™"* due to
the distinguished sensitivity. Generally, labeling with trace
amounts of fluorescent materials allows major examination of
the trasnsformations between intra- and intermolecular
interactions. In this way, PNIPAM copolymers with an AIE-
active tetraphenylthiophene (TP) center’® (Pm, Scheme 1)
were previously synthesized in our laboratory to approach
LCST with AIE-related fluorescence. In water medium, micelles
from the TP-derived PNIPAM emit strongly due to the
aggregated TP core but at temperatures above LCST the
collapse of micelles results in the dissociated TP core and
isolation of TP luminogens by the retracted PNIPAM chains
causes the emission quenching; therefore, a fluorescence
responsive system based on the switch of intra- to
intermolecular interactions was created.
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Instead of the covalent bond used in Pm, ionic TP-PNIPAM
(Scheme 1) was also developed in our lab and was found to
form core—shell micelles’” in water. By adjusting the
complexation ratio between the TP-derived ammonium
dication (TP2NH,") and the sulfonate-terminated anion
(PNIPAM-SO;~), the resultant ionic complexes of TP-
PNIPAMn self-assemble into micelles with the ionic
ammonium sulfonate (—NH;""O;S—) bonds as the inter-
connecting units between the TP core and the PNIPAM shell
layers. Under the operations of acid, base, and metal ions,”” the
ionic ammonium sulfonate bonds can be ruptured to result in
the collapse of micelles and the concurrent dissociation of the
aggregated TP core results in the observed emission reduction;
therefore, the ionic TP-PNIPAM complexes serve as
fluorogenic sensor capable of responding to acid, base, and
metal ions.

Analogous to the amphiphilic PC-PNIPAM’ block copoly-
mer, the ionic TP-PNIPAM~# (n = 1, 2, and 3 with varied x/y (=
molar ratio between TP2NH;" and PNIPAM chain))
complexes also have a similar hydrophobic/hydrophilic
chemical architecture. However, the non-site-specific inter-
actions involved in between the charged aromatic TP2NH;"
cation and the charged sulfonate counteranions are similar to
the long-range electrostatic interactions involved in lots of
aromatic dye/nonaromatic polyelectrolyte®* ** (PEL) systems.
Study on one specific example of TP-NH;"/poly(vinyl
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Scheme 2. Schematic Illustrations for Self-Assembled Micelles Structure of TP-PNIPAM~#n above Critical Micelles Concentration
(CMC) and the Subsequent Global Micelles Aggregation at Temperatures above LCST
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sulfonate)** (PVS) developed in our lab indicated that the ATE-
active TP-NH;* luminogens self-assemble into emissive
aggregates stabilized by the long-range electrostatic forces
from the phase-separated PVS counteranions. The non-site-
specific long-range interactions stabilize the aggregated TP-
NH,"* phase; likewise, we expect the same type of stabilization
forces in the present TP-PNIPAMn system.

By adjusting the amounts of TP2NH;" and PNIPAM-SO;7,
three TP-PNIPAMn complexes with varied hydrophobic to
hydrophilic x/y ratios were prepared in our lab in order to
study the interrelationship of AIE-operative luminescence to
CMC and LCST: as illustrated in Scheme 2, in water, the TP-
PNIPAM~n chains below CMC are separated and dispersed by
the water molecules and in this case, the fluorescent TP-NH;*
units are supposed to emit weakly (or nonemissive) due to the
inoperative AIE property. However, at concentrations above
CMC, micelles with core—shell morphology form and the
aggregated TP core inside the micelles is expected to emit
intensely because of the AIE effect exerted by the aggregated
luminogens. The fluorescence response toward concentration
of the aqueous TP-PNIPAM solution therefore can be utilized
to locate CMC. At temperatures above LCST, coil-to-globule
collapse of PNIPAM occurs and the temperature-driven single-
chain conformational transformation and the concurrent
macroscopic phase separation reflect rather subtle changes in
polymer/water hydrogen-bonded interactions. In addition, the
lone-range electrostatic forces involved in the present system
should play a role on the integrity and the stability of the phase-
separated TP2NH;" domains inside the globular structure. The
AlE-operative emission response across LCST will in turn
reflect the possible morphological change at high temperatures.
Control on the hydrophobic to hydrophilic ratio (x/y) will give
micelles of different CMCs and LCSTs. The interrelationship
between AIE-operative luminescence, CMC, and aggregated
core morphology above LCST is the focus of this study.

