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Organic-based nanoparticles hold great potential for optoelectronics and biomedicine as they may provide
optical properties in the visible range and notable advantages over inorganic counterparts. In this report, we
exploit aggregation-induced emission (AIE) from the well-known tetraphenylethene (TPE) to yield
photoluminescent polymer particles by a dispersion polymerization route. 1,1-Bis(4-ethynylphenyl)-2,2-
diphenylethene is polymerized by a Glaser-type dispersion polymerization, providing nanoparticles of
170-600 nm with low polydispersity by simply varying monomer loadings. Optical characterization
reveals emission bands at 500 nm and 600 nm, where UV irradiation of the particles causes the 500 nm
band to increase relative to the 600 nm one. Structural characterization by *C MAS-NMR allows
confirming that this change upon UV irradiation is not induced by a chemical modification, thus

. 4 215t Aoril 2017 suggesting a physical change in the particle’s morphology. Altogether, the results of this work allow
eceive st Apri . ) - . . . .
Accepted 13th July 2017 enlarging the library of TPE-comprising particles, but also enhance the variety of particles synthesized

from Glaser-type dispersion polymerization. The study also allows gaining insight into the photochemical

DOI: 10.1039/c7ra04513a stability of TPE-containing particles, where the non-destructive UV irradiation lets us plan the
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Introduction

Many organic-based nanoparticles with optical activity in the
visible region are being studied to replace the traditional
semiconductor quantum dots (QDs). Although QDs present
advantageous properties, their toxicity hampers their imple-
mentation in biological applications. Carbon nanoparticles are
organic counterparts that have attracted much attention since
their discovery in 2004 (ref. 1) due to their high stability, low
cytotoxicity and their tuneable photoluminescence (PL) prop-
erties.”* However, their preparation often requires harsh
conditions.>® In addition to carbon nanoparticles, conjugated
polymer nanoparticles (CPNs) are also interesting counterparts
to QDs due to their low cytotoxicity and tuneable optical prop-
erties for electronic devices and biological applications.>” CPNs
can be produced from several polymerization processes occur-
ring in disperse media. However, methods such as emulsion
and re-precipitation are known to yield high polydispersity.>*°
On the other hand, the dispersion polymerization method is
attractive as it yields polymer particles with precise and repro-
ducible dimensions for many metal-catalyzed polycondensation
reactions such as Suzuki-Miyaura, Sonogashira and Heck.'***
Recently, our group has used a Pd/Cu-catalyzed Glaser-type
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development of new polyyne/TPE hybrid systems.

coupling of alkyne-rich units in dispersion medium as
a hybrid approach to yield carbon-rich nanoparticles with
tunable size.”® The main drawback of the method is the diffi-
culty of preparing materials that absorb or emit light in the
visible range, which is the main focus of studying organic-based
nanoparticles. Although photoluminescence could be induced
by a simple click functionalization with a fluorescent ligand,
our group has been focusing on hosting the photoluminescence
to the core of these particles instead of their surface. The
interest of an intrinsically luminescent core is to provide optical
properties while keeping the clickable surface available for
other purposes such as biocompatibility or electroactivity.
Aggregation-induced emission (AIE) is an interesting
concept to keep in mind while synthesizing optically active
materials in their aggregated state, since it contravenes the
opposite phenomenon of aggregation-caused quenching
(ACQ).** Recently, Tang's group reported the use of the disper-
sion polymerization to yield AlE-active conjugated polymer
nanoparticles by means of geminal Suzuki cross-coupling.'®
This application of AIE-active units inspired us to adapt our
Glaser-type dispersion polymerization with an AlIE-active
compound instead of a modest benzene ring as a linker
between polyyne units (Fig. 1A)."* Tetraphenylethene (TPE) is
the simplest and best known AIE compound and should suit
well to induce the looked-for photoluminescence. With this
objective, we synthesized poly(1,1-bis-(4-ethynylphenyl)-2,2-
diphenylethene) nanoparticles (P1) from the Pd/Cu-catalysed
homocoupling of 1,1-bis(4-ethynylphenyl)-2,2-diphenylethene

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (A) Previously reported transformation of alkyne-rich particles with an ortho-substituted benzene ring as a linker to form carbon-rich

particles.® (B) Presented work on the transformation of diyne-containing TPE particles upon UV irradiation. (C) Upcoming work on the trans-
formation of tetrayne-rich particles comprising TPE moieties in order to form a hybrid AlE/carbon-rich structure with distinct optical properties.

