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Dramatic differences in the fluorescence of
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A block copolymer (BCP) and a polymer blend containing small amounts of fluorogenic molecules with
aggregation-induced emission (AIE) characteristics exhibited dramatic differences in the fluorescence
properties. In particular, AlEgens with different polarities were doped in BCP polystyrene-b-polylactide
(PS-b-PLA) and the PS/PLA blend. For the BCP, whether the AlEgens were selectively located in one
phase or not, the intramolecular motions of the phenyl rings in AlEgens were affected by both the PS
and PLA segment motions, due to the covalent bonds between the constitutive blocks. Therefore, the
fluorescence was affected by the segment movements of PS and PLA. In contrast, the AlEgen-doped
polymer blend exhibited location dependent fluorescence. The fluorescence was affected by the
segment movements where the AlEgens were located, because there were no connections between the
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PS and PLA chains. This visualization method will provide new insights into monitoring the chain
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Introduction

Different polymers combined into a single material, either
chemically or physically, lead to a wide range of phase behaviours.
For example, binary homopolymer blends and block copoly-
mers (BCP) exhibit macrophase and microphase separa-
tion, respectively. For blends, the interfacial tension favors
a reduction in the surface area that leads to macroscopic
segregation." BCPs are polymers consisting of two or more
blocks of mutually immiscible segments, chemically connected
end-to-end. They tend to form separated phases, but macro-
scopic phase separation is prevented because of the chemical
connectivity. Instead, a microphase separated structure is
formed.>® The morphologies directly influence the physical
properties and ultimately the applications. For instance, the
macrophase separated structures enable the polymer blends in
the fields like bulk-heterojunction solar cells,* plastics and

“ Laboratory of Bio-Inspired Smart Interfacial Science and Technology of Ministry of
Education, Key Laboratory of Beijing Energy, School of Chemistry and
Environment, Beihang University, Beijing 100191, P. R. China.

E-mail: lcgao@buaa.edu.cn

b Beijing National Laboratory for Molecular Sciences, Key Laboratory of Polymer
Chemistry and Physics of Ministry of Education, College of Chemistry and
Molecular Engineering, Peking University, Beijing, 100871, P. R. China

¢ Key Laboratory of Bio-inspired Materials and Interfacial Science, Technical
Institute of Physics and Chemistry, Chinese Academy of Sciences, Beijing 100190,
P. R. China

+ Electronic supplementary information (ESI) available. See DOI: 10.1039/c7tc04771a

This journal is © The Royal Society of Chemistry 2018

motions of macromolecules with more complex structures.

rubbers.”® And well-defined nanostructures of BCPs have been
extensively studied and applied in the fields like lithography,”®
drug delivery,”'° interface materials,’** energy harvest,'> and
SO on.

Many techniques have been used to detect the morphologies
of the phase separated systems, including TEM, SAXS, etc.
Besides aggregatochromic probes are exploited for monitoring
the conformation transition and morphology visualization.'®™°
The fluorescent probes with aggregation-induced emission (AIE)
characteristics are promising candidates, due to the distinct
light emission behaviors between molecularly-dispersed and
aggregate states.’>* The AlEgens are very sensitive to the
changes in the micro-/nanostructures where they are placed,
and are able to detect the subtle details of the microenviron-
ments. After doping with AlEgens, the polymer segment motions
will interfere with the intramolecular motions of the AlEgens.>
For example, the rheological properties vary abruptly before and
after glass transition. The intramolecular motions of AIEgens
can be tuned from the restriction of intramolecular rotations
(RIR) to free rotation.>®*” The variations can be monitored by the
fluorescent probes.

Herein, we discovered that the AIEgen-doped micro- and
macrophase separated systems exhibited dramatically different
fluorescence properties, corresponding to the essential differ-
ences between the BCPs and the polymer blends.”® In the
segregations formed by the simplest A and B linear BCPs,
the block-block joints are localized at the interfaces, and the
chains are stretched, resulting in the loss of system entropy.
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Thus, the segment movements in the A phase interfere with the
movements in the adjacent B phase through the covalent
bonds. If the fluorescent probes are selectively doped in the
A phase, the transitions of the constitutive A and B blocks in a
separated phase are likely to be monitored. In contrast, for
the segregations formed by the A/B blends, the interfacial
tension tends to be minimized. The polymer motions in the
A phase and the adjacent B phase are relatively independent.
In contrast with the BCP systems, only the transitions of the
polymer phase that is selectively doped with the fluorescent
probes can be monitored.