2. EXPERIMENTAL SECTION

Preparation of TP-PNIPAMn Complexes. Different amounts of
TP2NH,;CI*” compounds were dissolved in 5 mL of THF and added
to a solution of SECPS*” (7.2 g 2.04 mmol) in THF (S mL). The
precipitates after addition were then filtered and dried under vacuum
to obtain the desired products of TP-PNIPAM#n (cf. Table 1 for the
detailed composition). TP-PNIPAM1 (x/y = 1/2): T, = 144 °C; TP-
PNIPAM2 (x/y = 1/1.51): T, = 141 °C; TP-PNIPAM3 (x/y = 1/1):
T, = 137 °C; selected spectral data for TP-PNIPAM1: IR (KBr pellet,
cm™!) 3440, 3298, 3071, 2971, 2933, 2874, 1651, 1541, 1460, 1388,
1358, 1258, 1171, 1127, 1115; "H NMR (500 MHz, CDCl,) 6 6.95—
7.24 (m, 18H, aromatic Hs), 6.11—6.87 (broad, 2H, NHCO), 5.29 (s,
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Table 1. Molecular Weights of SECPS and TP-PNIPAMn
Evaluated from MALDI-TOF Mass, '"H NMR Spectra, and
UV—Vis Spectra

from MALDI-TOF x/y?
from from from
'H uv-— feed
sample M My® PDI* x/y* NMR vis ratio
SECPS 3000 3500 1.19
TP- 7200 7500 1.04 0.5 0.5 0.5 0.49
PNIPAM1
TP- 5200 5700 1.08 0.67 0.68 0.68 0.66
PNIPAM2
TP- 3600 3900 1.08 1.01 1.03 1.04 1.00
PNIPAM3
“M, = number average molecular weight, M, = weight-average

molecular weight, PDI = polydispersity. bx/y = the molar ratio
between TP2NH;" fluorophore and PNIPAM chain; evaluated from
'"H NMR, MALDI-TOF, and UV—vis spectra and from the applied

recipes in the experimental preparative step.

6H, Hy), 4.01 (broad, 1H, CH(CH,),), 3.75 (t, 2H, H)), 3.49 (t, 2H,
H,), 1.4-2.2 (broad, 3H, backbone Hs), 1.18 (broad, 6H, CH(CHj),)
(Figure 1).

Instrumentation. UV—vis absorption spectra were recorded with
an Ocean Optics DT 1000 CE 376 spectrophotometer. FL spectra
were obtained from a LabGuide X350 fluorescence spectrophotom-
eter, using a 450W Xe lamp as the continuous light source. Quantum
efficiencies (®;) of solid samples were measured in an integrating
sphere made by Ocean Optics. For liquid solutions, values of ®gs were
obtained by using quinine sulfate as reference standard (10~ M in 0.1
N H,SO,). '"H NMR spectra were recorded with a VarianVXR-500
MHz FT-NMR instrument. Tetramethylsilane was used as internal
standard. FT-IR spectra were obtained on a Bruker Tensor 27. Particle
sizes of TP-PNIPAMs in ethanol/acetone mixtures were measured by
dynamic light scattering (DLS), using a Brookhaven 90 plus
spectrometer equipped with a temperature controller. An argon ion
laser operating at 658 nm was used as the light source. A mass
spectrum was obtained by using a Bruker Daltonics Autoflex III
MALDI-TOF mass spectrometer. The glass transition temperature
(Tg) of the polymer were determined from a TA Q-20 differential
scanning calorimeter (DSC) with a scan rate of 20 deg/min under
nitrogen. TEM was obtained from a JEM-2100 electron microscope
with LaBg as the light source.

