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ABSTRACT: We introduce new oxygen- and moisture-proof polymer matrices based on 

polyisobutylene (PIB) and its block copolymer with styrene PIB-b-PSt for encapsulation of colloidal 

semiconductor nanocrystals. In order to prepare transparent and processable composites, we 

developed a special procedure of the nanocrystal surface engineering including ligand exchange of 

parental organic ligands to inorganic species followed by attachment of specially designed short-

chain PIB functionalized with amino-group (PIB-NH2). The latter provides excellent compatibility 

of the particles with the polymer matrices. As colloidal nanocrystals we chose CdSe nanoplatelets 

(NPLs), since they possess a large surface and thus are very sensitive to the environment, in particular 

in terms of their limited photostability. The encapsulation strategy is quite general and can be applied 
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to a wide variety of semiconductor nanocrystals, as demonstrated on the example of PbS quantum 

dots. All obtained composites exhibited excellent photostability being tested in a focus of a powerful 

white-light source, as well as exceptional chemical stability in a strongly acidic media. We compared 

these properties of the new composites with those of widely used polyacrylate based materials, 

demonstrating the superiority of the former. The developed composites are of particular interest for 

application in optoelectronic devices, such as color-conversion light emitting diodes (LEDs), laser 

diodes, luminescent solar concentrators, etc. 

 

INTRODUCTION 

Colloidal semiconductor nanocrystals (also known as quantum dots (QDs)), represented mainly 

by metal chalcogenide compounds, have been one of the most studied materials due to their unique 

quantum confinement effects and size dependent optoelectronic characteristics.1-2 QDs exhibit 

desirable optical features, such as widely tuneable absorption spectra extending over a broad 

wavelength range, high photoluminescence (PL) efficiency, narrow emission spectral bandwidths, 

and the possibility to tune optical spectra by varying their size, shape, and composition. These highly 

fluorescent nanocrystals have shown great potential in thin film light-emitting diodes (LEDs),3-4 solar 

cells,5-6 solar concentrators,7-8 photodetectors, and as biological labels9-10. The highest quality QDs, 

especially in terms of their optical properties, achieved so far are synthesized by so-called hot-

injection approach in high boiling organic solvents. These nanoparticles bare on their surface organic 

ligands typically containing a polar group anchored to the QD and nonpolar hydrocarbon tail 

imparting QDs solubility in organic solvents.11 

One of the main problems in technological processing and practical applications of QDs and 

thus their commercialization is an insufficient stability of the materials upon working device 

conditions (e.g. at elevated temperatures, applied electrical current, high-power photoexcitation, etc.) 

against oxidation and humidity leading to poor long-term durability of QD-based materials and 

devices. For example, atmospheric oxygen can react with unprotected QDs’ surface forming complex 
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oxidized species (either with metal or with chalcogen), which eventually results in drastic 

deterioration of their unique optical and electronic properties, such as conductivity, mobility, carrier 

relaxation dynamics, and PL quantum yield (QY). The latter is the most important characteristic for 

application of QDs in LEDs. In order to prevent the degradation of the QD surface, usually they are 

encapsulated into stable matrices, such as polymers,12-14 silica,15-16 inorganic salts,17-21 and metal 

oxides22. Among them, polymer matrices are typically based on polyacrylates13, 23-24 and 

polystyrene12, 14. However, most of these polymers still exhibit remarkable permeability for gases, 

especially for oxygen. Additionally, many available polymerization methods cannot provide high QD 

loading into polymer matrices due to their phase separation and aggregation. Therefore, the 

development of appropriate gas-proof polymer matrices with high QD concentration is of paramount 

importance for successful practical application of QDs. 