(compound 1, Scheme 1). This achievement allows refining the
library of AIE-active polymer nanoparticles and their optical
behavior, but also serves as a benchmark to study the chemical
stability of the TPE-containing particles upon UV exposure.
Our group is highly interested in polyyne-containing mate-
rials as they are metastable and may polymerize when exposed
to heat or UV light.'® However, the ethylenic double bond of TPE
is also known to break under such UV exposure.'” Thus, the
structure of P1 is ideal to study the photochemical stability of
TPE-containing particles, since the internal diyne moieties are
less likely to cause interference compared to longer polyynes. As
an upcoming work, we plan on developing poly(1,1-bis(4-
butadinylphenyl)-2,2-diphenylethene)  nanoparticles (P2,
Fig. 1C), which contain more reactive tetraynes in between the
TPE units. With an appropriate stimulus, the conjugation of the
system may be altered to modulate the photoluminescence
properties of the nanoparticles (Fig. 1C)."™'° However, the

PdCI,(PPhg), Cul, BQ

behavior of TPE-containing particles under UV irradiation must
first be investigated independently from the octatetrayne reac-
tivity to ensure success of this long-term goal. It is in this
perspective that P1 serves as a perfect primary candidate.

Herein, we report TPE-containing polymer particles (P1) as
a new material whose size can be modulated from 170 to
600 nm with low polydispersity simply by varying the monomer
loading. Furthermore, the study describes the structural and
optical characterization of these particles as their fluorescence
changes upon UV exposure without chemically disturbing their
polymeric backbone.

Results and discussion

First, the monomer derivative (compound 1) required for the
synthesis of P1 particles may be acquired in few synthetic steps
as previously reported in the literature.®® To the best of our

I
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Triton X-45, PVPVA
Et;N, 1-PrOH, 70°C, 4h

= A
P1

n

Scheme 1 Synthesis of P1 particles from Glaser-type Pd/Cu-catalyzed homocoupling dispersion polymerization.
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knowledge, it has never been applied to polymerization in
dispersed media. As stated earlier, dispersion polymerization
conditions suitable for a Glaser-type homocoupling of terminal
alkynes have recently been reported by our group.”® These
conditions include PdCL,(PPh;), and Cul as catalysts, poly(1-
vinylpyrrolidone-co-vinyl acetate) (PVPVA) and Triton X-45 as
stabilizers, 1-propanol as the reaction solvent, trimethylamine
(EtzN) as a base and p-benzoquinone (BQ) as an oxidant.
Although these conditions have only been applied for homo-
polymerization of 1,2-diethylbenzene, 1,2-bis(trimethylsilyl-
butadiynyl)benzene and 1,3-bis(trimethylsilylbutadiynyl)
benzene, they were found to apply very well to 1 (Scheme 1). The
TEM image shown in Fig. 2A testifies of the success of these
conditions for the polymerization of 1 at a 6.4 mM concentra-
tion into P1 particles with an average diameter of 392 + 21 nm.
The size distribution histogram testifies of the uniformity of the
particles’ size with a polydispersity index (PDI) of 5% (Fig. S37).

Dispersion polymerization is known to be a versatile method
as it can yield sizes from 100 nm to multiple microns by simple
adjustments of the synthetic parameters such as the amounts of
monomer, base, catalysts, stabilizers, etc.* Accordingly, we
studied our system's capacity towards size control using
monomer 1 concentrations below and over our initial 6.4 mM.
The advantage of this Glaser-type coupling compared to heter-
ocoupling polycondensations is the absence of stoichiometry
imbalance between two co-monomers. This homocoupling
particularity renders the weighting of milligram scale loadings
less troublesome and thus allows testing lower concentrations
in small scale synthesis. Fig. 3 shows our complete study of the
effect of monomer concentration on the resulting particle size.
One can observe the success of using low concentrations to yield
P1 particles. Polymer particles synthesized from catalyzed
polycondensation dispersion polymerizations are rarely re-
ported at monomer concentrations below 2 mM.**>* Our
method was successful for a concentration as low as 1 mM to
yield 172 £+ 16 nm P1 particles. The PDI of the resulting sample
is slightly higher (9%) but can still be considered reasonable.
Our attempt to decrease the concentration to 0.5 mM did yield
P1 particles but the size distribution of the sample is broad with
a PDI of 26%. Besides, higher monomer concentrations up to
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Fig. 3 Particle diameter d of P1 as a function of monomer 1
concentration. Error bars represent the polydispersity as standard
deviation from the mean diameter. More information regarding each
data point is found in Fig. S2 and S3.1