3. RESULTS AND DISCUSSION

Primary Characterizations on TP-PNIPAMn Com-
plexes. According to Scheme 1, three TP-PNIPAMn
complexes with varied hydrophobic TP to hydrophilic
PNIPAM ratios were prepared by mixing different amounts
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Figure 1. '"H NMR spectra of TP-PNIPAM1, TP-PNIPAM2, and TP-
PNIPAM3 (CD,CL,).

of TP2NH," with SECP polymer in the preparative solution
state. According to the MALDI-TOF mass spectra (Figure S1),
the key precursor SECPS*” prepared in our lab has a degree of
polymerization (DP) of 28, which is slightly lower than that
(=31) calculated from the 'H NMR spectrum. With the
terminal sulfonate anion, SECP readily reacts with the two
ammonium groups in TP2NH;'; after reaction, the number of
hydrophobic TP2NH;" incorporated per each hydrophilic
PNIPAM chain (as the hydrophobic to hydrophilic ratio
(=x/y)) in the resultant TP-PNIPAMs can be evaluated from
the MALDI-TOF mass, the 'H NMR, and the UV-—vis
absorption spectra. The resultant x/y ratio, the corresponding
number- and weight-average molecular weights (M, and My,),
and polydispersity (PDI) of all polymers and complexes are
summarized in Table 1.

The 'H NMR spectra give primary characterizations on the
hydrophobic to hydrophilic molar ratio of x/y. As shown in
Figure 1, the integration ratio of the aromatic proton (Hj), the
amino —NH proton (H; + H,), and the methylene proton (H;
+ H,) resonances can be used to formulate M, and the x/y
ratio, which are correlated well with the values obtained from
the MALDI-TOF mass spectra. Besides 'H NMR and MALDI-
TOF mass, the UV—vis absorption spectra are also used to
evaluate the x/y ratios.

To serve as external standard of the UV—vis spectra, the TP-
SBES compound (TP2NH,SO;CH,CH,Br, cf. Scheme 1) was
prepared from complexation reaction between TP2NH;" and
NaSO;CH,CH,Br (SBES). The solution absorption peak of
the TP-SBES solution locates at the same position of 344 nm as
that of the TP-PNIPAM solutions, which suggests that the
built-in TP luminogen is indeed the real absorption species
responsible for TP-SBES and the TP-PNIPAMs, too. As
illustrated in Figure 2, the solution absorbance of TP-SBES and
TP-PNIPAMs solutions at 344 nm can be linearly proportional
to their concentration. According to Beer—Lambert law, the
molar absorption coefficient (¢) from the calibration curve of
TP-SBES is 0.2462 L/(mol-cm), which can be further used to
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Figure 2. Calibration curve for dilute solutions of TP-PNIPAM#n and
TP2NH,;SO;CH,CH,Br (TP-SBES) in THF. Absorbance at 344 nm
was recorded and concentrations of TP-SEBS and TP-PNIPAM# are
in the ranges of 0.125 X 107° to 107> M and 1.39 X 107> to 2.78 X
1075 M in THF, respectively. (A: absorbance; &: molar absorption
coefficient; C: concentration; and L: thickness of the sample cell.)

evaluate the corresponding M,, of TP-PNIPAM. As illustrated
in Table 1, the resolved x/y ratios based on the UV—vis
absorption spectra are well correlated with those from the 'H
NMR, the MALDI-TOF spectra, and the feed ratio applied in
the preparative mixing step, which indicates that the complex-
ation reaction between ammonium cation and sulfonate anion
proceeds thoroughly to result in the complete formation of the
ammonium—sulfonate bond. From TP-PNIPAM1 to TP-
PNIPAMS3, the hydrophobic to hydrophilic x/y ratio increases
from 0.5 to 1.

