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Abstract. 

The development of novel and simple methodologies for the obtaining of semiconductive 

polymer nanoparticles with fine-tuned optical properties represents nowadays a challenging 

research area as it involves a simultaneous chemical modification and nanostructuration of the 

polymer. Here, starting from poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene], 

we achieved this objective with the one-pot synthesis of oligomers with tunable conjugation 

length and their nanostructuration, employing a miniemulsion method. Ultrasound irradiation 

of heterogeneous mixtures led to the formation of hypochlorous acid that disrupts the 

electronic conjugation through polymer chain cleavage. Moreover, control over the degree of 

the electronic conjugation of the oligomers, and therefore of the optical properties, was 

achieved simply by varying the polymer concentration of the initial solution. Finally, the 

presence of surfactants during the sonication allowed for the formation of nanoparticles with 

progressive spectral shift of the main absorption (from max = 476 nm to 306 nm) and 

emission bands (from max = 597 nm to 481 nm). The integration of CNPs into polymeric 

matrices yielded self-standing and flexible fluorescent films. 
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Given their high brightness, photostability and biocompatibility, conducting polymer 

nanoparticles (CNPs) have been proposed for different applications, from water processable 

inks for device fabrication (photovoltaic
[1]

 and electrochromic
[2]

 cells and OLEDs
[3]

) to non-

toxic fluorescent biological labels,
[4]

 or even to induce photophysical processes at the 

nanoscale (e.g. photoinduced electron
[5]

 or energy transfer
[6]

). Though, to fully exploit the 

limitless possibilities of these NPs, further basic research is still required. One of such areas is 

the development of novel and simple methodologies for the obtaining of semiconductive 

nanoparticles with fine-tuned optical (especially emission) properties,
[4]

 due to its implicit 

technological relevance and the applications that can be derived from there. So far, spectral 

emission tuning of bulk semiconductive polymers has raised lots of interest and has been 

reported through encapsulation and confinement in nanoporous silica NPs,
[7]

 systematic 

variation of solvent and polymer concentration
[8]

 or after post-fabrication annealing/cooling or 

pressure/mechanical cycles.
[9-11]

 Alternative chemical strategies include polymer modification 

with different core units
[12]

/side substituents,
[13]

 or the controlled synthesis of oligomeric 

species differing on the number of repetitive monomers (and therefore conjugation length).
[14]

 

Only very recently the synthesis of nanoparticles with tunable optical properties has been 

partially achieved through the synthesis of polymer dots with packing-dependent emission.
[4]

 

Therefore, there is a need to find novel approaches for the simultaneous spectral tuning and 

nanostructuration of semiconductive polymers.  

Sonication in chloroform/water mixtures can be an excellent technique to achieve this 

target. First, emulsification induced by ultrasonic radiation is a process broadly used for the 

formation of nanoparticles. Second, sonication of chloroform/water mixture is known to 

generate reactive species (see Supporting Information, Scheme S1) such as chlorine radicals 
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(
.
Cl, 

.
CHCl2, 

.
CCl3)

 [15]
 and hypochlorous acid (HOCl),

 [16]
 which can be used to systematically 

cleave conjugated species, and therefore to modify the final optical properties. Indeed, 

chlorine radicals obtained by different means such as daylight,
[17]

 -radiations
[18]

 or thermal 

treatment,
[19-20]

 have already been shown to tune the properties of poly[2-methoxy-5-(2-

ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) upon polymer fragmentation,
[17-20]

 

whereas HOCl acts as strong oxidative species cleaving linear conjugated systems.
[21-23]

 

Therefore, herein we hypothesize that sonication of the semiconductive polymer solutions of 

different concentrations is expected to induce different fragmentation degrees, resulting in the 

formation of nanoparticles with tunable optical properties. A schematic representation of this 

process is shown in Figure 1a. As a proof-of-concept to validate our approach, herein we 

propose the use of MEH-PPV, because of its excellent luminescence (QY
toluene

 = 0.34),
[24]

 

semiconducting
[25]

 and non-linear optical
[26]

 properties.  
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Figure 1. a) scheme of the sonication process of a mixture made of water and a MEH-PPV 

chloroform solution which produces different fragmentation units with tunable optical 

properties depending on the initial polymer concentration; b) absorption and c) emission 

spectra of untreated (max
abs

 = 500 nm and max
emis

 = 552 nm, dashed lines) and sonicated 

MEH-PPV solutions (MEH-s 4X, max
abs

 = 425 nm and max
emis

 = 544 nm, purple; MEH-s X, 

max
abs

 = 306 nm and max
emis

 = 435 and 460 nm, yellow), recorded in CHCl3. 

