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Decomposition-Assembly of
Tetraphenylethylene Nanoparticles With
Uniform Size and Aggregation-Induced
Emission property

Tianxiang Wang, Yunbo Cai, Zhipeng Wang, Erjia Guan, Dahai Yu,
Anjun Qin,* Jingzhi Sun, Ben Zhong Tang, Changyou Gao*

Tetraphenylethylene (TPE)-substituted poly(allylamine hydrochloride) (PAH-g-TPE) is synthe-
sized by a Schiff base reaction between PAH and TPE-CHO. The PAH-g-TPE forms micelles in
water at pH 6, which are further transformed into pure TPE-CHO nanoparticles (NPs) with a
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diameter of =300 nm after incubation in a solution of low pH
value. In contrast, only amorphous precipitates are obtained
when TPE-CHO methanol solution is incubated in water. The
aggregation-induced emission feature of the TPE molecule is
completely retained in the TPE NPs, which can be internal-
ized into cells and show blue fluorescence. Formation mecha-
nism of the TPE NPs is proposed by taking into account the
guidance effect of linear and charged PAH molecules, and the
propeller-stacking manner between the TPE-CHO molecules.

1. Introduction

The nanostructure materials such as nanoparticles (NPs),
nanotubes, vesicles, and micelles have attracted consid-
erable attention because of their potential applications
in an array of areas, for instance, nano-optoelectronic,
biomedical actuators, diagnostic sensors, targeted drug
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delivery.l*'?! In particular, those ones based on organic
molecules and self-assembled polymers exhibit not only
excellent photoelectronic properties but also great advan-
tages in molecular variety, flexible mechanics, stimuli-
responsiveness, and incorporation of functionalities via
molecular synthesis.[*>-18] However, unlike their inorganic
and metallic counterparts, manipulation of the structures
and properties of organic nanostructures are generally dif-
ficult due to the limitation of available methods. Moreover,
most of the organic building blocks require particular
molecular design and synthesis, leading to long steps of
routes and low production efficiency.

Very recently, we developed a novel method to obtain
one-dimensional nanorods (1D-NRs) or nanotubes (1D-
NTs) from poly(allylamine hydrochloride) (PAH)-g-pyrene
(Py) microcapsules (MCs).'%] These 1D-NRs or 1D-NTs are
composed of 1-pyrenecarboxaldehyde (Py-CHO) through
n—n stacking self-assembly during the hydrolysis of
Schiff base bonds between PAH and Py-CHO in acidic
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solutions. Formation of the nanostructures is controlled
by the structure of polyelectrolytes. For example, the
linear polymers such as PAH and poly-i-lysine (PLL) can
direct the similar 1D nanostructures formation, but nei-
ther the branched polyethyleneimine (PEI) nor the small
1-butylamine molecular can. However, no attempt is paid
to other pendent groups except Py-CHO, let alone the pos-
sible assembly and new aggregation structures.