AIE Property of TP-PNIPAM. Characterizations on the AIE
property of the amphiphilic TP-PNIPAM complexes are
conducted in ethanol/acetone solvent/nonsolvent pair. Before-
hand, certain solubility behavior of TP2NH;" should be
clarified. With the two ionic ammonium functions, the highly
aromatic TP2NH;* molecule is still insoluble in hydrophilic
solvents such as methanol and ethanol. Therefore, successful
complexation between TP2NH;" to SECPS can be demon-
strated by the homogeneous dispersion of TP-PNIPAM# in
ethanol. The TEM image (Figure S1, Supporting Information)
of the solid TP-PNIPAMI cast from ethanol solution actually
confirms the formation of micelles particles. DLS analyses
(Figure 3A—C) on the solution mixtures suggest that
nanoparticles with average hydrodynamic diameters (Dys) of
220 to 370 nm (Figure 3D) formed when TP-PNIPAMs were
dispersed in ethanol/acetone of different volume fractions. For
all solutions, addition of acetone nonsolvent results in the
continuous shrinkage of the nanoparticles. Suggestively, the
particles reduce their sizes in order to prevent the included
hydrophobic TP2NH;" from the acetone nonsolvent. With the
highest hydrophobic content, solutions of TP-PNIPAM3
contain particles with the smallest sizes among all solutions
with the same volume fractions. This volume shrinkage changes
the AIE-operative emission behavior as discussed next.

The fundamental features of AIE-operative emission that the
fluorescence emission intensity increases with increasing
nonsolvent acetone content in the solutions are observed in
all three TP-PNIPAMn# solution systems (Figure 4A—C). The
resolved monomer and aggregate emissions at the short- and
long-wavelength regions are well correlated with the emission

dx.doi.org/10.1021/1a303783n | Langmuir 2012, 28, 15725—15735
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Figure 3. Histograms of (A) TP-PNIPAMI, (B) TP-PNIPAM?2, and (C) TP-PNIPAM solutions (10~° M) in ethanol/acetone mixtures of different
acetone composition and (D) the summarized average hydrodynamic diameter (Dj) of all micelles formed by TP-PNIPAMn.
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Figure 4. Fluorescence emission spectra of (A) TP-PNIPAM], (B) TP-PNIPAM2, and (C) TP-PNIPAM3 (10~° M) in ethanol/acetone mixtures of
different volume fractions (4., = 350 nm) and (D) the summarized @y values for all mixture solutions.

quantum yields (®p) summarized in Figure 4D. The TP-
PNIPAMS solutions have the highest emission intensity among
all three systems. As suggested by the DLS results in Figure 3,
the inclusion of acetone nonsolvent causes the shrinkage of the
nanoparticles in the solutions. Molecular rotations of the

spectra®” of the model TP2NH;" solutions. In pure ethanol, all
TP-PNIPAMn solutions already exert appreciable emission
intensity, which is attributed to the aggregated TP luminogens
in the micelle particles. Addition of acetone results in the
emission intensifications as illustrated by the resultant solution
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TP2NH;" luminogens are increasingly restricted in the shrunk
particles under the constraints imposed by the congested
environment. Nanoparticles from TP-PNIPAM3 have the
smallest dimensions among all three (cf. Figure 3), leading to
the effective restrictions on the molecular rotations and the
corresponding enhanced emission due to the blockage of the
nonradiative decay channels.

CMC of TP-PNIPAMn in Water. In water with a
concentration above CMC, the amphiphilic TP-PNIPAM
chains can self-assemble into micelles with core—shell
morphology according to our previous study.”” The aggregated
TP2NH;" luminogens in the core region should exert strong
AIE-operative emission but at concentrations below CMC, the
TP2NH;" species in the dilute solution are isolated from each
other and no emission is expected in this case. Indeed, all TP-
PNIPAMn solutions are nonemissive below CMC and at
concentrations above CMC the resolved emission intensities of
all three TP-PNIPAM# solutions (Figure SA) can be attributed
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1200 |- : —o— TP-PNIPAM2
A —4— TP-PNIPAM3
—v— PNIPAM
S 900 |
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Figure S. (A) Solution emisison spectra of TP-PNIPAMns (6.676 X
10~ M) and PNIPAM (2.779 X 10™* M) in water and (B) the solid
emission spectra of TP-PNIPAMn (4., = 350 nm).

to the inherent TP2NH;" species since pure PNIPAM solution
is virtually nonemissive. In accord with the inherent luminogen
content, the aqueous TP-PNIPAM3 solution emits with the
highest emission intensity among all three.

Fluorescence spectra of solid samples cast from the aqueous
solutions are examined in Figure SB. In the aspect of limited
mobility in the condensed state, the solid samples all exhibit
higher emission intensity than the mother aqueous solutions.