We currently turn our attention to a development of functional short-chain capping ligands in 

which strong binding affinity to the QD surface and passivation properties are supplemented by easy-

to-integrate capabilities into long-chain polymer host matrices. These functionalized QDs can be 

dispersed in the polymer matrix via hydrophobic interactions between QD’s surface molecules and 

polymer backbones enabling precise control over QD-to-polymer ratios and optical properties of the 

composite material. This new strategy is different from other methods of QD-functionalization, 

including the attachment of the polymer molecules directly to the QD surface by multiple25 or single 

bonds,26 or polymerization of monomer molecules directly from or on QD surface12, 27-28. Thus, our 

group recently demonstrated that amine-based functional ligands can readily replace the positively 

charged diffusion region around the all-inorganic-capped QDs regardless of their complex structure, 

composition, morphology and surface chemistry.29-31 This led to successful surface modification of 

the QDs with biocompatible and thermally decomposing ligands for biomedical and electronic 

applications, respectively.29, 31  

In this work, we report the design and the synthesis of oligoisobutylene ligand containing 

amino-functional anchoring groups (PIB-NH2), subsequent surface modification of colloidal QDs 
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with these molecules and finally, fabrication of nanocrystals-in-polymer thin film composites via 

incorporation of the PIB-NH2-funtionalized QDs. As guest nanocrystals, we chose CdSe 

nanoplatelets (NPLs) and quasi-spherical PbS QDs due to their widely reported high sensitivity to 

environmental conditions.32-33 We particularly focused on the fluorescence properties of these 

nanocrystals, since they are a direct indication of changes occurring on the surface, such as oxidation, 

which typically leads to PL quenching due to the formation of surface trap states. As a polymer 

matrix, we selected polyisobutylene (PIB), one of the polymer materials with known exceptionally 

low gas permeability34. In addition, PIB exhibits such unique properties, as a significant thermal and 

chemical stability, one of the weakest temperature dependences of structural relaxation and viscosity 

(i.e., low fragility), and an excellent flexibility at ambient temperatures.35 Thus, Faust et al. recently 

showed that the PIB-based polymers possess excellent barrier properties, in particular oxygen 

permeability of only 1.9×10‒16 mol∙m∙m‒2∙s‒1∙Pa‒1 and moisture permeability of 46∙10‒16 mol∙m∙m‒

2∙s‒1∙Pa‒1, which were highly beneficial for encapsulation of flexible organics solar cells.36-37 All these 

characteristics make PIB a perfect candidate for efficient encapsulation of various semiconductor 

nanocrystals. In addition to pure PIB, we also synthesized a block copolymer of isobutylene with 

styrene (PIB-b-PSt) and studied these two polymers as host matrices to prepare nanoparticles-in-

polymer solid composites in the form of thin films deposited on glass slides. To compatibilize the 

NPLs with polymers we developed a special surface engineering approach consisting in anchoring 

PIB-containing ligands to the surface of the particles. In this way, original organic ligands were first 

replaced by sulfide or iodide ions forming all-inorganic nanocrystals, followed by attaching PIB-NH2 

moieties. These surface functionalized nanoparticles formed transparent composites with both 

polymers, which exhibited an excellent stability against photodegradation as well as in strongly acidic 

media. In order to demonstrate advantages of these new matrices we compared the composites with 

NPLs-in-poly(lauryl methacrylate) (PLMA), a commonly used polymer to encapsulate QDs. Indeed, 

both NPLs-in-PIB and NPLs-in- PIB-b-PSt showed superior stability, that makes them perspective 

materials for application as color-conversion layers in LEDs and laser diodes. 
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EXPERIMENTAL SECTION 

Complexes of AlCl3 with tBuOMe (as 1 M solution in CH2Cl2) were synthesized following the 

recipe described in ref.38.  

Synthesis of 6-phenoxyhexan-1-amine was carried out according to the described method.39 

Details of the synthesis are provided in the Supporting Information. 

Dicumyl chloride was synthesized according to the method described in ref.40 via passing gaseous 

HCl through a solution of 1,4-bis(2-hydroxyisopropyl)benzene in methylene chloride at 0 ºC. Then 

the product of synthesis was twice recrystallized from n-hexane and dried in vacuum. 

All polymerization reactions were carried out in glass tubes under argon at different temperatures. 