Recently, aggregation-induced emission (AIE) phe-
nomenon was discovered and its importance is gradually
recognized. The phenomenon is found in a series of pro-
peller-shaped non-planar molecules. Unlike the normal
fluorochromes, they are non-emissive in dilute solutions
but induced to strongly emit fluorescence when aggre-
gated in poor solutions.?°-23] The emission is a result
of restriction of intramolecular rotations (RIR), as well
as inability of packing among molecules through a n—n
stacking process because of the propeller shape. Various
efforts have been paid to discover a variety of AIE systems
and to explore their technological applications especially
in optoelectronic and sensing fields by taking advantage
of the AIE effect.?*l Tetraphenylethylene (TPE) is one of
the typical AIE molecules. It has the merits of facile syn-
thesis, good stability (except UV irradiation),[*! acces-
sible functionalization, and high emission efficiency.
Several formats of TPE derivatives such as polymer nano-
particles chemically bonded with TPE fluorochromes,
polymer colloidal particles,?®! fluorescent silica nanopar-
ticles (FSNPs) consisting of fluorogenic cores with silica
shells have been fabricated so far.?”! However, no pure
nanostructure has been successfully prepared from the
AIE molecules.
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In this work, taking the advantages of both
decomposition-induced assembly and AIE phenomenon,
we will explore the possibility to fabricate AIE-active
nanostructures by incorporation of TPE moiety. For this
context, tetraphenylethylene carboxaldehyde (TPE-CHO)
is synthesized and then grafted onto PAH via a Schiff
base reaction to obtain PAH-g-TPE (Figure 1). The PAH-
g-TPE forms spherical micelles in water, which are then
incubated in acidic solution to investigate the formation
of nanostructures. Pure TPE NPs emitting blue fluores-
cence are obtained. On one hand, the study will further
substantiate the phenomenon and mechanism of the
decomposition-induced assembly by substituting the n—n
stacking Py molecule (plane structure) with the propeller-
shaped TPE molecule. On the other hand, only by this
newly developed decomposition-assembly, the pure TPE
NPs composed of only AIE molecules are obtained. These
NPs with photo-illuminating property are envisaged
to find diverse applications in biochemistry and nano-
science, such as ultra-sensitive assays, high-throughput
screening, optoelectronics, and living cell imaging, etc.

2. Experimental Section

2.1. Materials

Poly(allylamine hydrochloride, PAH, M, ~ 56 kDa) was purchased
from Sigma-—Aldrich. HCl solution (10 mol L) was purchased
from Sinopharm Company and diluted to the desired concen-
tration. TPE-CHO was prepared according to published proce-
dures.?] Other chemicals were used as received. The water used
in all experiments was prepared via a Millipore Milli-Q purifica-
tion system and had a resistivity higher than 18.2 MQ cm.
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Figure 1. (a) Schematicillustration of reversible formation and decomposition of PAH-g-TPE by reaction between PAH and TPE-CHO. (b,d) SEM
and (c,e) TEM images of (b,c) TPE-CHO precipitates obtained in H,0, and (d,e) PAH-g-TPE micelles formed in H,O.

'A\
MA\':Iii"§

www.MaterialsViews.com

Macromol. Rapid Commun. 2012, 33, 1584-1589
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Macromolecular

1585



Macromolecular
Rapid Communications

www.mrc-journal.de

2.2. Synthesis of PAH-g-TPE

2 g (0.021 mol repeat unit) PAH was added into 50 mL methanol
having 6 g potassium hydroxide. The solution was stirred at
room temperature until PAH was dissolved. After the precipi-
tated potassium chloride was filtrated, the filtrate was sealed in
a dialysis bag (cut off M,, = 3.5 kDa) and dialyzed in methanol to
remove the excess potassium hydroxide. Finally, the PAH meth-
anol solution (20 mg/mL) was obtained.

8 mg (0.022 mmol) TPE-CHO was dissolved in 2 mL methanol
and added into 1 mL PAH methanol solution. The mixture was
kept at room temperature for about 10 h to ensure complete
reaction between PAH and TPE-CHO, and then kept at 4 °C. The
TPE substitution degree was calculated to be 9.73% from H
nuclear magnetic resonance (*H NMR) spectra.

2.3. PAH-g-TPE Micelles Formation

The as-prepared PAH-g-TPE methanol solution was diluted with
Millipore water to a methanol/water ratio of 1:4 at pH 6. The
micelles were formed in this solution spontaneously and were
kept at 4 °C before use.

2.4. TPE-CHO Nanoparticles (TPE NPs) Formation

The as-prepared PAH-g-TPE micelles solution was diluted with
HCl solution (pH = 2) to a ratio of 1:4, which was maintained in a
vessel for about 24 h. The spherical NPs were formed in this solu-
tion and washed with Millipore water by centrifugation to remove
free PAH from the solution and to get the TPE NPs. The purified
solution was kept at room temperature for further analyses.