Morphology of the solid film is reminiscent of the mother
solution and in resemblance to the solutions solid TP-
PNIPAM3 also shows the highest emission intensity (Figure
SB) among all three solids. Quantum yields obtained from
integrating sphere support this result with the resolved values of
28%, 31%, and 37% for TP-PNIPAM], -2, and -3, respectively.

The response of the AIE-operative fluorescence behavior
toward the concentration of the aqueous TP-PNIPAM
solutions was used to locate the CMC. Here, the aggregate
emission (at 484 nm) due to the aggregated TP2NH,"
luminogens was used to track the CMC values and the
intensity of the aggregate emission was plotted against the
solution concentration in Figure 6A—C. At low concentrations
below CMC, the detected intensity of aggregate emission is nil
or low but at concentrations above CMC the aggregate
emission increases abruptly. With the highest hydrophobic
content, TP-PNIPAM3 has the lowest CMC (=0.068 mg/mL)
as compared to the respective values of 0.105 and 0.139 mg/
mL resolved for TP-PNIPAM2 and TP-PNIPAMI. The result
is reasonable because the hydrophobic TP units will force the
TP-PNIPAM3 chain to form micelles at the stage earlier than
those of TP-PNIPAM2 and TP-PNIPAMI1 with less hydro-
phobic content. The resolved values can be qualitatively
compared to previous results: the copolymeric system of
poly(N-vinylpyrrolidone)-b-PNIPAM** (PVR-b-PNIPAM)
with ~76 wt % of PNIPAM content has a smaller CMC
value of 0.026 mg/mL, which is conceivable because the long
hydrophobic PVR chains tend to associate with each other
more easily than the present system with a small-mass
hydrophobic core.

Previous work*® on ionic liquid of N-alkyl-N-methylpyrroli-
dinium bromide (CnMPB) showed that the logarithmic CMC
(log CMC) is linearly proportional to the carbon number of the
N-alkyl chain in CnMPB. Instead of the carbon number
employed in CnMPB, the hydrophobic fraction (=x/(x + y))
was used to correlate with log CMC. It can be found in Figure
6D that log CMC decreases linearly with the increase of x/y,
following the empirical Stauff—Klevens rule*’ below:

log CMC = A — B(x/y)

The values of constants A and B evaluated from Figure 6D
are 0.24 and 1.87, respectively. A smaller value of A or a larger
value of B implies that micelle formation is more favorable. In
comparison to the values (A = 1.72 and B = 0.3) obtained from
CnMPB, we may suggest that the polymeric TP-PNIPAMn
system has a higher tendency to form micelles than the small-
mass CnMPB. The long PNIPAM chains of TP-PNIPAMn
tend to self-assemble to each other at an earlier stage than the
small-mass CnMPB. In addition, the aromatic rings of
TP2NH;" are supposed to be more hydrophobic than the
aliphatic chains of CnMPB, which contributes to the observed
lower CMC of TP-PNIPAM~# as compared to CnMPB.

LCST of TP-PNIPAMs. The thermal induced collapse/
aggregation process of the PNIPAM chains across LCST
should affect the molecular aggregation and the corresponding
absorption and emission behaviors of the TP2NH;" lumi-
nogens in TP-PNIPAMn complexes. The UV—vis absorption
and the fluorescence spectra of the aqueous TP-PNIPAMn
solutions at room temperature and at S5 °C (>LCST) are
examined in Figure 7, parts A and B, respectively. At room
temperature, the absorbance of the aqueous TP-PNIPAMn
solutions increases with the increasing luminogen content in
the samples, which is reasonable in considering that the TP
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Figure 7. (A) Absorption and (B) emission (4., = 350 nm) spectra of the aqueous TP-PNIPAM1, TP-PNIPAM?2, and TP-PNIPAMS3 (6.676 X 10~°

M) solutions at room temperature and at 55 °C.