 

To demonstrate the validity of our approach, two MEH-PPV chloroform solutions, 2 

mM (hereafter named as MEH-s X) and 8 mM (MEH-s 4X), were sonicated in Milli-Q
®
 water 

(for more details on the synthesis see the Supporting Information), at this stage without any 

surfactant, to avoid possible side reactions and allow an easier isolation of the formed 

products. Spectroscopic UV-Vis characterization of the extracted organic phases after 

sonication (MEH-s) showed a progressive hypsochromic shift of the main absorption band, 

from max = 500 nm for the parent untreated polymer to 425 and 306 nm, for MEH-s 4X and 

MEH-s X samples, respectively (Figure 1b). Similar results were obtained for the 

fluorescence measurements (Figure 1c). A blue-shift of the emission band from max = 552 

nm of the untreated polymer to 544 (MEH-s 4X) and 435 nm (MEH-s X). The hypsochromic 

shift found for both, absorption and emission spectra, was associated to the postulated 

formation of shorter oligomeric fragments upon dilution of the initial polymer solution.
 
This 

fact is in agreement with the decrease of the QY and increase of the fluorescent lifetime upon 

polymer dilution (Table S1), following similar trends to those found for PPV oligomers, 

where shorter conjugation domains present longer emission lifetime.
[14]

 

Confirmation of the fragmentation process was obtained by chemical means. 
1
H-NMR 

spectra of both samples (Figure S1) showed new signals in the 7.0-8.0 ppm regions, mainly 

associated to modifications of the vinylene moieties in the new-formed species. The weak 

signals at 9.77 and 10.42 ppm were attributed to the formation of carbonyl moieties, whose 

presence was also supported by new peaks in FT-IR spectra (Figure S2): 1730 cm
-1

, C=O 
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stretching of aromatic aldehydes, 1680 cm
-1

, C=O stretching of carboxylic groups. The 

incorporation of these functionalities in MEH-PPV by different chemical means has already 

been shown to take place through oxidative cleavage,
[18]

 which in the case of conjugated 

systems can be induced by HOCl.
[21-23]

 No relevant intensity modifications were observed for 

C-H stretching of the methoxy and alkoxy groups (1037 cm
-1

) and to the aromatic C=C 

stretching (1502 cm
-1

) peaks, confirming that the sonication induced mainly chemical changes 

to the vinylene groups. X-Ray photoelectron spectroscopy (XPS) of the samples revealed a 

concomitant increase of the oxygen (from the 11.97% of the parent polymer to 21.16% for 

MEH-s X) and chlorine (from the 0.61% to 2.16%), along with a decrease of the relative 

carbon amount (from 87.42% to 76.67%), as the polymer concentration of the initial solution 

decreased, indicating a higher degree of fragmentation (Figure S3). Elemental analysis of the 

treated samples showed a similar trend, with the relative carbon amount decreasing (MEH-s 

4x, 70.0%; MEH-s X, 63.7%) as the concentration of the initial polymer solution diminishes 

(Table S2).  

FT-Raman spectra recorded for MEH-s X and MEH-s 4X samples (Figure S4) were 

quite similar, with the presence of an intense band located around 1580-1590 cm
-1

, which was 

ascribed to C-C stretching vibration of the phenyl rings and a weaker band at a longer 

wavenumber, approximately at 1625 cm
-1

, arising from the C=C stretching of the vinyl group.  

Two trends were found along the samples regarding these two aforementioned bands: a) there 

is a gradual upshift of the whole spectrum upon going from MEH-PPV to MEH-s 4X and 

MEH-s X, with a shift of the most intense band from 1581 cm
-1

 (MEH-PPV) to 1602 cm
-1

 

(MEH-s X), and b) the intensity ratio I1625/I1585 increases as the concentration of the 

starting polymer solution diminishes. These exact same trends were reported for a series of 

PPV derivatives, with the progressive decreasing of the chain length,
 [27-29]

 and can be easily 
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tracked down theoretically (Figures S5-S7). Therefore, sonication of the sample creates 

shorter PPV fragments and/or disruption of effective conjugation length due to a direct attack 

of the vinyl group. These two effects would appear similarly in Raman spectroscopy, since 

theoretical DFT calculations predict almost superimposable spectra for a 2PPV fragment and 

a 4PPV in which the central vinylene group has been attacked by the acidified solution 

(4PPVCl). Therefore, these results highlight that fragmentation of the samples, either by 

conjugation disruption or by selective chain cleavage, is more efficient in less concentrated 

samples.  