2.5. Characterizations
2.5.1. Nuclear Magnetic Resonance Spectroscopy

The 'H NMR spectra were recorded on Bruker
DMX500 equipment by using CD;0D as the
solvent.

2.5.2. Scanning Electron Microscopy |

T.Wang et al.

2.5.4. Fluorescence Emission Spectra

Fluorescence emission spectra (FL) were recorded with
LS55 (Perkin Elmer). The excitation wavelength was set at
350 nm.

2.5.5. Dynamic Light Scattering and Zeta Potential

Dynamic light scattering (DLS) and zeta potential were measured
on a Zeta Potential/Submicron Size Analyzer (Beckman Coulter
Delsa Nano C, USA). Each value was averaged from five parallel
measurements.

3. Results and Discussion

The PAH-g-TPE molecule was synthesized by grafting
TPE-CHO via a Schiff base reaction in methanol as shown
in Figure la. The formed Schiff base bond is known to be
decomposed at acidic condition, releasing the TPE-CHO
molecule, which will be accumulated into some structures
due to hydrophobic interaction. *H NMR spectroscopy
(Figure 2) shows that both the resonance peaks assigned
to PAH (2.61, 1.58, 1.21 ppm) and TPE-CHO (6.96 and
7.63 ppm) appeared in the PAH-g-TPE molecule except of
the aldehyde peak at 9.86 ppm, confirming the successful
synthesis of PAH-g-TPE. According to the peak integrals of
TPE and PAH, the TPE substitution degree is deduced to be
9.73%, which is almost equal to the theoretical value (10%),
conveying the complete reaction between TPE-CHO and
PAH. FTIR spectra (Figure S1, Supporting Information) dem-
onstrate the formation of Schiff base (1642 cm™ for C=N
vibration) in PAH-g-TPE molecule, accompanying with

A

CD,0D TMS

*

TPE nanoparticles

Scanning electron microscopy (SEM) was
recorded on a field emission SEM (HITACHI
S-4800) at an acceleration voltage of 3 kV.
Samples were prepared by placing a drop of

a: TPE=1:0.93

TPE
—

b

PAH-TPE

the particles suspensions onto a clean glass
or silicon wafer and then naturally drying,
respectively.

a:b:c=2:1.05:2.1

PAH

2.5.3. Transmission Electron Microscopy

Transmission electron microscopy (TEM)
images were recorded by a JEM-1230 TEM.
Samples were prepared by placing a drop

al

a: b: (c~i) =1:2.06:[17.05

¢~

TPE-CHO

|

of the particles suspensions onto a carbon 12 10

film-coated copper grid and then naturally
drying.
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Figure 2. "H NMR spectra of TPE-CHO, PAH, PAH-g-TPE, and TPE NPs measured in CD;0D.
The water peak is marked with asterisk.
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Figure 3. (a) Photo of PAH-g-TPE solution before (water) and after incubation in HCI
(pH 2) solution for different time as noted. (b) SEM and (c) TEM images of TPE NPs
obtained in pH 2 solution (inset, higher magnification images). (d) CLSM image of TPE
NPs obtained in pH 2 solution. (e) Monitoring the formation process of TPE NPs by fluo-
rescence emission spectroscopy, which was recorded immediately upon addition of
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After purification by a centrifuga-
tion/washing protocol, the obtained
colloids were found to be uniform NPs
with a size of 300 nm (Figure 3b and c
and Figure S2, Supporting Information)
regardless of the reaction pH values
(2 and 0). These spherical NPs are in
good regularity in terms of their shape
and size with a smooth surface. No
hollow structure was observed by TEM.
Moreover, unlike the counterpart par-
ticles of normal fluorochromes such as
fluorescein and rhodamine, which are
readily quenched in a solid state, these
TPE NPs emitted blue light (Figure 3d)
when excited at 405 nm due to the AIE
effect.?!l This emission was further
confirmed by fluorescence spectro-
scopy (Figure 3e). The emission peaked
around 480 nm intensifies along with
the incubation time, and eventually
surpasses the value of the original PAH-
g-TPE micelles, which emit strong fluo-
rescence too.

pH 2 HCl solution (t = o) until 24 h.

disappearance of aldehyde group at 1699 cm™2. The asym-
metric and symmetric stretching vibration of CH, at 2914
and 2849 cm™ is indicative of PAH in the molecule.