9.6 mM were also used for P1 synthesis. The overall results
showed an increase in the average diameter with higher
concentrations, as expected for most dispersion polymerization
processes.” Higher concentrations were not investigated
further as it is known that bidispersity is often obtained from
these syntheses.'®*>'**> Nevertheless, the Glaser-type polymeri-
zation of 1 in dispersion conditions has proven successful for
a broad range of concentrations to yield P1 with only slight
polydispersity. TEM images and size distribution histograms of
all tested concentrations are reported in Fig. S2 and S3.}

As stated previously, an objective of this work is to study the
behavior of P1 under UV irradiation in order to assess the
compatibility of TPE moieties with the tetrayne polymerization
process considered for P2 in Fig. 1. Therefore, P1 is to be
characterized by various techniques before and after a photo-
chemical treatment to assess any change whatsoever. In order to
do so, quite a large amount of material is required and the
conditions originally intended for a 20-150 mmol scale must be
adjusted to the mole level. Interestingly, a 10-fold scale-up of
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Fig. 2 TEM images of P1 synthesized at a 6.4 mM concentration of 1 on (A) 102 mmol scale and (B) 1.02 mol scale.
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the polymerization procedure was successfully completed,
yielding P1 particles of 406 &+ 23 nm in diameter, representing
a 6% PDI (Fig. 1B and S1f). XPS analysis of this sample
confirmed that no residual catalyst is found in the resulting
material, as it is composed of 90.2% of carbon, 8.2% of oxygen
and 1.6% of nitrogen (Fig. S41). Oxygen and nitrogen contents
are most likely due to residual PVPVA incorporated to the
particles.

Irradiation of P1 particles was completed by exposure of the
dispersion to 300 nm light (Scheme 2). This treatment did not
alter the shape nor the size of the particles (denoted P1’) as
observed by TEM analysis (Fig. S51). However, some changes
were observed in the optical properties. The absorption spectra
of 1, P1, and P1’ are presented in Fig. 4A. The monomer displays
absorption bands at 208, 250 and 326 nm. As for P1, the sample
has a strong absorption band centered at 415 nm, which
decreases in intensity upon the UV treatment. Fluorescence
spectra of 1, P1 and P1’ are provided in Fig. 4B. It must be
mentioned that the spectrum of 1 was recorded in the solid-
state, as its AIE characteristics implies low luminescence in
solution. The aggregated state of monomer 1 presents a broad
emission peak centered at 500 nm, whereas P1 shows an
interesting feature of dual emission at 500 and 600 nm. This
may suggest the presence of more than one species in the P1
backbone. Upon UV irradiation, the overall emission intensity
of P1' increases and the ratio of the two bands changes,
providing a stronger contribution at 500 nm compared to the
600 nm band (Fig. S67).

Our approach to investigate this optical alteration upon UV
exposure is to assess whether it is caused by a chemical or
structural change. First, to confirm whether alkyne polymeri-
zation or TPE side reactions occur in our UV treatment,
monomer 1 was also subjected to UV irradiation and its spec-
trum was collected (denoted 1’ in Fig. 4A). Irradiation induces
only a slightly minor intensity change for the 250 nm band.
Also, elution of compound 1’ as a single spot on a TLC plate
confirmed that no polymerization or decomposition of 1
occurred during the treatment. Thus, by the results of this
minute experiment, we find it unlikely that the internal diynes
or TPE moieties of P1 would react under UV exposure, consid-
ering the inertness of monomer 1 itself. Adding to this, the lack
of new absorption bands upon irradiation of either 1 or P1
informs us that formation of new chemical species by the
process is unlikely. Our hypothesis for the origin of the fluo-
rescence alteration from P1 to P1’ is that a morphological
change occurs inside the polymer backbone.

A =300 nm
P1'
O O 1-PrOH, 25°C, 5h
Z X
P1
Scheme 2 Exposition of P1 to UV irradiation.
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Fig. 4 (A) Absorption spectra of 1, 1/, P1 and P’ dispersed in 1-PrOH,
(B) fluorescence spectra of 1, P1 and P1’. The spectrum of 1 is taken in
the solid state with an excitation wavelength of 350 nm, whereas
spectra of P1 and P1’ are taken as dispersion in 1-PrOH at an excitation
wavelength of 380 nm.

