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Poly(N-isopropylacrylamide) was labelled using a fluorogen with

an aggregation-induced emission feature by direct polymerization;

the label served as a fluorogenic probe that reveals fine details in the

thermal transitions in the aqueous solution of the polymer; the

working mode was readily tuned between non-monotonic and

monotonic by changing the labelling degree of the polymer.

Luminogenic probes have attracted much interest due to their

ultrahigh sensitivity and superfast response. Thanks to the

enthusiastic effort of scientists working in the area, a large

variety of fluorescence (FL) sensors for the analyses of chemical

species and physical processes have been developed.1 Sensitive

and fast monitoring of temperature change is of great

importance to the development of biosensors, as biological

events are often accompanied with a variation in body

temperature.2 Hyperpyrexia, for example, is a high fever. At

high temperature, biopolymers undergo conformation changes,

leading to protein aggregation (fibrillogenesis) and fatal

implications such as muscle rigidification and brain death.3

Poly(N-isopropylacrylamide) (PNIPAM) is a thermo-

responsive synthetic polymer that undergoes the conformational

transition from hydrated coil to dehydrated globule in water at

a temperature close to that of the human body. The polymer is

thus a nice synthetic model for investigating thermal transitions

in natural polymer systems. A reversible liquid–solid phase

transition occurs in an aqueous mixture of PNIPAM at

around 32 1C, which is defined as its lower critical solution

temperature (LCST).4 The biocompatibility of PNIPAM and

its near-body-temperature LCST have stimulated much work

on the exploration of its utilization in biotechnology,

especially in the development of temperature-responsive drug

delivery systems.5 The investigation of thermal transitions of

PNIPAM is thus of great technological value in its own right.

Fluorophores have been incorporated into PNIPAM

structure for the purpose of studying their thermal transitions

using the FL technique.6–8 Pyrene and rhodamine, for

example, were attached to a copolymer of NIPAM and

N-(acryloxy)succinimide via a polymer reaction.7,8 In the

pyrene system, the ratio of its excimer–monomer emissions

varied with temperature,7 while in the rhodamine system, its

FL changed with temperature due to dehydration of PNIPAM

at high temperatures under acidic conditions.8 In this work, we

explored the possibility of finding a direct way for labelling

PNIPAM and developing an FL thermometer working in a

new mechanism and operating under neutral conditions.

We have recently observed a new phenomenon of aggregation-

induced emission (AIE).9,10 Tetraphenylethene (TPE) is a

typical AIE dye, which is non-emissive when dissolved in

solvents in which it has high solubility but become highly

emissive when aggregated in solvents in which it is poorly

soluble.9 Its AIE effect is rationalized to be caused by

restricted intramolecular rotation (RIR) of its phenyl peripheries

against the central double bond in the aggregate state.10 Water

is a good and poor solvent for PNIPAM below and above its

LCST, respectively. It is envisaged that when a PNIPAM

chain is labelled by a TPE fluorogen, the thermally induced

chain aggregation may alter the emission of the TPE label,

thus enabling it to function as an FL thermometer for

monitoring thermal transitions of PNIPAM in water.

According to the design principle elaborated above, the TPE

fluorogen was functionalized with a vinylidene group using a

copper-catalyzed click reaction (Scheme 1).11 The TPE

derivative was incorporated into the PNIPAM structure by

radical polymerization of the NIPAM monomer in the

presence of 1. Since the LCST of PNIPAM is sensitive to

structural modifications,4 small amounts of 1 (B0.3–1%) were

used in the polymerization reactions, in an effort to minimize

the structural perturbation to the polymer properties.

The resultant polymers (P1) were carefully purified and

characterized (see ESIw for details). Their GPC data indicate

Scheme 1 Preparations of TPE derivative 1 and TPE-labelled

PNIPAM P1. For P1a m : n = 372 : 1; for P1b m : n = 171 : 1; for

P1c m : n = 89 : 1.
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that the incorporation of 1 into the PNIPAM structure has

exerted little effect on the molecular weights and polydispersity

indexes (ESIw, Table S1). In the 1H NMR spectra of P1, the

protons of the aromatic rings resonate at d B7.0–7.8

(ESIw, Fig. S1–S3), confirming that the PNIPAM chain has indeed

been labelled by the TPE fluorogen by the simple procedure of

direct polymerization. Using the calibration curve drawn from

the UV absorption data (ESIw, Fig. S4 and S5), the degrees of

labelling in P1a, P1b and P1c are determined to be 0.27%,

0.58% and 1.12%, respectively (ESIw, Table S1).