Unlike the TPE-CHO that formed amorphous precipi-
tates after being transferred from methanol solution
to water (Figure 1b and c), the amphiphilic PAH-g-TPE
formed uniform micelles with an average diameter of
34nm after it was transferred from methanol to an aqueous
solution (pH 6, Figure 1d and e). The size is found larger
(= 67 nm) by DLS, which is attributed to the hydrophilic
PAH hairs on the micelle surface. The surface residence of
PAH was further confirmed by zeta-potential (=+40 mV).
The Schiff base is a reversible chemical bond between alde-
hyde and amino groups. It is stable in neutral and alkaline
solutions, but decomposes in acidic solution.['>2?°] Figure 3a
shows that the original PAH-g-TPE micelles solution had a
very light yellow color with good transparency. The color
was changed to pale yellow immediately after the solu-
tion pH was decreased to 2 due to the protonation of Schiff
base bonds. Along with the time prolongation at this pH,
the color faded gradually and the solution became turbid
in response to the hydrolysis of PAH-g-TPE. 0.5 h later, the
turbidity was rather severe, leading to poor transparency.
After 24 h, emulsion with light yellow was formed. The
reaction could take place similarly at a pH value of 0, but it
was required pretty long time, for example 7 d to yield the
same emulsion solution due to the slower decomposition
rate of the Schiff base.[*>2°]
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The obtained NPs were subjected to
characterization by 'H NMR spectros-
copy (Figure 2), FTIR spectroscopy (Figure S1, Supporting
Information) and elemental analysis. The NPs and TPE-
CHO have identical 'H NMR spectrum in terms of both
the peak positions and intensity, and re-appearance of
the peak at 9.86 ppm assigned to aldehyde. No resonance
peak assigned to PAH was found. FTIR spectroscopy con-
firms that the peak of C=N at 1642 cm™ as well as the
peaks at 2914 and 2849 cm! disappeared, while the alde-
hyde peak at 1699 cm™ reappeared. Moreover, elemental
analysis revealed that the molar ratio of C/H (1.33) of NPs
is close to that (1.34) of TPE-CHO. Nearly no N element was
detected, suggesting the complete cleavage of the Schiff
base bonds and release of PAH. The change of zeta poten-
tial from positive (=+40 mV) to negative (-10.8 + 3.5 mV)
is in good accordance with the pure TPE-CHO structure
too. All the results demonstrate that the NPs are purely
accumulated from TPE-CHO molecules with neglectable
amount of PAH.

The TPE NPs are reasonably formed via the hydrolysis
of Schiff base, as confirmed by UV-Vis characterization
(Figure. S3, Supporting Information). PAH-g-TPE in meth-
anol and water (micelles) shows maximum absorption
at 325 nm, which is similar to that of other TPE deriva-
tivesi3%31 and is attributed to the aromatic conjugated
structure of TPE. Upon incubation of the PAH-g-TPE
micelles solution in a pH 0 solution here for the sake of
sufficient time of monitoring a solution with a lower pH
value was adopted. For detail on the reaction kinetics, see
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Figure 4. (a) SEM images showing the growth process of TPE NPs as a function of reaction time. (b) Proposed mechanism for TPE NPs

formation.

refs.[1929]), the peak at 325 nm immediately red-shifted to
388 nm as a result of protonation of the Schiff base bonds.
The peak at 388 nm decreased gradually and disappeared
after 10 min, accompanying with emergence of absorp-
tion at 360 nm. This alteration is in good agreement with
the fluorescence emission spectroscopy (Figure 3e) and
can thereby explain the instantaneous quenching of
480 nm and weak emission at 550 nm as a result of
protonation of Schiff base. The steady enhancement of
the emission intensity at 480 nm is caused by the well-
known AIE effect, suggesting the gradual increase of
degree of accumulation, which inhibits molecular free
rotation and thereby the non-irradiative emission.[>33]
This alteration process also reveals unambiguously the
hydrolysis of PAH-g-TPE.