Synthesis of low molecular weight chlorine-terminated polyisobutylene following the recipe 

from ref.38. Briefly, the solution of AlCl3∙tBuOMe in CH2Cl2 (0.6 mL, 1 M) was added to a mixture 

of 1.43 g isobutylene (25.5 mmol) and 25 mL toluene at –20 ºC. After 10 minutes, the reaction mixture 

was poured into ethanol. The resulting precipitate of PIB was dissolved in 20 mL n-hexane., washed 

with 0.5 M nitric acid and deionized water to remove the aluminum-containing residues, evaporated 

to dryness under reduced pressure, and dried in vacuum at 60 ºC to give the product polymers.  

Synthesis of high molecular weight polyisobutylene. 0.3 mL of TiCl4 was added to a mixture of 

2.03 g isobutylene (26.3 mmol), 18.8 mL n-hexane, 14.4 mL CH2Cl2), the solution of 2,6-di-tert-

butylpyridine (1.65 ml, 0.1M) in n-hexane, and 0.3 mL dicumyl chloride at –80 ºC. After 2 hours, the 

reaction mixture was poured into methanol. The resulting precipitate of PIB was dissolved in 20 mL 

n-hexane. Then the solution was centrifuged at 10000 rpm for 10 min to remove insoluble products 

of alcoholysis of TiCl4. Clear supernatant was mixed with 100 mL of methanol resulting in 

flocculation of PIB with its subsequent drying in vacuum.  

Synthesis of poly(styrene-block-isobutylene-block-styrene) was carried out according to the 

described method,40 by using pyridine instead of 2,6-di-tret-butylpyridine. Briefly, 0.2 mL of TiCl4 

was added to a mixture of 1.35 g isobutylene (24.1 mmol), 12.6 mL n-hexane, 9.6 mL CH2Cl2, 1.1 
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mL of the solution of pyridine in n-hexane (0.1 M), and the solution of 0.7 mL dicumyl chloride 

(synthesized as described above) in n-hexane (0.1 M) at –80 ºC. After 35 min, 3.5 mL of styrene 

solution in mixture of n-hexane/CH2Cl2 (60/40 v/v) cooled to ‒30 ºC were added to the mixture. The 

reaction was quenched by pouring the mixture into methanol after 30 min. Thus obtained copolymer 

was purified similar to the high molecular weight PIB. 

Synthesis of poly(lauryl methacrylate). 9.5 mL freshly distilled lauryl methacrylate (32 mmol) 

were polymerized in the presence of 41 mg AIBN (0.25 mmol) at 60 °C for 48 h. 

4-(6-aminohexoxy)phenyl-polyisobutylene (PIB-NH2) was synthesized via Friedel-Crafts 

alkylation of 6-phenoxyhexan-1-amine (RNH2) (details of the synthesis are in the Supporting 

Information) by chlorine-terminated PIB with Mn = 1×103 in glass tubes under argon at ‒70 °C.39 The 

reaction started by slowly adding 3.7 mL of TiCl4 to a mixture consisting of 1.9 g RNH2, 8.0 g PIB 

(8 mmol), 60 mL CH2Cl2, and 40 mL n-hexane. Reaction proceeded during 9 h, after that the catalyst 

was decomposed by adding ~5 mL ethanol, followed by dilution of the reaction mixture with 60 mL 

n-hexane. The obtained solution was repeatedly washed with water until the aqueous layer remained 

colorless. The organic layer was collected and repeatedly washed with 3% aqueous KOH solution 

until the pH value of organic layer reached 6‒7. The organic layer was separated and washed with 

water:ethanol (90:10 v/v) mixture, followed by drying with anhydrous magnesium sulfate with 

subsequent and filtering. Then the solvent was removed and the polymer was dried in vacuum. 