The polymer with the lowest degree of labelling (P1a) is non-

emissive when dissolved in THF, a good solvent for both TPE

and PNIPAM (Fig. 1). The FL becomes visible when large

amounts (Z 70%) of water, a poor solvent for TPE, are added

into the THF solution of P1a, indicating that the TPE label

maintains its AIE activity after being incorporated into the

PNIPAM structure. The polymer with the highest degree of

labelling (P1c) shows similar AIE behaviour (ESIw, Fig. S6).
The FL intensity of P1 is increased with increasing extent of

labelling (ESIw, Fig. S7) and concentration of polymer

(ESIw, Fig. S8).w This serves as another proof for the AIE

nature of the TPE label, because the emission of a

‘‘conventional’’ fluorophore is normally weakened, rather than

strengthened, with increasing concentration.

The temperature effect on the FL behaviour of P1a in water

is shown in Fig. 2A. Little change in the emission intensity of

P1a is recorded when its aqueous solution is heated from 14 to

25 1C, while a small bump is observed in the temperature

region of 25 to 29 1C. Above 29 1C, the FL intensity of P1a

swiftly increases with increasing temperature and reaches a

maximum at 34.2 1C. Further heating leads to a continuing

decrease in the FL intensity. When the aqueous mixture of P1a

is cooled from 50 to 18 1C, a largely reversible FL intensity–

temperature curve is obtained, with the big peak and small

bump recorded in the similar temperature regions. When the

polymer concentration is changed from 1 to 0.1 mg mL�1,

the starting point for the FL enhancement is increased

from B25 to B32 1C and the FL maximum is shifted

from B34 to B37 1C (ESIw, Fig. S9). This indicates that the

thermal transitions of the polymer are tunable by such simple

external manipulations4 as changing its solution concentration.

The FL of P1a is temperature dependant but its thermal

response is non-monotonic, which is more informative than

the monotonic pattern afforded by other analytical techniques.4

Dynamic light scattering (DLS) and solution turbidity

measurements, for example, furnish curves that start to

monotonously increase from 28 and 31 1C, respectively

(Fig. 2B). These data imply that the PNIPAM chains start

to aggregate from the specific temperatures but fail to offer

detailed information about the transition processes because of

their lower sensitivity, in comparison to that of the FL

technique.

To collect more information about chain conformation of

P1a and to gain more insight into its thermal transitions, its 1H

NMR spectra are measured in different solvents at various

temperatures. The NMR spectrum taken at room temperature

in DMSO, a good solvent for both PNIPAM and TPE,

contains resonance signals of all the protons, as marked in

Fig. 3A. In water, however, the peaks for the aromatic protons

in the downfield disappear. As water is a polar solvent, the

hydrophobic TPE labels may have been wrapped by the

polymer coils or aggregated into tiny clusters. The wrapping

and aggregation must have been loose, because the P1a

solution is homogeneous and transparent. The loose wrapping

and aggregation partially hamper intramolecular rotation of

the aryl rings of the TPE label, which explains why P1a is

luminescent in water (cf., Fig. 1).

When P1a solution is heated to 25 1C, the PNIPAM chains

start to dehydrate, probably from the isopropyl pendants.4

This partially breaks the water cages surrounding the polymer

coils and promotes the dehydrated chain segments to undergo

a coil–globule transition. The change at this initial stage is too

small to be detected by DLS, UV and NMR analyses. The

volume shrinkage accompanying the coil–globule transition,

although small at this stage, is picked up by the TPE label. The

reduced volume impedes its intramolecular rotation, thus

making it more emissive (cf., Fig. 2A).

In the temperature region of 29 to 34 1C, coil–globule

transition becomes active. At this stage, not just the pendants

and segments but the whole polymer chains dehydrate. The

dehydration results in the formation of compact aggregates, as

evidenced by the decrease in the NMR peak intensities

(Fig. 3D). This greatly activates the RIR process of the TPE

label. The fluorogen thus becomes highly emissive, a

manifestation of its AIE effect.