Experimental
Materials

Tetraphenylethene (TPE) and dicarboxyl tetraphenylethylene
(TPE-2COOH) were synthesized according to the literature.**°
The block copolymer PS-b-PLA (M,, = 21 000-14 000, PDI = 1.09,
Polymer Source Inc.), homopolymer PLA (M, = 60000, Energy
Chemical Inc.), and Tetrakis(4-carboxylphenyl)ethylene (TPE-
4COOH, Alfa chemical, 97%) were used as received. The PS
homopolymer was polymerized in our lab by radical polymer-
ization (M, = 26 000, PDI = 1.21). The NMR results are given in
Fig. S1 and S2 (ESI¥).

Preparation of fluorescent probe-doped polymers. Taking
the TPE@PS-b-LA as an example, 1.0 g of PS-b-PLA and 0.01 g of
TPE (0.03 mmol) were dissolved into 10 mL of dichloromethane
and then thoroughly stirred. The solvent was volatilized in air at
room temperature and kept in a vacuum oven at 60 °C for 12 h.
Other doping systems were prepared with 1% fluorescent
probes by weight.

Fluorescence measurement. Fluorescence spectra were
obtained from a Nanolog 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 excitation wavelength was 365 nm. The fluorescence
spectra were collected at elevated temperature every 10 °C.

Fluorescence microscopy. Fluorescence microscopy experi-
ments were carried out using an OLYMPUS BX51 instrument.
The sample films were made by dropping the solution on the
sheet glass (3 x 3 cm) and then kept in a vacuum oven at 170 °C
for 4 h. The samples were heated from 30 °C to 200 °C. The
excitation wavelength was 365 nm. The images were collected at
elevated temperature every 10 °C. The temperature reached the
target and remained constant for 5 minutes before taking
pictures. The exposure time of the camera was 15.68 seconds.

Thermal analysis. Differential scanning calorimetry was
carried out using a Q100 instrument. In the process of DSC,
the temperature rose to 200 °C under a nitrogen atmosphere
with the heating rate of 10 °C min .

Surface morphologies. The surface morphologies of the BCP
and the polymer blend were carried out using atomic force
microscopy (Dimension Icon). The samples were spin cast
on the silicon wafer, and annealed under vacuum at 170 °C
for 10 h.
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Results and discussion

We chose polystyrene (PS)/polylactic acid (PLA) as the model
system. PS and PLA are chemically immiscible, due to the
contrast in the solubility parameters.®® Tetraphenylethene
(TPE) based fluorescent molecules were doped into the polymer
matrix. The selective location of the AlEgens in one phase is a
key factor. The polarity of the TPE derivatives is tuned by
modifying different numbers of carboxyl groups (Scheme 1).
The probes show increased polarity with the increase of acidic
groups, resulting in the decrease of the R¢ values on a TLC
plate using dichloromethane/n-hexane (1:2) as the developing
solvent. TPE, with no carboxyl group, shows the lowest polarity,
and tends to be selectively dissolved in the PS domains either
in PS-b-PLA or in the PS/PLA blend. Tetracarboxyl substituted
TPE-4COOH, with the highest polarity, tends to selectively dis-
solve in the PLA domains. Dicarboxyl substituted TPE-2COOH,
with moderate polarity, tends to dissolve in both the PS and PLA
domains. The different locations of the fluorescent probes are
expected to reflect the microstructure differences from the BCP
and the polymer blend.

Fig. 1a shows the fluorescence spectra of TPE@PS-b-PLA
at various temperatures. At low temperatures, TPE@PS-b-PLA
emitted strong blue light (485 nm). The fluorescence intensity
decreased with the increase of temperature. The logarithm of
the peak fluorescence intensity was plotted as a function of
temperature (Fig. 1b). We can see that the fluorescence inten-
sity drops drastically with the increase of temperature. At low
temperature, the intramolecular motions of phenyl rings of
TPE, including rotation, vibration, torsion, and bending, were
restricted to some extent. TPE emitted efficiently because the
excited state energy is annihilated through radiation decay. As
the temperature increased, free volume in the PS nanodomains
increased and the movements of PS segments were enhanced.

