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Abstract 

Nanocomposites with unusual and superior properties often contain well-dispersed nanoparticles. 

Polydimethylsiloxane, PDMS, offers a fluidlike or rubbery (when crosslinked) response, which 

complements the high-modulus nature of inorganic nanofillers. Systems using PDMS as the 

nanoparticulate, rather than the continuous, phase are rare because it is difficult to make PDMS 

nanoparticles. Aqueous dispersions of hydrophobic polymer nanoparticles must survive the 

considerable contrast in hydrophobicity between water and the polymer component. This 

challenge is often met with a shell of hydrophilic polymer or by adding surfactant. In the present 

work, two critical advances for making and using aqueous colloidal dispersions of PDMS are 

reported. First, PDMS nanoparticles with charged amino end groups were prepared by flash 

nanoprecipitation in aqueous solutions. Adding a negative polyelectrolyte, poly(styrene 

sulfonate), PSS, endowed the nanoparticles with a glassy shell, stabilizing them against 

aggregation. Second, when compressed into a nanocomposite, the small amount of PSS leads 

to a large increase in bulk modulus. X-ray scattering studies revealed the hierarchical 

nanostructuring within the composite, with a 4 nm PDMS micelle as the smallest unit. This class 

of nanoparticle and nanocomposite presents a new paradigm for stabilizing liquidlike building 

blocks for nanomaterials.  

 

Introduction 

Tuning the properties of polymer nanocomposites has been of interest in the field of soft  

functional materials for many years.1-5 Improving properties such as modulus6, toughness, and 

conductivity can be achieved by introducing nanofillers. These nanofillers are usually inorganic 

such as silica7-9 and other metal oxides, or gold,10 or are combined with organic building blocks 

such as nanocellulose,11, 12 block copolymers4 and vitrimers. Specific interactions can occur 
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between particles and their constituents on the nano scale leading to unique architectures and 

properties.1, 2, 13 For example, crosslinked polydimethylsiloxane, PDMS, or “silicone rubber” often 

contains a dispersion of nanosilica to impart toughness. A wide variety of nanoparticle types offers 

a broad scope for designing functional nanocomposites with controlled inter-particle ordering.4 

Combining metal-organic frameworks with polymers enhances their processibility. The influence 

of the polymer network on the viscoelastic properties of polymer nanocomposites has been 

examined extensively.4, 14-16  

All-polymer nanocomposites bind dispersions of polymer nanoparticles with other 

polymers.8, 17 Water-stable polymer nanoparticles usually have a hydrophobic core and a 

hydrophilic polymer shell that stabilizes the particles.13, 18, 19 As a soft polymer, PDMS is a widely-

used non-toxic, biocompatible hydrophobic polymer with high thermal resistance, and low glass 

transition temperature, Tg.13, 20-22 Unfortunately, there is a strong difference in solubility between 

PDMS and other common polymers such as polystyrene, poly(methyl methacrylate) or poly(vinyl 

chloride).13 Its low Tg, beneficial for use in elastomeric products, means PDMS remains liquid-like 

at room temperature. Thus, pure PDMS nanoparticles, even when cross-linked, are inclined to 

fuse during preparation.21  The synthesis of stable, PDMS nanoparticles is consequently 

challenging. To address this problem, researchers have incorporated PDMS within block 

copolymers20, 23 or modified the surface with hydroxyl groups.21, 22 Recently, montmorillonite24 and 

polystyrene25, 26 have been incorporated to toughen PDMS. 

Because PDMS is exceptionally hydrophobic it can sequester various hydrophobic 

compounds, such as pharmaceuticals, from water, which offers great potential in biomedical and 

material science applications.20, 23, 27 For the same reason, PDMS is widely used in strategies for 

environmental remediation of organics, such as encapsulating nanocatalysts to destroy 

contaminants,28 or in membranes for separating oil from water.29 A high specific surface area that 
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is offered by nanoparticles accelerates the sorption of hydrophobic molecules from aqueous 

solutions.  

Composite polysiloxane dispersions are predominantly made by first polymerizing 

siloxane monomers to form a core and then adding monomers with vinyl groups to graft on a 

shell.13 Alternatively, PDMS-containing block copolymers can self-assemble in selective solvents. 