Synthesis of 4 ML CdSe NPLs. A mixture of 70 mg CdO (0.54 mmol) and 340 mg myristic acid 

(1.4 mmol) in 28 mL ODE was degassed at 110°C for 30 min in a 50-mL three-neck flask. The 

resulting reddish precursor solution was heated up to 285°C under argon atmosphere. After 20 min 

the solution became completely transparent and was degassed again at 90°C before adding 24 mg Se 

powder (0.3 mmol) suspended in 2 mL ODE. Thereafter, the reaction mixture was heated up to 240°C 

with swift addition of 160 mg Cd(OAc)2∙2H2O (0.64 mmol) at 190‒200°C. After 10 min at 240oC the 

reaction was quenched by rapid cooling with a water bath and the addition of 1 mL OlAc at 180°C. 

The solution was divided into two parts and placed in 50 mL centrifugation tubes; 20 mL of a n-
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hexane:ethanol (3:1 v/v) mixture were added to each portion with subsequent centrifugation at 

4000 rpm (rcf = 1972 g) for 10 min. The precipitate was dissolved in 4 mL of n-hexane. 

Synthesis of PbS QDs. Quasi-spherical PbS QDs with an average size of 3.3 nm and a narrow 

size distribution were synthesized using a modified literature procedure by Hines et al.41 In a typical 

reaction, a mixture of 223.2 mg PbO, 20 mL ODE, 1.27 mL OlAc, and 1 mL TOP in a 50 mL three-

neck flask was heated up to 105°C and kept under vacuum (~10‒2 mbar) for 2 hrs. Thereafter, the 

flask was filled with argon and the temperature was raised to 150°C until a clear solution formed. 

Then the flask was cooled to 120°C and kept for 30 min before injection of a solution of 10 µL TMS 

in 1 mL TOP upon vigorous stirring. The growth temperature was 115–120°C for 1 min. The ethanol-

acetone mixture (1/1 v/v) was added to the crude solution followed by centrifugation to precipitate 

PbS QDs. The precipitate was dissolved in n-hexane. The washing steps were repeated three times 

using n-hexane-ethanol as a solvent-nonsolvent pair. 

Ligand exchange and preparation of CdSe NPLs-in-polymer and PbS QDs-in-polymer films. 

Ligand exchange to S2‒ of CdSe NPLs: 2 mL of the solution of oleate-capped CdSe NPLs in n-

hexane and 30 µL of 48% solution of (NH4)2S in water were added to the mixture of 3 mL MFA and 

5 mL n-hexane. After overnight shaking the colored solution of S2‒-capped CdSe NPLs in MFA was 

separated and precipitated in mixture of 1.5 mL acetone and 4 mL toluene followed by centrifugation. 

The precipitate was dissolved in 2 mL MFA. 

Ligand exchange to I‒ of PbS QDs: The ligand exchange of oleate-capped PbS QDs was carried 

out in an oxygen-free atmosphere following the recipe developed for surface modification of PbS 

QDs with iodide ions.32, 42 300 μL of 1 M solution of NH4I in MFA were mixed with 2.7 mL acetone 

and then added to the diluted solution of the oleate-capped PbS in n-hexane (6 mL, ~5–15 mg/mL). 

After vigorous shaking, the fluffy-like aggregated nanocrystals were centrifuged and separated from 

the supernatant. An excess of acetone was added to the precipitate to remove the remaining organic 

molecules and unreacted NH4I. After centrifugation and drying, the powder was redispersed in 3 mL 
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of MFA. The clear solution was then precipitated with a n-hexane/acetone mixture (1/2 v/v). The 

dried powder was readily dispersible in pure MFA forming stable concentrated solutions.  