X° ~oH
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TPE-2COOH PLA
HOOC COOH 0
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HOO COOH
TPE-4COOH PS-b-PLA

Scheme 1 The molecular structures of TPE, TPE-2COOH, TPE-4COOH,
polystyrene (PS), polylactic acid (PLA) and PS-b-PLA. The fluorescent probes
show increased polarity with the increase of acidic groups, resulting in the
decrease of the Rs values on a TLC plate (1: 2 of dichloromethane/n-hexane).
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Fig. 1 (a) Fluorescence spectra of TPE@PS-b-PLA at different tempera-
tures ranging from 40 °C to 200 °C, and (b) the fluorescence intensity as a
function of temperature, indicate three transitions as the temperature
increased. (c) The DSC curve of PS-b-PLA exhibited three transitions,
corresponding to the T of PLA, T of PS, and T, of PLA. The inset shows
the fluorescent microscopy images at different temperatures.

Thus, the intramolecular motions of TPE were activated and more
energy of the excited state was consumed. This led to the weak
fluorescence emission at higher temperatures. More importantly,
three transitions around 56 °C, 97 °C, and 167 °C were corre-
sponded to the T, of PLA, T, of PS, and T, of PLA, respectively. The
transitions were confirmed by the differential scanning calori-
metry (DSC) curve of the PS-b-PLA (Fig. 1c) and the fluorescence
properties of the corresponding homopolymers (Fig. S3-S8, ESIt).
Even though TPE was selectively located in the PS nanodomains,
the PLA segment movement actuated the motions of the PS
segment, and sequentially induced the intramolecular motions
of TPE. It was the covalent bond between the two blocks that
played the key role. The temperature dependent fluorescence
properties of TPE@PS-b-PLA were confirmed by the fluorescence
microscopy results, as shown in Fig. S9 (ESIt).
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On the other hand, TPE was doped into the PS/PLA blend.
Similar to that in the PS-b-PLA system, TPE was selectively
located in the PS domains. Temperature dependent fluores-
cence spectra of TPE@PS/PLA are shown in Fig. 2a. The
fluorescence intensity decreased as the temperature increased.
Meanwhile, the fluorescence microscopy results showed that the
emission decayed with the increase in temperature (Fig. S10,
ESIY). Fig. 2b shows the plots of the peak intensity as a function
of temperature. Different from that of TPE@PS-b-PLA, only one
transition at around 78 °C was observed, corresponding to the T,
of PS. The transitions of PLA, both T, and Ty, were absent on the
plot. The DSC curve of the PS/PLA blend showed the T, of PLA
(50 °C), Ty of PS (78 °C), and Ty, of PLA (175 °C) in Fig. 2c. That is
to say, the movements of PS segments induced the intra-
molecular motions of TPE, while those of the PLA could not.
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Fig. 2 (a) Fluorescence spectra of TPE@QPS/PLA at different temperatures
ranging from 40 °C to 200 °C, and (b) the fluorescence intensity as
a function of temperature, indicate the T4 of PS. (c) The DSC curve of
the PS/PLA blend exhibits three transitions, corresponding to the T, of PLA,
T4 of PS, and T, of PLA. The inset shows the fluorescence microscopy
images at different temperatures.
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The molecular weight of the PS block in BCP was close to that of
the PS homopolymer (Fig. S3 and S4, ESIf) which was one
component in the polymer blend PS/PLA, the increase of the T,
compared to that of the PS homopolymer was related to its
connection with the hard PLA block.*?

The dramatically different fluorescence properties of the
TPE doped BCP and blend systems reflected the microstructure
information. The BCP formed a microphase separated struc-
ture, as shown in Fig. S11 (ESI{). TPE was selectively dissolved
in the PS domains. The intramolecular motions of TPE were not
only activated by the PS segment movements, but were also
influenced by the movements of the PLA in the adjacent
domains, through the connections between the two blocks.
Thus, the TPE fluorescence monitored the segment movements
of the two blocks. However, for the blend, PS and PLA formed
macroscopic separate phases, as shown in Fig. S12 (ESIt). The
correlation between the adjacent phases was weak. Because
most TPE molecules were located in the PS domains, the
intramolecular motions of TPE were interfered by only PS
segment movements rather than PLA.