Various factors affect this self-assembly such as polymer concentration, molecular weight, volume 

ratio of the segments and the chemical nature of the hydrophobic and hydrophilic blocks.23 pH-

dependent spherical polydimethylsiloxane/poly(2-(dimethylaminoethyl acrylate) charged micelles 

were prepared by Zhao et al.20 Micelle formation was examined using 1-naphthylamine (PNA) as 

a probe that exhibited a large blue shift of λmax and enhanced fluorescent intensity when 

solubilized in the hydrophobic core.20 Maparu et al. have created soft PDMS nanoparticles 

modified by hydroxyl groups that form intramolecular hydrogen bonds thus improving the PDMS 

surface energy and mechanical strength.21 

In the present work, the difficult problem of stabilizing PDMS nanoparticles, especially in 

aqueous environments, has been addressed with the addition of a glassy electrostatic shell of 

polyelectrolyte complexed to charged groups on the ends of the PDMS chains. This shell provides 

aqueous dispersions of PDMS nanoparticles which are stable even with the addition of salt. When 

compressed, the charged polymer electrostatically stitches together PDMS nanoparticles to 

provide a unique, toughened, hierarchical structure which was elucidated with x-ray scattering 

studies. 

Results and Discussion 

Nanoparticle dispersions were prepared by rapidly mixing low molecular weight PDMS 

dissolved in THF with a large volume of water (nonsolvent).30 Flash nanoprecipitation (FNP) 

yielded reproducible particles in the range of 40 – 65 nm by controlling the mixing rate and solvent 
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ratio. Particle nucleation is induced by local supersaturation in a turbulent regime in a confined 

volume.30-33 Flash nanoprecipitation was investigated by Prud’homme and coworkers30, 32, 34  using  

confined impinging jets (CIJ) mixers. Impinging jets, which deliver rapid mixing times, have  been 

used to prepare polymer nanoparticles that encapsulate inorganic and pharmaceutical agents.30, 

32, 33 The CIJ used here was adapted from an optimized geometry reported by Han et al.31 

 

 

Scheme 1. Structures of polymers used. 

Positively charged nanoparticle. The starting PDMS (PDMS-NH2, Scheme 1) had a flexible 

hydrophobic siloxane backbone (Tg about -123 oC21) with amine end groups. This commercially 

available polymer has a nominal molecular weight of about 900 g mol-1, yielding a low viscosity of 

about 10-15 cST. In order to stabilize the aqueous nanodispersion by electrostatic repulsion, 

PDMS-NH2 was charged by protonating the end groups. To provide solubility in organic solvents, 

triflic acid was used, leaving the hydrophobic triflate as a counterion. The protonated product 

(PDMS-NH3
+Tf-, Scheme 1) was characterized by 1H NMR spectroscopy. End groups were 

assigned using COSY (see Supporting Information Figures S1 and S2) and the PDMS was 

determined to have an average of 17 repeat units (Figure S3, Mn = 1375 g mol-1). When 

crosslinked, PDMS is an elastomer that has been used in numerous industrial and biomedical 

applications due to its chemical inertness and biocompatibility.  
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The liquidlike nature of PDMS, combined with its intense hydrophobicity, thwarts attempts 

to produce stable dispersions of PDMS nanoparticles. The few reports of such materials 20, 21, 23, 

35 rely on a couple of strategies for stabilization, including the classical method of adding 

surfactant.36 Internal crosslinking removes the liquidlike nature of PDMS,21 while incorporating a 

PDMS block along with a hydrophilic block in copolymers yields micelles stabilized by a 

hydrophilic corona.20, 23  

Rapid supersaturation, precipitation, and dilution tend to yield small, stable polymer 

nanoparticles.30, 31 The mixer was designed to provide these conditions (Figure S4, Supporting 

Information). The polymer solution and non-solvent (water) emerge from two opposing outlets into 

a small mixing chamber with a residence time of about 0.2 mS under turbulent flow.  The 

nanoparticles were immediately ejected into a large reservoir of water (Figure S5, Supporting 

Information). The PDMS nanoparticles obtained in the reservoir had a hydrodynamic radius, Rh, 

of 53 nm determined by dynamic light scattering (DLS, Figure 1) and remained stable in size for 
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at least 24 h (see Figure S6 Supporting Information).  Particle size distributions were reasonably 

narrow (Figure 1) and the Rh was reproducible from run to run within ± 3 nm. 

 

Figure 1.  Autocorrelation function and hydrodynamic radius, Rh, distribution of 1 mg mL-1 PDMS-

NH3
+Tf- nanoparticles at an angle of 90⁰ at 296.8 K (—); and PDMS-NH3

+PSS (--) as made in 

water. Rh remains essentially unchanged after 24 h (see Supporting Information Figure S6). 

