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Abstract The fluorescent probe techniques have been widely applied. When the fluorescence probes are selectively located in nano-
structures, the fluorescence properties are highly influenced by the environment. Here, we systematically studied the location-influenced
fluorescence of AlEgens in the microphase-separated structures. The AIEgen tetraphenylethene (TPE) was doped into polystyrene-b-
polyisoprene (PS-5-PI). TPE was selectively located in the PS nanodomains. The TPE fluorenscence was affected by the structural re-
laxation of PS when investigated in a wide range of temperatures, including the glass transiton and secondary transiton. When TPE groups
were selectively located in the PI nanodomains, the fluorenscence was affected by the glass transitons of PI and PS blocks. Amphiphilic
TPE derivative was located at the interface of the assembly. The fluorescence emission was influenced by the main transition and
secondary transiton of PS blocks, as well as the main transition of PI blocks. These results would give new understanding of the inter-

relation between fluorescence probes and the nanostructures.
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INTRODUCTION

Fluorescence imaging techniques have been widely used for
direct observation in polymer systems, especially the multi-
component polymeric systems, such as copolymers, polymer
blends, nanocomposites, efc. Fluorescence-based techniques
have the advantages of fast response, low cost, and high con-
trast, and they are powerful tools to study the phase morpho-
logy in various blends.!'™* The typical blends form domains
with a size of tens of microns, which makes the fluorescence
microscopy a suitable technique for direct observation after
doping AlEgens. Lu and coworkers designed fluorescent
surfactants to image macrodispersion of inorganic fillers in
organic-inorganic composites, which show some advantages
over traditional electron microscope approaches.>71 Peng
and coworkers reported stereogenic amphiphiles with AIE
fluorescence to directly observe the initial step of their self-
assembly processes in selective solvents, with a higher sen-
sitivity compared to the transmittance measurement.¥] In
these works, the fluorescence probes have been carefully
selected so as to be more preferentially located in one phase,
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or at the interfaces.[>?! Thus, the target profiles are isolated
from the background.

There are systems with much smaller domain dimensions.
For example, in the block copolymers (BCP) assembly, mi-
crophase separation structures are formed with feature size
of tens of nanometers, instead of macroscopic phase separa-
tion in the micron scale. When fluorescent probes are intro-
duced, they would not be uniformly dispersed. Instead, the
spatial location fluctuates as a result of the selective solubil-
ity in nanodomains. As the domain dimensions are far below
the resolution limit set by the diffraction of light, direct ob-
servation by traditional fluorescent techniques becomes im-
possible. The selective location of the probes is not noticed
to be a question. The influences of probe location on the fluo-
rescence properties are always neglected. Herein, we resear-
ched a model system to discover the location influences on
the fluorescence properties. We chose a common BCP poly-
styrene-polyisoprene (PS-PI) and fluorescent probes with dif-
ferent structures based on tetraphenylethene (TPE), an excel-
lent fluorescent probe candidate for its features of immunity
to aggregation-caused fluorescence quenching, high fluores-
cence intensity, and easy synthesis.[®712] The fluorescence
properties are tuned by controlling the rotation mode of ben-
zene ring from free rotation to restricted intramolecular rota-
tions (RIR). When doped with TPE, the polymer segment
motions will interfere with the TPE intramolecular motions.
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For example, the rheological behaviors vary abruptly before
and after glass transition. The variations can be monitored by
the fluorescence probe. We used the sample as the model to
detect how the locations of AIEgens could affect the fluores-
cence.

EXPERIMENTAL

General Considerations

Tetraphenylethene (TPE) and TPE derivatives, 1-(hexyloxy)-
4-(1,2,2-triphenylvinyl)-benzene (TPE-OC6) and 2-(4-(1,2,2-
triphenylvinyl)phenoxy)ethanol (TPE-OH), were purchased
from AlEgen Biotech Co., Ltd. and used without any purifi-
cation. Chlorodimethylsilane (Alfa Aesar, 96%), Karstedt ca-
talyst (Alfa Aesar), and triethylamine (Alfa Aesar, 99%)
were used as received. PS homopolymer was polymerized in
our lab by radical polymerization (Mn = 2.6 x 10% PDI =
1.21). PS-PI BCP was synthesized by living anionic poly-
merization (My = 2.2 x 104, PDI = 1.34).

Preparation of AIEgens-doped Polymers

Taking TPE@PS as an example, 1.0 g of PS and 0.01 g of
TPE (0.03 mmol) were dissolved into 10 mL of dichloro-
methane and then thoroughly stirred. The solvent was vola-
tilized in the air at room temperature and kept in a vacuum
oven at 60 °C for 12 h.