Compared to the nonpolar TPE, TPE-4COOH with a much
higher polarity can be selectively dissolved in the PLA domains
either in PS-b-PLA or the PS/PLA blend, due to the strong
hydrogen bond interaction. Fig. 3a shows the fluorescence
spectra of TPE-4COOH@PS-b-PLA at various temperatures.
Similar to those of TPE doped systems, at low temperatures,
TPE-4COOH®@PS-b-PLA emitted strong blue light. The fluores-
cence intensity decreased with the increase of temperature.
Also, the fluorescence microscopy results showed the trend
(Fig. S13, ESIY). The logarithm of the maximum fluorescence
intensity was plotted as a function of temperature (Fig. 3b). We
can see three transitions at 56 °C, 96 °C, and 167 °C, corres-
ponding to the T, of PLA, T of PS, and Ty, of PLA, respectively.
The transitions were in accordance to the DSC result in Fig. 3c.
Even though TPE-4COOH was selectively located in the PLA
nanodomains, the PS segment movement actuated the motions
of PLA segments, and sequentially induced the intramolecular
motions of TPE-4COOH.

When TPE-4COOH was doped into the PS/PLA blend, it was
selectively located in the PLA domains. Temperature dependent
fluorescence spectra of TPE-4COOH@PS/PLA are shown in
Fig. 4a. The fluorescence intensity decreased as the tempera-
ture increased. We also performed the fluorescence microscopy
test, which exhibited the same trend (Fig. S14, ESIT). Fig. 4b
shows the plots of maximum intensity as a function of tem-
perature. Different from that of TPE-4COOH@PS-b-PLA, transi-
tions at around 54 °C and 172 °C were observed, corresponding
to the T, and Ty, of PLA. The T, of PS was absent on the plot.
The DSC curve of TPE-4COOH®@PS/PLA showed the T, of PLA
(60 °C), Ty of PS (97 °C), and Ty, of PLA (172 °C) in Fig. 4c. That
is to say, the movements of PLA segments induced the intra-
molecular motions of TPE, while the PS could not.

Either TPE or TPE-4COOH was selectively dissolved in one
phase. They could distinguish PS-b-PLA from PS/PLA directly.
Dicarboxyl substituted TPE-2COOH shows moderate polarity. It
tends to dissolve in the PLA and PS domains, or maybe at the
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Fig. 3 (a) Fluorescence spectra of TPE-4COOH@PS-b-PLA at different
temperatures ranging from 40 °C to 200 °C, and (b) the fluorescence
intensity as a function of temperature, indicate three transitions as the
temperature increases. The inset shows the fluorescence microscopy
images at different temperatures. (c) The DSC curve of TPE-4COOH@
PS-b-PLA exhibits three transitions, corresponding to the T4 of PLA, T4 of
PS, and T, of PLA.

interface of the PS and PLA domains, due to the amphiphilic
character of TPE-2COOH. Fig. 5a shows the fluorescence spectra
of TPE-2COOH@PS-b-PLA at various temperatures. The fluores-
cence intensity decreased with the increase of temperature, as
also confirmed by the fluorescence microscopy results (Fig. S15,
ESIT). Meanwhile, on the plot of the peak fluorescence intensity
as a function of temperature (Fig. 5b), we can also see three
transitions around 58 °C, 97 °C, and 165 °C, corresponding to
the T, of PLA, T, of PS, and Ty, of PLA, respectively. The DSC
curve of TPE-4COOH@PS-b-PLA showed the T, of PLA (60 °C), T,
of PS (98 °C), and Ty, of PLA (165 °C) in Fig. 5c. It was a quite
normal phenomenon, because TPE-2COOH was non-selectively
located in the PLA and PS domains, where the intramolecular
motions of TPE-2COOH can be in situ actuated.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Fluorescence spectra of TPE-4COOH@PS/PLA at different
temperatures ranging from 40 °C to 200 °C, and (b) the fluorescence
intensity as a function of temperature, indicating two transitions as the
temperature increases, corresponding to the Ty and T, of PLA, respectively.
The T, of PS was not detected in this situation. The inset shows the
fluorescence microscopy images at different temperatures. (c) The DSC
curve of TPE-4COOH@PS/PLA exhibits three transitions, corresponding to
the T4 of PLA, Tg of PS, and T, of PLA.