luminogens are the main absorbing species responsible for the
spectra. The absorbances in all spectra resolved at 55 °C are
larger than those at room temperature and most noticeably, the
absorptions actually extended over 500 nm. These long-
wavelength tails are attributed to the Mie scattering by the large
particles formed during the macroscopic aggregation process at
temperatures greater than LCST. The DLS analysis given next
will further verify the presence of large nanoparticles at high
temperatures. For all three TP-PNIAPMn solutions, the
emission intensities resolved at S5 °C (Figure 7B) are
comparatively higher than their respective counterparts at
room temperature. The emission spectra were then deconvo-
luted into monomer and aggregate bands by curve-fitting and
the resultant band areas were integrated to obtain the fractions
of the monomer and aggregate emissions (as fy and f,). The
results summarized in Table 2 indicate that the ratios of f,/fy
at 55 °C are all higher than those at room temperature. In
considering that AIE-oriented emission is related to the extent
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Table 2. The Resolved Fractions of Monomer and Aggregate
Emissions at Room Temperature and at 55 °C

sample fu® (%) £ (%) falfu
TP-PNIPAMI at RT 49.0 S1 1.06
TP-PNIPAM1 at 55 °C 46.2 54.8 1.16
TP-PNIPAM2 at RT 48.6 52.0 1.07
TP-PNIPAM2 at 55 °C 47.0 53.0 1.13
TP-PNIPAM3 at RT 48.0 52.0 1.08
TP-PNIPAM3 at 55 °C 44.2 55.8 1.26

“Area fraction of the monomer emission band. ZArea fraction of the
aggregate emission band.

of aggregation of the fluorescence species, we speculate here
that further aggregations of the TP2NH;" luminogens occur at
high temperatures above LCST. At high temperatures, further
aggregation may generate TP2NH," luminogens with less
molecular mobility than when at room temperature.
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Optical transmittances and average hydrodynamic diameter
(D) of all three aqueous solutions are monitored in the
temperature range of 40—56 °C (Figure 8). Here, transmittance
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Figure 8. Transmittance (blue line, monitored at 680 nm) and
hydrodynamic diameter (orange line) vs temperature for the aqueous
(A) TP-PNIPAMI, (B) TP-PNIPAM2, and (C) TP-PNIPAM3
solutions (3.338 X 1075 M).

was measured at the particular wavelength of 680 nm to avoid
possible interferences from the fluorescent species. For all
sample solutions, transmittance decreases drastically when
heated to temperatures near 44 °C and approaches nil at
temperatures >52 °C. The sudden transmittance fall in the
temperature range of 44—S51 °C indicates that further
aggregations of the originally formed micelles proceeded,
forming large nanoparticles capable of scattering incident light

efficiently to result in solutions with high opaqueness. The
macroscopic aggregation process above LCST can be evidenced
by the corresponding variations of the resolved Dy, values in the
same temperature ranges: the resolved Dys for all sample
solutions are relatively constant and small below 46 °C but
beyond that, the corresponding Dys increase drastically until
the final leveling-off in the range of 170—200 nm at 55 °C. The
high Dy, values detected at >LCST are essentially different from
the small micelle dimensions (<10 nm) at room temperature;
therefore, further aggregation of several originally formed
micelles into large globular particles with Dy, > 170 nm occurs.

The LCSTs detected by transmittance measurement are
48.1, 47.6, and 46.3 °C for TP-PNIPAMI, -2, and -3,
respectively. The introduction of the hydrophobic TP2NH,*
luminogen tends to lower the affinity of the amphiphilic
polymers toward the surrounding water molecules; as a result,
TP-PNIPAM3 complex with the highest TP2NM;" content has
the lowest LCST among all three solutions.

To collect more information about chain conformation of
TP-PNIPAMn and to gain more insight into the thermal
transitions, the 'H NMR spectra are measured in solvents of
different affinities and at different temperatures. When in a
good solvent like CD,Cl,, the '"H NMR spectrum (Figure 9A)
of the selected TP-PNIPAM1 shows the resonance signals of all
aromatic protons (H;) in the TP2NH;" luminogen and in the
PNIPAM chain segments. In contrast, we fail to observe the
aromatic proton signals of the TP2NH;" species when TP-
PNIPAMI was dispersed in D,O (Figure 9B). True dissolution
of TP-PNIPAMI1 in CD,Cl, facilitates the detections of all
proton resonance bands; however, when micelles form, the
hydrophobic luminogens self-assemble into the central core of
the micelles and the molecular motions of the TP2NH;*
species in the congested core are so highly restricted that
their motions can no longer be seen by the '"H NMR. At this
stage, the extended chain segments of the outer PNIAPM shell
are free to rotate and the multiple sharp resonances of the
main-chain (protons H, and H,,) and the side-chain (protons
H,) protons can be clearly viewed.