Preparation of AIEgen-grafted BCP

As shown in Scheme S1 (in the electronic supplementary in-
formation, ESI), 0.7 g of PS-PI was dissolved in 10 mL of
THF. 20 uL of chlorodimethylsilane (1.85 x 10~* mol) and
catalytic amount of Karstedt catalyst were injected into the
solution. After the reaction mixture was stirred at room tem-
perature, 0.05 mL of triethylamine (3.6 x 10 mol) and
0.145 g of TPE-OH (3.7 x 107* mol) were added. The reac-
tion was allowed to proceed at room temperature for 2 days.
After that, the white powder product was obtained by par-
ticipation in methanol for 3 times. The TPE graft content was
about 0.05% by weight (from the 'H-NMR analysis).

Characterization

"H-NMR measurements were carried out on a Bruker AV-
400 spectrometer. The molecular weight of the polymers was
determined by gel permeation chromatography (Waters 2410
instrument equipped with a Waters 2410 refractive index
detector), with THF as the elution solvent at a flow rate of
1.0 mL/min. Fluorescence spectra were obtained from Nano-
log infrared fluorescence spectrometer. The applied model
was Nanolog FL3-2iHR. The sample films (~0.8 mm) were
put in the holder equipped with a heating stage. The exci-
tation wavelength was 365 nm. The fluorescence spectra
were collected at elevated temperature every 10 °C. Differ-
ential scanning calorimetry was carried out by a Q100 ins-
trument. In the process of recording DSC curves, the tem-
perature rose to 200 °C under nitrogen atmosphere with a
heating rate of 10 °C/min.

RESULTS AND DISCUSSION

Fluorescence of TPE in PS Nanophase
The PS-PI block copolymer was synthesized with PI volume

fraction of 0.48 (Figs. S1 and S2 in ESI). It forms lamellar
structure, which can be seen from the small angle X-ray
scattering pattern (Fig. S3 in ESI). From the DSC curve (Fig.
S4 in ESI), we can see two glass transition temperatures
(Tg). The lower one (about —60 °C) corresponds to the PI
blocks, while the higher one (about 75 °C) is related with the
PS blocks. We doped a small amount of TPE (0.5% by wei-
ght) into the BCP. Fig. 1(a) shows the fluorescence spectra
of TPE@PS-PI at various temperatures. TPE@PS-PI emits
strong blue light (about 460 nm). The fluorescence intensity
decreases with the increase of temperature. The normalized
fluorescence intensity as a function of temperature is plotted
in Fig. 1(b). We can see only one transition at 75 °C cor-
responding to Ty of the PS blocks, and no influence from Ty
of the PI blocks can be seen. The reason is that TPE mo-
lecules are selectively embedded in the PS microphase be-
cause of the similar polarity to PS. The fluorescence emi-
ssion of TPE is mainly affected by the PS blocks. At low
temperature, the intramolecular motions in TPE, including
vibration, rotation, bending, and torsion, are restricted in the
PS matrix. Thus, TPE emits efficiently because the excited
state energy is annihilated through radiation decay. As tem-
perature increases, the intramolecular motions are activated
by the PS segments movement, which consumes the excited
state energy and thus weakens the fluorescence emission.
These results are in accordance with the results obtained by
Tang and coworkers.['3] Although the PI blocks are con-
nected with the PS blocks, T¢ of PI is much lower than that of
PS. When PI undergoes the glass transition, there is little
influence on the PS segments movements.

Besides, we can see wavelength transitions as temperature
increases, as shown in Fig. 1(c). At around 0 °C below 7, of
PS, the emission appears to red-shift. Such emission red-shift
is also observed in the homopolymer PS (Figs. S6—S8 in
ESI). This transition with temperature is attributed to the on-
set of f-relaxation process, which is assigned to the motions
of small segments of the PS chains. Although the diffusion
motions and structural changes of PS become highly restric-
ted at temperatures below Ty, relatively fast relaxation of the
vibration is inspired. TPE molecules adjust themselves to
take twisted conformations before f-relaxation transition.
And after the f-relaxation transition, the system provides
more space for the intramolecular motions, resulting in the
emission red-shift.['] The pB-relaxation process of many
polymers has been studied by dynamic mechanical,[!5-16]
NMR,[17:18] dielectric spectroscopy,[!?] and other techniques.
For the first of time, we used the AIEgens to visualize the
secondary relaxation. The fluorescence technique is a con-
venient, powerful tool for the observation of the secondary
relaxation.

TPE can detect the main transition and the secondary tran-
sition of PS blocks due to the selective location in the PS
nanostructures. However, if the probe molecule is selective-
ly located in the PI phase, the fluorescence differs.