Ligand modification with PIB-NH2: 0.5 mL of the resulting concentrated solutions of S2‒-capped 

CdSe NPLs or I‒-capped PbS QDs in MFA was added to 0.8 mL solution of PIB-NH2 in n-octane 

(10%-wt.) and 10 L OlAc. OlAc protonates anchoring amine group of the ligand facilitating its 

strong binding to the negatively charged NPLs and QDs. After approx. 30 min of stirring the upper 

colored layer (n-octane phase) was separated and the NPLs were precipitated by adding a triple excess 

of acetone relative to n-octane followed by centrifugation. The precipitate was dissolved in 0.5 mL 

n-octane with the formation of transparent dispersion with concentration exceeding 500 mg/mL. For 

the preparation of the composite films 20 L of PIB-NH3
+-S2‒- or PIB-NH3

+-I‒-capped nanocrystals 

in n-octane were mixed with 80 L of 15% solution of PIB or PIB-b-PSt. The resulting viscous 

solution was drop-cast or spin-coated on glass slides with subsequent evaporation of the solvent at 

room temperature. 

Ligand modification with OlAm for preparation of NPLs-in-PLMA composites: In a similar way, 

0.5 mL of the resulting solutions of S2‒-capped CdSe NPLs or I‒-capped PbS QDs in MFA was added 

to solution of 20 µL OlAm and 5 µL OlAc in 0.5 mL of n-hexane. Thus obtained OlAm-S2‒- or 

OlAm-I‒-capped nanocrystals were purified similar to the PIB-NH2-functionalized particles and 

dissolved in 0.5 mL n-hexane. For preparation of the composite films 20 µL OlAm-S2‒- or OlAm-I‒-

capped nanocrystals in n-hexane were mixed with 100 µL of 5%-wt. solution of PLMA in toluene. 

The resulting solution was drop-cast on glass slides with subsequent evaporation of the solvent at 

room temperature. 

Characterization. 

Size exclusion chromatography was performed on an Agilent 1200 apparatus with Nucleogel GPC 

LM-5, 300/7,7 column and one precolumn (PL gel 5 m guard) thermostated at 30 °C, equipped with 

a differential refractometer. Solutions of the polymers in tetrahydrofuran (THF) were eluted at a flow 

rate of 1.0 mL/min. The calculation of molar mass and polydispersity was based on polystyrene 
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standards (Polymer Labs, Germany). 1H NMR (400 MHz) spectra were recorded in CDCl3 at 25 C 

on a Bruker AC-400 spectrometer calibrated relative to the residual solvent resonance. Absorption 

spectra of the samples were recorded using a Cary 60 (Varian) spectrophotometer (Varian). PL 

spectra were acquired on a Fluoromax-4 spectrofluorimeter (Horiba Jobin Yvon, Inc.) by the 

excitation wavelength set at 400 nm. Absolute PL quantum yields (PLQYs) were determined 

employing Fluorolog-3 equipped with a Quanta-ϕ integrating sphere (Horiba Jobin Yvon, Inc.). 

Focused white light irradiation from a powerful 1000 W xenon lamp was used in photostability 

tests. The infrared part of the irradiation was cut off by the water filter. Samples were placed in the 

focus of the light spot. In between illumination cycles, the samples were stored overnight at room 

temperature. Changes of their optical properties during the illumination were monitored by recording 

their PL spectra. In the test of chemical stability the QDs-in-polymer films on glass were immersed 

in a 5 M HCl aqueous solution. The visual changes of the PL were captured by a photocamera. 

 

RESULTS AND DISCUSSION 

The developed approach to the preparation of stable and transparent semiconductor 

nanocrystals-in-polymer composites includes three main steps: 1) ligand exchange via solution phase 

or mild-precipitation techniques on as-synthesized 4 monolayers (MLs) thick CdSe NPLs and PbS 

QDs from organic capping (myristic and oleic acids) to inorganic S2‒ or I‒ species, respectively, 

accompanied by the phase transfer of the particles from non-polar solvent to polar MFA; 2) the 

resulting nanocrystals undergo further ligand shell modification consisting in anchoring PIB-NH2 

molecules or their protonated species to sulfide or iodide ions, which transfers the NPLs back to non-

polar solvents, such as n-hexane or n-octane; 3) PIB-NH2-capped CdSe NPLs are mixed with a 

solution of either PIB or PIB-b-PSt and the resulting solution is processed via simple drop-casting or 

spin-coating into thin composite films on glass slides (Figure 1). The first step was introduced in 

order to improve efficiency of the subsequent capping with PIB-NH2 ligand, since its affinity to the 