Taking into account the above results, one can deduce
that the TPE NPs are not directly formed by accumulation
of the micelle cores, since in this case, the emission should
not be changed largely. In contrast, they are most probably
formed by accumulation of gradually decomposed TPE-
CHO molecules around those initially formed seeds, which
are stabilized by the surrounding PAH molecules. Moni-
toring the process of NPs formation by SEM (Figure 4a)
consolidates this postulation. It reveals clearly that the
initially formed particles have a smaller size of 80 nm
(at 5 min reaction), which gradually grow bigger along
with prolongation of the reaction time. Finally, after suffi-
cient incubation and thereby decomposition of the Schiff
base, TPE NPs with a nice spherical shape and uniformity
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are achieved. Based on all the results, the mechanism for
formation of the TPE NPs is suggested (Figure 4b). Upon
the amphiphilic PAH-g-TPE, micelles are treated in acid
solution, the Schiff base bonds are protonated instanta-
neously, leading to their successive decomposition. This
decomposition, however, is lasted for a certain period of
time depending on the solution pH. Taking into account,
the grafting percentage of TPE (=10%) and the molecular
weight of PAH (56 kDa, repeating unit =600), each PAH-
g-TPE contains around 60 TPE molecules. There is no way
that all the TPE molecules are cut off simultaneously. In
contrast, they should leave the PAH-g-TPE molecule in a
time-dependent manner. Hence, the partially hydrolyzed
PAH-g-TPE molecule would preferably reside on the ini-
tially formed TPE-CHO seeds (driven by hydrophobic force,
e.g., n— stacking) due to its amphiphilic property and act
as a stabilizer against formation of large aggregates or
precipitates. Along with the progressive hydrolysis, more
liberated TPE-CHO molecules will accumulate onto the
seeds and finally form the TPE NPs.

Unlike the disc-like planar pyrene (Py) molecule, which
stacks in a plane, the TPE molecule stacks in a propeller
manner though they are both driven by the hydrophobic
force. This difference in stacking manner can explain the
different nanostructures formed, that is, NTs or NRs from
PAH-g-Py and spheres from PAH-g-TPE. It is conceivable
that the propeller interaction cannot guide the growth
of molecules along some unique directions. Therefore,
spherical NPs are formed due to the lower surface energy.
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4. Conclusions

The NPs of pure TPE-CHO, a molecule showing AIE phe-
nomenon, were successfully prepared for the first time.
For this context, PAH-g-TPE polymer with a TPE grafting
density of 9.73% was synthesized via a condensation reac-
tion between the amino group of PAH and aldehyde group
of TPE-CHO. Micelles were formed after PAH-g-TPE was
transformed from methanol to water, which were further
transformed into uniform TPE NPs by incubation at low
PH to decompose the Schiff base linkages. These spher-
ical TPE NPs illuminated strong blue fluorescence with a
maximum emission wavelength of 480 nm. In contrast,
only amorphous precipitates were formed if TPE-CHO
molecules were transformed from methanol to water. The
formation mechanism of TPE NPs, but not other formats
of nanostructures, is proposed by taking into account
the time-dependent hydrolysis of Schiff base, guidance,
and stabilization effects of PAH molecules, and propeller-
stacking manner of the TPE-CHO molecules. These TPE NPs
are expected to be potential candidates as luminescence
sensors and optoelectronic applications for their strong
fluorescence and physical structure, as demonstrated by
the cellular uptake and in situ sensing ability (Figure S4,
Supporting Information).
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