Fluorescence of TPE in PI Nanophase

Considering the poor solubility of TPE in PI, TPE was che-
mically linked to the PI main chains (see Scheme S1 in ESI).
The weight content of TPE is around 0.05% (see Fig. S8 in
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Fig. 1  Fluorescence properties of TPE@PS-PI. (a) Fluorescence

spectra at different temperatures; Plots of (b) relative fluorescence
intensity (/o) and (c) emission wavelength versus temperature,
showing the main transition (7) and secondary transition (7p) of PS
blocks

ESI). By this method, TPE has to be selectively located in the
PI nanostructures rather than the PS phase. Fig. 2(a) shows
the fluorescence spectra at various temperatures. We can see
the fluorescent intensity drops as temperature increases. Fig.
2(b) shows the plots of intensity as a function of temperature.
The fluorescence intensity decreases as the temperature in-
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Fig. 2 Fluorescence properties of PS-PI-TPE. (a) Fluorescence
spectra at different temperatures; Plots of (b) relative fluorescence
intensity (//Io) and (c) emission wavelength versus temperature,
showing the main transition (7%) of both PS and PI blocks

creases, similar to those of TPE@PS-PI. The main difference
is that two dramatic transitions at around —60 and 75 °C are
observed, corresponding to Ty of PI and PS blocks, respec-
tively, in agreement with the value above. Even though TPE
is selectively located in the PI nanodomains, the PS segment
movement actuates the motions of PI segments, and se-
quentially induces the intramolecular motions of TPE. It is

https://doi.org/10.1007/s10118-019-2333-x
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the covalent bond between the two blocks that plays key
roles.”’] From the T, observation, we can see that the PS
main relaxation can actuate the motions of PI segments
above Ty(PS). However, the PS secondary relaxation cannot.
From Fig. 2(c), we can see that the emission wavelength
remains the same over the whole temperature range, different
from the red-shift in the TPE@PS-PI system.

Fluorescence of TPE at the PS/PI Interface

Because TPE locations in the nanostructures of BCP are dif-
ferent, the fluorescence properties are markedly different. In
the doped system, TPE is selectively dissolved in the PS nano-
domains. Both the secondary transition and glass transition
of PS influence the intramolecular motions of TPE, inducing
the fluorescence wavelength transition in the p-relaxation
process of PS and fluorescence intensity transition over glass
transition of PS. In the grafted system, TPE is selectively
located in the PI nanodomains. The intramolecular motions
of TPE are not only activated by the PI segment movements,
but also by the PS segment movements through the connec-
tion between the two blocks. The glass transitions of both PI
and PS influence the intramolecular motions of TPE. On the
intensity-temperature curve, two transitions can be observed.
However, the f-relaxation process of PS has little influence
on the fluorescence, because the influence of local move-
ments cannot be delivered across the interface.

In order to verify the location-influenced fluorescence pro-
perties, we doped the copolymer with an amphiphilic TPE de-
rivative (TPE-C6) with a long alkyl tail (Fig. 3). The phenyl
rings are miscible with the PS nanodomains, while the alkyl
chains are miscible with the PI nanodomains. Thus, the TPE-
C6 probes would be located at the interface layer of the nano-
structure, where TPE-C6 could contact with both PS and PI
chains. Fig. 3(a) shows the fluorescence spectra at various
temperatures. We can see the fluorescent intensity drops as
temperature increases. Fig. 3(b) shows the plots of intensity
as a function of temperature. The fluorescence intensity de-
creases as the temperature increases, similar to those of
TPE@PS-PI. Different from that of TPE@PS-b-PI, two tran-
sitions at around —60 and 75 °C are observed, corresponding
to the 7, of PI and PS blocks, respectively. Meanwhile, as
shown in Fig. 3(c), wavelength transition takes place as tem-
perature increases. At around 0 °C, a dramatic transition is
seen, corresponding to the f-relaxation of PS. From these
results, we can see that the locations of the probes have great
influence on the fluorescence emission.

CONCLUSIONS

In conclusion, the location of AIEgens in the PS-PI assembly
has great influence on the fluorescence properties. When the
probe is selectively located in the higher-7, PS nanodomains,
the fluorescence emission is influenced by both the main
transition and the secondary transition of PS blocks. The
segments movements of PI have little influence on the fluo-
rescence. When the probe is selectively located in the lower-
Ty PI nanodomains, the main transitions of both PS and PI
blocks show influences on the fluorescence intensity. How-
ever, the secondary transition of PS blocks has no influence
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Fig. 3 Fluorescence properties of TPE-Co@PS-PI. (a)

Fluorescence spectra at different temperatures; Plots of (b) relative
fluorescence intensity ({//Io) and (c) emission wavelength versus
temperature, showing the main transition (7g) and the secondary
transition (7p) of PS, as well as the main transition (7g) of PI

on the fluorescence. When the amphiphilic probe is used, it is
located at the interface of the assembly. The fluorescence
emission is influenced by the main transition and the sec-
ondary transition of PS blocks, as well as the main transition
of PI blocks. These results advance the understanding of
the interrelation between fluorescence probes and nanostru-
ctures.
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