CdSe surface is not sufficiently strong to replace myristic and oleic acid in the form of firmly bound 
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carboxylates. Instead, inorganic ions efficiently replace these ligands creating a base to attach amino-

functionalized short chain PIB molecules. This ligand was specially designed to compatibilize the 

nanocrystals with PIB-based polymer matrices, which otherwise are poorly miscible and tend to form 

nontransparent composites due to segregation of the NPLs from the matrix phase resulting in large 

clusters which scatter visible light. The PIB-NH2 synthesized in this work via Friedel-Crafts 

alkylation of 6-phenoxyhexan-1-amine by chlorine-terminated PIB was characterized by Mn = 1×103 

and Mw/Mn = 1.4. These ligand molecules possess high binding affinity to the inorganic-capped 

nanoparticles as well as impressive surface passivation. The hydrocarbon chain of PIB-NH2 makes 

the resulting CdSe NPLs and PbS QDs soluble in different non-polar solvents, such as n-hexane, n-

octane, toluene, tetrahydrofuran, chloroform, methylene chloride, etc. Finally, in the third step the 

NPLs functionalized with this PIB fragment were blended with 15%-wt. solution of PIB with Mn = 

53×103 and Mw/Mn = 1.4 or PIB-b-PSt with Mn = 30×103 and Mw/Mn = 1.7 (Mn of PIB-block = 

21×103 and Mw/Mn = 1.2) in n-hexane, n-octane, or toluene, followed by subsequent drop-casting or 

spin-coating onto glass slides. We note that any other solution processing method, such as spin-, 

spray-coating, inkjet printing, etc., can be used to prepare the composite films. 

 

Figure 1. Scheme of the preparation of the CdSe-in-PIB-b-PSt composites including 1) ligand 

exchange on the as-synthesized NPLs capped with organic ligands for S2‒ ions, accompanied by the 

phase transfer from n-hexane to MFA, 2) modification of the ligand shell via attaching PIB-NH2 

molecules accompanied by the phase transfer from MFA to n-octane, and 3) preparation of the 

composite via blending with PIB-b-PSt in n-octane followed by drop-casting a film onto a glass slide.  
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As a reference sample in tests of the stability of the prepared NPLs-in-PIB and PIB-b-PSt 

composites we used NPLs-in-PLMA films. The latter polymer is quite common matrix for 

encapsulation of semiconductor nanocrystals owing to its dodecyl hydrocarbon tales, which can well 

accommodate as-synthesized particles bearing similar hydrocarbon-containing moieties on the 

surface forming transparent composites. All three composites were brightly fluorescent transparent 

films, as shown in Figure 2a. As we recently demonstrated,43 the PL of 4 ML thick CdSe NPLs 

drastically changes upon capping with S2‒, namely initially green emission color transforms to red 

accompanied by a large shift of the PL maximum from 512 nm to 630 nm and broadening of the full 

width at a half maximum (FWHM) from 9 nm to 30 nm (Figure 2c). This clearly indicates that the 

surface of the NPLs is very sensitive to the alteration of the surrounding environment, making them 

a perfect object to study stability of the corresponding composites with polymers. In order to correctly 

compare the properties of three different composites, we incorporated S2‒-capped CdSe NPLs into 

PLMA, instead of employing directly as-synthesized NPLs, which also are compatible with this 

polymer. In this way, S2‒-capped CdSe NPLs were transferred from MFA solution back to nonpolar 

organics by adding OlAm, that ensures similar NPL surface chemistry in all three types of samples. 