In order to confirm that the photoluminescence change from
P1 to P1’ is associated to a morphological change rather than
a chemical one, structural characterization techniques must be
employed. Solid-state "*C MAS-NMR is an efficient technique for
analysis of insoluble compounds and to prevent impacting the
morphologies of samples upon solubilization. Fig. 5 shows the
NMR spectra of P1 and P1’ particles (i.e. before and after UV
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100 50 0
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Fig. 5 Solid-state MAS 3C NMR spectra of dried P1 and P
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irradiation). In the spectrum of P1, one can easily differentiate
alkyne carbons (75.7 and 83.0 ppm) from the aromatics (115-
140 ppm) and the alkene one (143.7 ppm) that are to be ex-
pected from the polymer backbone.” Regarding the spectrum
of P1, no significant change in the ratio or broadness of the
bands is observed as a result of the UV treatment. This can
clearly confirm the optical changes in P1 arising from UV
exposure are not induced by a chemical change. This, once
again, leads us to anticipate a morphological change in the
particles’ backbone.

It has been reported previously that simple TPE derivatives
show variable fluorescence by changing its morphology. Dong
et al. reported that di(biphenyl-4-yl)diphenylethene can exhibit
a bluer PL in its amorphous phase, whereas crystalline aggre-
gates are redder emitters by 50 nm.*® Furthermore, its switching
emission can be induced by solvent vapor, mechanical and
thermal stimuli.>* These previously reported studies lead us to
the hypothesis that an UV stimulus may also allow morphology
changes in TPE aggregates and thus flexible PL properties.

While the process of dispersion polymerization yields quite
spherical and amorphous nanoparticles thanks to the presence
of stabilizers, crystalline spherulite particles have also been
reported by this process.”® XRD analysis of P1 particles
confirmed that the latter are indeed amorphous, which is
corroborated by their fairly spherical shape (Fig. S7t). As for P1/
particles, they also show an amorphous XRD pattern, implying
that no periodical arrangement arises from the UV treatment.
Still, a certain degree of order may be induced by UV light at
short distances. An important observation is that the ethylenic
double bond of TPE can be broken by UV irradiation, leading to
configurational isomerization."” In our case, considering the
symmetry of monomer 1, both isomers are equivalent and
should not contribute to the formation of distinct species in the
polymeric backbone. However, this breakable bond may allow
enough intramolecular rotation to induce a slight structural
change in the overall morphology, perceptible by enhancement
of the overall fluorescence and increase of the 500 nm emission
band to the detriment of the 600 nm one. Nonetheless, this
hypothesis has yet to be confirmed by further characterizations
as the mobility of the polymer chains in this aggregated state is
not known.

Inspired by the effect of a thermal stimulus on simple TPE
derivatives, we wondered if a thermal annealing of P1 would
yield similar results as the ones obtained from our UV irradia-
tion experiment. A dispersion of P1 in 1-PrOH was thus refluxed
for 5 h and washed with pure 1-PrOH. TEM of the resulting
samples confirmed that P1 particles have collapsed under this
thermal treatment (Fig. S8t). Also, fluorescence measurements
showed a decrease of the overall emission intensity and no
variation in the PL bands ratio (Fig. S971). Thus, the results ob-
tained from UV irradiation seem unique as they alter the optical
properties without breaking the spherical integrity of the
particles.

In conclusion, the synthesis and characterization of P1
particles allowed us to achieve two distinct objectives. First,
AlE-active nanoparticles can be obtained from a Glaser-type
Pd/Cu-catalyzed homocoupling dispersion polymerization.
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TPE-containing particles from this process have never been re-
ported before. Moreover, the size of the particles can be
modulated from 170 to 600 nm with low polydispersity quite
easily from monomer concentrations between 1.0 mM and
9.6 mM. Secondly, structural characterizations of P1 and P1’
confirm that no chemical changes occur under UV irradiation,
evidencing that the polymeric backbone does not decompose or
polymerize during the treatment. Regarding this study as
a preliminary work for the synthesis of P2, it allows to settle that
any polymerization obtained in this impending system will
indeed be induced by octatetrayne moieties and not side reac-
tions involving the TPE structure. This study also allowed
investigating new optical properties arising from a morpholog-
ical change following UV exposure. This observation may be
analogous to the ones obtained for simple TPE-derived mole-
cules exposed to thermal, mechanical and solvent vapor stimuli.
Yet, more studies are to be undertaken to confirm this
hypothesis, as more knowledge has to be collected regarding
mobility of these polymer chains in aggregated states.

Experimental section
Chemicals and materials

Chemical reagents were purchased from Sigma-Aldrich Co.
Canada and were used as received, excluding p-benzoquinone
which was recrystallized in water before use. Solvents for
general organic synthesis were obtained from Fisher Scientific
and purified with a Solvent Purifier System (Vacuum Atmo-
sphere Co., Hawthorne, USA). 1-Propanol (1-PrOH) and trie-
thylamine (Et;N) used for Pd/Cu-catalyzed coupling reactions
were degassed 20 min prior to use. All reactions were performed
in dry glassware under positive nitrogen pressure. Analytical
thin-layer chromatography was performed with silica gel 60
F254, 0.25 mm pre-coated TLC plates (Silicycle, Québec,
Canada).