TPE-2COOH was doped into the PS/PLA blend. Temperature
dependent fluorescence spectra of TPE-2COOH®@PS/PLA are
shown in Fig. 6a and b shows the plots of maximum intensity as
a function of temperature, as well as the temperature dependent
fluorescence microscopy experiments (Fig. S16, ESIt). Similar to
that of TPE-2COOH@PS-b-PLA, transitions at around 53 °C and
172 °C were observed, corresponding to the T, and Ty, of PLA, as
well as the T, of PS at 97 °C. The DSC curve of TPE-2COOH®@PS/
PLA showed the T, of PLA (60 °C), T, of PS (98 °C), and T,,, of PLA
(170 °C) in Fig. 6¢. That is to say, the movements of both PLA and
PS segments affected the intramolecular motions of TPE-2COOH.
This was totally different from those of TPE and TPE-4COOH
doped PS/PLA blends.

The fluorescent probes reflected the chain movements
where the probes were located. As shown in Fig. 7, when doped

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) Fluorescence spectra of TPE-2COOH@PS-b-PLA at different
temperatures ranging from 40 °C to 200 °C, and (b) the fluorescence intensity
as a function of temperature, indicate three transitions as the temperature
increases. The inset shows the fluorescence microscopy images at different
temperatures. (c) The DSC curve of TPE-2COOH@PS-b-PLA exhibits three
transitions, corresponding to the T4 of PLA, T of PS, and T, of PLA.

with selective fluorescent probes, the BCP and blend systems
exhibited different fluorescence properties. The chain move-
ments of the constitutive blocks in the BCP could affect the
fluorescent probes, due to the connection of the covalent
bonds. In contrast, in the blend system, the chain movements
of polymers without fluorescent probes cannot affect the
fluorescent probes. For non-selective fluorescent probes, no
remarkable differences can be detected between the BCP and
blend systems, because all the chain movements nondistinc-
tively influence the fluorescent probes, whether in BCP or blend
systems. It needs to say that the selective location of TPE and
TPE-4COOH in the BCP and blend systems is deduced from the
like-dissolves-like rule. The wide polarity range of the fluores-
cent probes facilitates selective dissolution in the polymers
with matching solubility parameters.
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Fig. 6 (a) Fluorescence spectra of TPE-2COOH@PS/PLA at different
temperatures ranging from 40 °C to 200 °C, and (b) the fluorescence
intensity as a function of temperature, indicate three transitions as
the temperature increases. The inset shows the fluorescence microscopy
images at different temperatures. (c) The DSC curve of TPE-2COOH@PS/
PLA exhibits three transitions, corresponding to the T4 of PLA, T4 of PS,
and T, of PLA.
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Fig. 7 Schematic diagram of the tendency of different fluorescent probes
doped in the BCP and blend systems. When doped with selective probes,
they exhibit different fluorescence properties. Thus, the BCP and the blend
can be distinguished using the fluorescence probe method. While doped
with nonselective probes, they exhibit similar fluorescence properties.
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However, the direct experimental detection of the location is
hard to realize in the current situation, due to the low content
of the fluorescent probes. In return, the high sensitivity of
the fluorescent probes provides us a visualization method for
monitoring the segment motions of complex systems.

Conclusion

In conclusion, we discovered the dramatic differences in the
fluorescence of AlEgen-doped between BCPs and polymer blends
by selectively doping small amounts of fluorescent probes with
different polarities. When the probes were selectively dissolved
into one microphase of the BCP, the temperature ranges of the
transitions were strongly dependent on the polymers where the
probes were located, as well as the covalently bonded polymers.
The movements of the blended polymers in the adjacent macro-
phases hardly interfered with the intramolecular motions of
probes. Fluorescence probes make it possible to distinguish
BCPs and polymer blends, and also provide a real-time, on-site
visualization method for monitoring the segment motions of
macromolecules with complex structures.
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