We note that to make the interaction between amines and sulfur ions on the NPL surface more 

efficient small amounts of OlAc were added in the second step. This resulted in partial protonation 

of amino-groups forming ‒NH3
+‒S2‒‒CdSe bonds. The OlAm‒S2‒‒CdSe were finally blended with 

high-molecular PLMA (Mn = 57×104, Mw/Mn = 2.4) similar to the composites with PIB and PIB-b-

PSt. As seen from the absorption and PL spectra of the composites, all three exhibit almost identical 

spectral shapes and peak positions (Figure 2b,c). 
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Figure 2. (a) Photos of CdSe NPLs-in-polymer composites: NPLs-in-PIB, NPLs-in-PIB-b-PSt, and 

NPLs-in-PLMA under day (top) and UV-light (bottom). Absorption (b) and PL (c) spectra of the 

corresponding composites compared with those of S2‒-capped CdSe NPLs. Absorption spectra are 

vertically shifted for clarity. 

 

To assess the stability of the obtained composites, we first applied photodegradation test already 

exploited in our previous work.12, 18 In this experiment, films of NPLs-in-polymer cast on glass were 

illuminated by a powerful 1000 W white light xenon lamp with the beam focused into a spot of 

approx. 1 cm in diameter. Changes during the treatment were monitored by optical spectroscopy, in 

particular by PL measurements, as the PL is very sensitive to the state of the surface of QDs. For 

example, defects created on the surface by oxidation or any degradation process in general will be 
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immediately reflected in quenching of the emission. Figure 3 displays changes of the integrated PL 

spectra of all three composite samples together with a control film made of solely S2‒-capped CdSe 

NPLs without a polymer matrix. The latter exhibited a surprisingly good stability over 500 min of the 

irradiation maintaining its average PL at the level of 80% of the initial value. By this, at the very 

beginning of the exposure the fluorescence intensity raised by approx. 50% indicating 

photobrightening of the particles most probably due to the removal of defects on the surface. The 

least photostable composite was NPLs-in-PLMA whose PL intensity dropped by approx. 35% during 

first 10 min of the treatment and remained at 44% on average of the initial value over approx. 700 

min of the irradiation. Distinctly different behavior was observed by testing NPLs-in-PIB and -PIB-

b-PSt composites. After initial drop of the intensity, the PL restored to its initial value during 20‒30 

min and continued increasing in both cases reaching its maximum after 5 hours for the NPLs-in-PIB-

b-PSt film and 6.5 hours for NPLs-in-PIB film, amounted to 5.2-fold and 2.4-fold enhancement, 

respectively, compared to the initial values. A similar light soaking effect we observed recently 

testing CuInS2-based QDs incorporated into polystyrene matrix.12 Lower stability of NPLs-in-PLMA 

composite against irradiation can be explained by a well-known ability of the polyacrylates to 

depolymerize favored by the formation of quite stable macroradicals, which in turn can damage the 

surface of the NPLs forming trap states.44-45  

0 100 200 300 400 500 600 700 800 900
0

1

2

3

4

5

N
or

m
. i

nt
eg

ra
te

d
 P

L

 S2--capped NPLs
 NPLs-in-PLMA
 NPLs-in-PIB
 NPLs-in-PIB-b-PSt

Time (min)  

Figure 3. Normalized integrated PL signal of films-on-glass made of S2‒-capped CdSe NPLs, as well 

as NPLs-in-PIB, PIB-b-PSt, and -PLMA composites versus time of the illumination by 1000 W xenon 

lamp. 
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Despite the advantages of the PIB matrix as an encapsulant for semiconductor nanocrystals, the 

pure polymer is an elastomer, that is soft at ambient conditions (its glass transition temperature is 

approx. ‒74oC for low-molecular weights and approx. ‒70oC for high-molecular weights)35. Although 

such soft elastic polymers as pure PIB or PLMA (Tg = ‒50 oC)46 are not optimal for fabricating 

photochemically and thermally stable composite materials, they can be blended with or reinforced by 

placing a layer of a more thermostable polymer on top of the composite film. As an alternative we 

propose PIB-b-PSt block-copolymer, polystyrene blocks of which impart rigidity to the matrix, while 

PIB ensures low gas permeability and overall chemical inertness. Indeed, as follows from the results 

of the photostability tests, this specially designed polymer provided the best protection to the NPLs 

in terms of preservation and even remarkable enhancement of their PL intensity. Absorption spectra 

of all tested samples indicate similar changes, namely a pronounced blue shift of the heavy hole and 

the light hole transitions accompanied by smoothing both features (Figure SI2). 