The formation of oligomeric units of lower molecular weight than the untreated MEH-

PPV was supported by diffusion-ordered NMR spectroscopy (DOSY) and gel permeation 

chromatography (GPC). Both sonicated samples, showed higher diffusion coefficient 

parameters than for the untreated MEH-PPV (Figure S8), indicating a lower molecular 

weight for the obtained compounds. Accordingly, only species of lower number average 

molecular weight (Mn) than untreated MEH-PPV (Mn = 40.000-70.000) were detected by 

GPC for the MEH-s X and MEH-s 4X samples, confirming the sonication produces shorter 

oligomers rather than only partial saturation of the initial polymer (Table S3).  

Finally, and to demonstrate that this process was not restricted to a few specific cases, 

we decided to investigate the behaviour, upon sonication, of mixtures prepared from MEH-

PPV solutions with concentrations of 4 mM (2x), 6 mM (3x) and 12 mM (6x). Interestingly, 

sonicating these solutions with the same conditions as above, novel absorption and emission 

bands appeared between those obtained from the non-treated polymer and the lowest 

concentrated sonicated (2 mM) solution. In this way, we fully demonstrated how by simply 

changing the initial concentration of the MEH-PPV polymer, we were able to fine tune the 

optical properties along the whole visible region of the formed oligomeric species (Figure S9).  
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Once the fragmentation and the electronic disruption was confirmed, further 

experiments were carried out to study the reaction mechanism. As initially mentioned, 

polymer fragmentation could be attributed to the reactivity of the polymer with different 

species formed along the sonication process, mainly chlorine radicals, produced directly from 

the sonication of CHCl3, and HOCl, obtained as secondary species from the sonication of 

CHCl3/H2O mixture. First blank experiments consisted of a) the sonication of a MEH-PPV 

chloroform solution in the absence of water, where only chlorine radicals (and no HOCl) are 

formed according to previous literature,
[30]

 and b) the replacement of CHCl3 by toluene or 

CH2Cl2 in the nanoemulsion preparation, where chlorine radicals production is avoided or 

much less favored and no HOCl is formed. Interestingly, no relevant modifications of the 

absorption and emission spectra were found (Figures S10 and S11), pointing out the crucial 

role played by the HOCl in the fragmentation process. In fact, the relevance of HOCl is not 

surprising at all as it has already been shown to produce the cleavage of linear conjugated 

systems with the consequent formation of carbonyl moieties.
[21-23] 

To confirm this, a CH2Cl2 

solution of MEH-PPV (8 mM) was treated with a NaOCl/HOCl acidified aqueous solution 

(pH = 6), without sonication. Also in this case, a progressive hypsochromic shift of the main 

absorption and emission bands over time was observed (Figure S12). 
1
H-NMR spectral 

changes of the HOCl-treated samples measured at selected reaction times t (HA-t, Figure 

S13a) indicated the formation of new species resembling those obtained through sonication 

(MEH-s). Notably, also in the HOCl-treated CH2Cl2 solution of MEH-PPV (e.g. HA-21h, 

Figure S13b) the signals at 10.42 and 9.77 ppm, related to carbonyl moieties resulting from 

the cleavage of the conjugated system, were observed. The role of HOCl in the process was 

finally assessed upon: a) sonication of a MEH-PPV CHCl3 solution in a basic water solution 

(NaOH, 1 M), which is prompted to neutralize the formed HOCl (Figure S14) and b) 
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sonication of MEH-PPV in a CHCl3/H2O solution in the presence of resorcinol as a HOCl-

scavenger
[31]

 (Figure S15). In all cases a dramatic reduction of the blue-shift was detected as 

the formation and/or activity of HOCl was hindered.  

To simultaneously achieve the optical tuning and the formation of nanoparticles 

(CNPs) via a modified miniemulsion method,
[32]

 polymer solutions of six different 

concentrations, named 2 mM (X), 4 mM (2X), 6 mM (3X), 8 mM (4X), 12 mM (6X) and 20 

mM (10X), were sonicated again in Milli-Q
®
 water but now in the presence of a surfactant 

(AOT, 0.1 wt.%) that stabilizes the chloroform-in-water nanoemulsion. Similarly to what 

observed for the non-containing surfactant mixtures, the spectroscopic UV-Vis 

characterization of the sonicated samples showed a progressive hypsochromic shift of the 

main absorption bands of the CNPs (from max = 476 nm to 306 nm) as the concentration of 

polymer in the initial CHCl3 solution decreases (Figure 2a). 