Further heating of the polymer mixture to above 34 1C may

cause little change in the compactness of the polymer

aggregates because the phase transition has already finished

at the LCST, although the aggregates continue to grow in size.

Indeed, the aggregates become so big at the high temperature

that NMR spectra cannot be taken (Fig. 3E). The TPE labels

buried in the big aggregates can hardly be reached by the UV

excitation beam. Meanwhile the high-temperature heating

activates the molecular motions such as intramolecular

rotation and vibration of the TPE fluorogen. These two effects

collectively make the polymer mixture less emissive, as can be

seen from the continuous decrease in the FL intensity in the

high temperature region (cf., Fig. 2A).

Fig. 1 (A) FL spectra of P1a in water–THF mixtures with different

water contents measured at 17 1C (lex = 322 nm, [P1a] = 1 mg mL�1).

(B) Change of FL maximum of P1a with water content of the

aqueous mixture. (C) Photographs of P1a solutions taken under UV

illumination.
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Surprisingly, the PNIPAM with the higher TPE content,

i.e., P1b, behaves very differently from P1a. Its FL intensity

monotonously decreases with increasing temperature,

although a slope change is recorded at 28 1C (Fig. 4A). The

chain conformation of PNIPAM is known to be extremely

sensitive to its molecular structure: even a subtle change in the

end group introduced by an initiator fragment can cause a big

change.4 The hydrophobic interaction between the TPE labels

in P1b may have enabled the fluorogens to aggregate, even at

room temperature. These nanoclusters may serve as nuclei

to attract hydrophobic backbones of PNIPAM chains to

conglobulate. As a support to this conjecture, the water

solution of P1b is more turbid (Fig. 4B) and more emissive

(Fig. 4A) than that of P1a at room temperature.

Heating a water solution of P1 generally exerts two

antagonistic effects on the TEP label. The thermally induced

conglobulation of the PNIPAM chains suppresses, whereas the

thermally activated molecular motions encourages, the intra-

molecular rotation in the fluorogen. The former and latter

effects strengthen and weaken the emission of the fluorogen,

respectively. Since the TPE labels in P1b have already

aggregated in the water solution at room temperature, heating

would predominantly exert the latter effect on the fluorogen,

leading to the continuous decrease in the FL intensity. The

similar behaviour shown by P1c verifies that it is the ‘‘large’’

amount of the TPE labels in the polymer that has changed the

working mode of the FL thermometer from non-monotonic to

monotonic tone.

In summary, an FL thermometer system working in a novel

AIE mechanism under neutral conditions has been developed

in this work by labelling a PNIPAM chain with TPE fluorogen

(1) through a simple polymerization reaction. The PNIPAM

with a small number of TPE labels (P1a) works as a

non-monotonic probe that reveals delicate details about the

thermal transitions of PNIPAM, which are inaccessible by

other analytical techniques. The working tone is tuned by

simply changing the labelling degree: the polymers labelled

with large amounts of TPE fluorogens (P1b and P1c) work in

a monotonic mode, due to the prevailing effect of the

thermally activated intramolecular rotation over that of the

RIR process in the polymer systems.
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Fig. 4 Effects of temperature on (A) FL intensity (I) at 468 nm and

(B) particle size (d) and solution turbidity of P1 (1 mg mL�1).

lex = 322 nm; I0 = FL intensity at 468 nm at 14 1C. Turbidity data

measured as a function of absorbance (A) at 650 nm.

Fig. 2 Effects of temperature on (A) FL intensity (I) at 468 nm

and (B) particle size (d) and solution turbidity of P1a (1 mg mL�1).

lex = 322 nm; I0 = intensity at 468 nm at 14 1C. Turbidity data

measured as a function of absorbance (A) at 650 nm.

Fig. 3 1H NMR spectra of P1a taken (A) in DMSO-d6 at B23 1C

(room temperature) and (B–E) in D2O at various temperatures. The

labels for the resonance peaks correspond to those given in Scheme 1

and the solvent and water peaks are marked with asterisks.
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