Instrumentation

FT-IR was recorded in ATR mode using a Thermo-Nicolet
Magna 850 infrared spectrometer equipped with Golden Gate.
UV-visible absorption spectroscopy was performed with a Var-
ian diode-array spectrophotometer (Cary 500 model). Fluores-
cence spectroscopy was performed using a Fluorolog 3, Jobin-
Yvon Horiba. Transmission electron microscopy (TEM) images
were taken using a JEOL apparatus, model JEM-1230. The
samples were prepared from a particle dispersion dropped and
dried onto a copper grid pre-coated with amorphous carbon. A
PHI 5600-ci spectrometer (Physical Electronics U.S.A.) was used
to perform XPS analysis. A standard aluminum X-ray source
(1486.6 eV) was used for the survey spectrum (1400-0 eV).
Charge neutralization was not applied. Detection was per-
formed at 45° relative to the surface normal of a 0.5 mm?® area.
The spectrometer work function was adjusted to give 285.0 eV
for the main C 1s peak. Solid-state "*C MAS-NMR spectra were
recorded at 25 °C using a 300 MHz (7.1 T) Bruker Advance
spectrometer (Milton, Ontario, CA). The probe was tuned to 75.7
MHz for *C detection. The powder samples were packed in 4

This journal is © The Royal Society of Chemistry 2017
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mm zirconia rotors and spun at 10 kHz. The spectra were
collected with a pulse length of 4.1 us for a 90° pulse with
a recycle delay of 30 s. A total of 4475 and 500 scans were
acquired for P1 and P1’ respectively. The chemical shifts were
referenced relative to external adamantane (38.56 ppm). The
powder X-ray diffraction (XRD) was recorded on Siemens X-rays
Diffractometer (Model S3 D5000, Cu Ko, A = 1.5406 A) at 40 kv
and 40 mA.

Synthesis

1,1-Bis(4-ethynylphenyl)-2,2-diphenylethene (1). Complete
synthesis was achieved by a previously reported protocol in four
synthetic steps using 4,4’-dibromobenzophenone as a starting
material.*

Poly(1,1-bis(4-ethynylphenyl)-2,2-diphenylethene) particles
(P1). A general dispersion polymerization procedure of 1 at
6.4 mM is given below. For other concentrations (0.5-9.6 mM),
amounts of 1 were adjusted between 8.0 and 153.6 mmol
keeping p-benzoquinone at 0.9 equiv. All other parameters (i.e.
catalysts, solvent, base and stabilizers) were kept at the amounts
mentioned below. As for the scale-up synthesis of P1, it was
performed with 1.02 mol of 1 (390 mg) in the same manner as
the procedure shown below, ensuring a proportional increase of
all reagents to yield a 10-times greater scale for the same particle
size desired.

General dispersion polymerization procedure. To a flask
containing a stirrer bar, compound 1 (39 mg, 102.5 mmol),
Triton X-45 (1.600 g) and poly(1-vinylpyrrolidone-co-vinyl
acetate) (PVPVA) (1.440 g) were dissolved in 13 mL of 1-PrOH
and degassed 15 min by bubbling with nitrogen. Then,
PdCl,(PPhj3), (3 mg, 0.004 mmol), Cul (6 mg, 0.03 mmol) and p-
benzoquinone (10 mg, 0.093 mmol) were added to the flask and
the later was purged with nitrogen. The reaction was heated to
70 °C in an oil bath and stirred 5 min to dissolve the catalysts
before adding 3 mL of a degassed solution of Et;N (15% in
1-PrOH). The reaction was stirred vigorously at 70 °C for 4 h. P1
particles were isolated by centrifugation and washed 3 times
with pure 1-PrOH by exchange of the supernatant.

UV irradiation of P1 particles (P1'). Irradiation was carried
out in a Pyrex ACE Glass 250 mL photochemical double-necked
flask reactor equipped with a 450 W medium pressure mercury
lamp, a quartz immersion well and a glass sleeve to block UV
irradiation below 280 nm wavelength. The flask was equipped
with a stir bar and a dispersion of P1 (180 mg) in 1-PrOH (400
mL) was added. After degassing for 20 min by bubbling
nitrogen, the reaction mixture was irradiated for 5 h while
keeping nitrogen flowing in the system. The resulting irradiated
particles were washed by centrifugation and exchange of the
supernatant with pure 1-PrOH.
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