The related blue-shift correlation of the emission bands (from max = 597 nm to 481 

nm) with the initial polymer concentration was also found for the CNPs (Figure 2b). TEM 

and SEM (Figure S16) images showed the expected formation of nanoparticles for all the 

sonicated mixtures, with dimensions ranging from 62 ± 7 nm to 146 ± 23 nm. Notably, minor 

impurities of micro/nanosized cubic crystals, confirmed to be NaCl by EDX analysis, were 

also found (Figure S17). These crystals, formed after sonication even in the absence of the 

polymer (Figure S18) and the surfactant, were most likely obtained by the recombination of 

chlorine species and traces of sodium found in the water as well as in the walls of the vial, 

and/or by decomposition of NaOCl
[33]

 formed upon recombination of HOCl and the sodium 

ions traces. The nanoparticles showed red shift emission properties respect to the fragmented 

species obtained upon sonication of the mixtures of same concentration, but without 

surfactant (MEH-s). This red shift can be explained on the basis of different intermolecular 
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interactions between the oligomeric chains induced by the close packing present in the 

nanoparticles, as already described for several conjugated polymer nanoparticles,
[34-35] 

rather 

than to the formation of different oligomeric species. The interchain interactions of the 

polymer within the CNPs favour the overlap between π orbitals, enlarging the conjugation, 

increasing the exciton diffusion and thus yielding lower energy emission.
[34-35] 

This was 

supported by FT-Raman spectroscopy (Figure S19). The recorded data of the CNPs samples 

indicate similar spectra profiles as those obtained for the non-structured oligomers.   
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Figure 2. a) absorption, b) emission spectra and c) digital photograph of the series of 

CNPs_X-10X; d) SEM and e) TEM images of CNPs_4X suspensions.  

 

 

Furthermore, CNPs_3X presented its most intense Raman band (1592 cm
-1

) upshifted 

respect to CNPs_6X (1585 cm
-1

), and a higher I1625/I1585 ratio, both features indicative 
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of shorter conjugated chains as the initial polymeric concentration decreases; that is, also 

supporting fragmentation into oligomers in the nanoemulsion. 

Finally, on the pursuit for functional materials, all CNPs suspensions (CNPs_X-10X) 

were used to form self-standing, flexible polyvinyl alcohol (PVA) films (CNPs_X-

10X@PVA), through drop casting (see supporting information).  

 

Figure 3. a) scheme of drop-casting process of the CNPs_X-10X suspensions leading to the 

formation of the PVA films after H2O evaporation; b) digital photographs of CNPs_X-

10X@PVA films and corresponding emission spectra; c) digital photograph of bended 

CNPs_4X@PVA fluorescent film showing its flexibility; d) SEM picture of CNPs_4X@PVA 

film cross section.     

 

As can be seen, the absorption (Figure S20) and emission (Figure 3) properties of the 

PVA films resemble those of the CNPs suspensions, indicating that the spectral features of the 
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nanoparticles are transferred to a polymeric functional material. Only minor additional bands 

appear in the spectra of the films by comparison to the colloidal nanoparticles suspensions, 

most likely due partial loss of NPs structure and/or mutual diffusion of MEH-PPV and PVA 

chains.  

In summary, the reactive species HOCl generated upon sonication of a 

chloroform/water mixture is used to fragment the MEH-PPV polymer, with a degree of 

fragmentation tuned by its concentration in the initial organic solution; at lower polymer 

concentrations there are less polymer chains to be cleaved and therefore smaller fragments 

than for the more concentrated solutions are obtained over the same sonication time. Such 

fragmentation accounts for the systematic tuning of the optical properties. Though, worth to 

mention, previous synthetic studies revealed that optical shifts are no longer effective for 

oligomers with 10 units or more,
[14]

 considerably smaller than those obtained in this work. So 

to fully explain our experimental observation, beyond complete fragmentation, partial 

saturation of vinylene moieties without fragmentation,
[18]

 must also be claimed. Finally, when 

the sonication process is done in the presence of surfactants, the nanoemulsion is stabilized 

resulting in the final formation of nanoparticles with tuned optical properties. Thanks to 

stability of such nanoparticles, these could be further integrated into polymeric matrices 

leading to the obtaining of self-standing and flexible fluorescent films. 
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Experimental Section 

Other experimental details (methods, characterization techniques and supporting figures, 

tables and schemes) are reported in the supporting information (SI). 

 

Supporting Information  
Supporting Information is available from the Wiley Online Library or from the author. 
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Table of content: 

 

One-pot sonication-induced fragmentation and nanostructuration of seminconductive 

polymers is used to obtain conjugated polymer nanoparticles with fine-tuned absorption and 

emission properties in the whole visible spectral region. The sonication induces both breakage 

and structuration of the polymer chains, while the conjugation length and the corresponding 

optical properties are controlled by simply varying the polymer concentration of the initial 

solution. 
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