When heated to temperatures above LCST, dissociations of
hydrogen-bond interactions result in dehydration and con-
traction of the PNIPAM chain segments, during which, mass
aggregations of several collapsed micelles occur to result in the
large, globular nanoparticles with diameters >170 nm (cf.
Figure 8). At 50 °C (Figure 9D), the contracted PNIPAM
chains within the globule have such limited rotation freedom
that the resonances peaks of the main- and the side-chain
protons broaden in shape and are reduced in magnitude, which
are in great contrast to the sharp and large proton resonances
observed at 25 and 37 °C (Figure 9, parts B and C).

Comparison between TP-PNIPAMn and Pm Systems.
In contrast to the ionic TP-PNIPAMn complexes, the
covalently linked TP polymers of Pm>® (cf. Scheme 1) exhibit
the reverse emission quenching at temperatures higher than
LCST. At room temperature, the single TP centers of Pm
associate to each other to form an aggregated core with strong
emission. At high temperatures, the aggregated core was broken
and isolated by the contracted PNIPAM chains, leading to the
disappearance of the AIE-operative emission. For the present
TP-PNIPAMn system, the varied high-temperature fluores-
cence response is attributed to the ionic ammonium sulfonate
bonds in between the PNIPAM and the TP2NH;" layers. At
room temperature, the phase-separated TP2NH,* core is
stabilized by the long-range electrostatic interactions from the
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Figure 9. "H NMR spectra of TP-PNIPAM1 in (A) CD,Cl, at 25 °C and (B—D) in D,O at various temperatures.

sulfonate counterions. The long-range electrostatic interactions
are supposed to be strong and survive at higher temperatures;
therefore, at temperatures higher than LCST, the aggregated
TP2NH;" phase still persists and remains isolated from the
PNIPAM chains. During the collapse/aggregation process, the
contracted PNIPAM chains act to shrink the phase-separated
TP2NH," aggregates, during which molecular rotation of
TP2NH;* was further restricted to result in the emission
intensification. The varied fluorescence responses between Pm
and TP-PNIAMn systems therefore rely on the type of linkages
connecting the luminogen and the PNIPAM chain.

4. CONCLUSIONS

The ionic TP2NH;" luminogen was prepared to complex with
polymeric SECPS to generate three amphiphilic complexes of
TP-PNIPAMn. The solution emission behaviors of TP-
PNIPAMzs in ethanol/acetone solvent/nonsolvent pair suggest
that TP-PNIPAMs are indeed AIE-active materials due to the
built-in TP luminogens.

Dilute solutions of TP-PNIPAM# in water are nonemissive;
however, above CMC, TP-PNIPAM#n chains self-assemble to
form micelles with strong emission due to the AIE effect of the
aggregated TP2NH;" core. The CMC values evaluated from
the distinct emission behavior are 0.139, 0.105, and 0.068 mg/
mL for TP-PNIPAM], -2, and -3, respectively.

At temperatures above LCST, dehydrations and contractions
of PNIPAM chains result in the coil-to-globule transition.
LCSTs evaluated from transmittance and DLS are 48.1, 47.6,
and 46.3 °C for TP-PNIPAM], -2, and -3, respectively. With
the highest hydrophobic TP content, TP-PNIPAM3 forms
large globular structures at a stage earlier than TP-PNIAPM2
and -1. At 55 °C, all aqueous solutions have higher emission
intensities than the intensities measured at room temperature.
At high temperatures, the fluorescent TP2PN;" aggregated
phase is secured by the long-range electrostatic interactions
provided by the sulfonate counterions in PNIPAM. However,
the contracted PNIPAM chains tend to shrink the TP2NH;*
aggregates to result in the emission intensification due to the
enhanced restriction on molecular rotation.
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