Furthermore, we used this copolymer to encapsulate spherical PbS nanocrystals, which are 

prone to oxidation and thus are very sensitive to the presence of air32-33. I‒-capped PbS QDs were 

processed into QDs-in- PIB-b-PSt and -PLMA composites analogous to CdSe NPLs (Figure 1). The 

spectra of the integrated PIB-NH3
+-I‒-capped PbS QDs in PIB-b-PSt matrix resemble those of PIB-

NH3
+-I‒-capped PbS QDs in solution, whereas the ligand exchange from oleate to iodide led to a 

remarkable red shift of the both spectra followed by a further, less pronounced red shift upon capping 

with PIB-NH2 (Figure SI3a,b). Results of the photostability tests are displayed in Figure SI3c. As in 

the case of CdSe NPLs, the copolymer matrix provided significantly better protection to PbS QDs 

than PLMA. Thus, half-life (the drop of the PL spectrum area by 50% compared to the initial value) 

of their PL in PLMA was evaluated as 3 min, whereas in PIB-b-PSt emission lasted remarkably longer 

with half-life of approx. 45 min. 

In addition to the photostability test, we performed qualitative investigation of the chemical 

stability of the obtained composites in highly concentrated hydrochloric acid solution. The films on 
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glass were basically immersed in the 5 M acid solution, the visual changes of the PL were captured 

by a photocamera. As seen in Figure 4, the fluorescence intensity of the NPLs in PLMA matrix 

dropped significantly already after 2 hours of soaking, and after 4 hours the PL was hardly visible 

indicating either complete decomposition of the plates or formation of a large number of defects on 

their surface. Unlike, NPLs-in-PLMA, both NPLs-in-PIB and -PIB-b-PSt proved to be much more 

stable in such aggressive environment still retaining their PL even after 4 days of soaking in HCl 

solution. This underlines excellent stability of the new composites not only against irradiation by a 

powerful light source, but also against strongly corrosive chemical substances, which is particularly 

beneficial for outdoor application of these materials, e.g. as luminescent solar concentrators. 

 

Figure 4. Photographs of CdSe NPLs-in-PIB, -PIB-b-PSt, and -PLMA films deposited on glass slides 

before and 2 hours, 4 hours, 2 days, and 4 days after adding 5 M HCl, under UV-light. 

 

CONCLUSIONS 

We introduced new polymer matrices made of isobutylene and its block copolymer with styrene for 

encapsulation of colloidal semiconductor nanocrystals. The nanoparticles under study were CdSe 
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NPLs and PbS QDs, both known for their sensitive optical properties, in particular fluorescence. In 

order to compatibilize the nanocrystals with the matrices we designed a short-chain PIB 

functionalized with amino-group as a ligand. This ligand was applied to S2‒-capped CdSe NPLs and 

I‒-capped PbS QDs resulting in solubilization of the particles in organic solvents. The stability of the 

nanoparticles-in-PIB and -in-PIB-b-PSt composites were benchmarked against that of NPLs(QDs)-

in-PLMA. The nanoparticle-in-polymer composites were prepared simple by drop-casting mixed 

solutions onto glass slides. Our results of the photostability and chemical stability tests clearly 

demonstrate that nanocrystals in polyisobutylene-based matrices are much more stable against photo- 

and chemical degradation. Furthermore, we observed a significant increase in fluorescence intensity 

over irradiation time attributed to the light soaking effect, which is highly beneficial for practical 

application of the obtained materials. We believe that the isobutylene-based polymers introduced in 

this work can serve as gas-tight matrices for many other semiconductor nanoparticles. The developed 

composites are of particular interest for application in optoelectronic devices, such as color-

conversion LEDs, laser diodes, luminescent solar concentrators, etc. 
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