 

Colloidal stability was presumed to be provided via electrostatic repulsions between 

positively charged nanoparticle surfaces.37 This classical mechanism was supported by the 

finding that the nanoparticle dispersion destabilized on the addition of salt.38  For example, when 

0.15 M NaCl was introduced to the nanoparticle reservoir an increase in hydrodynamic radius 

was recorded over the course of 8 hours (Figure 2). A higher salt concentration induced faster 

nanoparticle aggregation.  
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Figure 2. (A) Hydrodynamic radius distribution of 1 mg mL-1 PDMS-NH3
+Tf -nanoparticle in 0.15 

M NaCl at an angle of 90⁰ at 296.8 K; (B) Rh of 1 mg mL-1 PDMS-NH3
+Tf -nanoparticle () and 

PDMS-NH3
+PSS nanoparticles (●) in 0.15 M NaCl versus time  

PDMS-NH3
+Tf- nanoparticles were deposited on silicon wafer primed with a 1 nm bilayer 

of poly(diallyldimethylammonium) and poly(styrene sulfonate) (PDADMA/PSS), which has a 

negative surface charge. An AFM image (Figure 3A) of the nanoparticle layer shows rings of linear 

aggregates of smaller particles forming a larger aggregated structure of the PDMS-NH3
+Tf–, 

similar to patterns produced by complexed silica nanoparticle composites.39 Several line scans 

similar to the one depicted in Figure 3B were used to determine the height distributions of the 
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particles making up the linear aggregates. The height of the particles is assumed to be the size 

of the smallest unit (micelle) discussed below, with a diameter of 4 to 8 nm (Figure 3C). 

  

 

Figure 3. (A) AFM image of PDMS-NH3
+Tf - nanoparticles deposited on a PDADMA/PSS bilayer. 

X-Y scales are 1 x 1 µm. Yellow circle indicates a radius of 50 nm. (B) Height profile along white 

line in image A. (C) Height distribution histogram of the maxima along line scans.  

 

Positively charged nanoparticle with a glassy PSS shell. Nanoparticles are used in many 

environments having significant ionic content capable of promoting aggregation of the type seen 

in Figure 2. Of particular interest are physiological environments, which have a salt concentration 

close to that used in Figure 2. To enhance the stability of the nanoparticles, a PSS shell was 

introduced on their surface. PSS was added to the receiving reservoir of the FNP reactor. The 
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PDMS-NH3
+ PSS nanoparticle hydrodynamic radius increased slightly compared to the positively 

charged nanoparticle (Figure 1).   

Several experiments were directed towards optimizing the ratio of PSS-:PDMS-NH3
+ 

charges with the objective of minimizing the amount of PSS needed, maintaining Rh around 50 

nm, and preserving stability in salt solutions (see Supporting Information Figures S7 to S9 for 

summaries). It was found that an excess of PSS was required, optimized to a PSS-:PDMS-NH3
+ 

charge ratio of 2:1. Because of this, excess PSS (about 0.04 mM) remained in the FNP reservoir 

after nanoparticle precipitation. Longer PSS chains (e.g. 45,000 g mol-1) led to larger 

nanoparticles, presumably because bridging interactions came into play. The PSS shell enhanced 

the stability of the nanoparticle, keeping the Rh constant in 0.15 M NaCl (Figure 2B).  

Inorganic nanoparticles are often stabilized with a layer of adsorbed polyelectrolyte.40 

Given both the liquidlike nature and hydrophobicity of short PDMS, it was surprising to find strong 

stabilization of the nanoparticles formed here with approximately (or less than) one layer of PSS. 

It is believed the electrostatic complex formed between -NH3
+ end groups and styrene sulfonate 

repeat units had a glassy nature. A hydrated complex between a primary polyamine and PSS was 

found to have a glass transition temperature of 60 to 90 oC.41 Capsules with walls of ultrathin 

polyelectrolyte complex42 show the same Tg as bulk complexes of the same material.41 Additional 

evidence for a substantial increase in stiffness is given below. 

PDMS-NH3
+PSS Composite. Solid PDMS-NH3

+PSS was prepared by centrifuging a PDMS-

NH3
+PSS nanoparticle solution. This operation allowed for the measurement of PSS in the 

complex versus excess PSS left in solution using UV-Vis absorption spectroscopy (Supporting 

Information Figure S10) of the PSS remaining in the supernatant. The charge ratio of PDMS-

NH3
+:PSS- in the complex was about 2:1 (the presence of excess triflate to balance the charge 

was supported by FTIR, see Supporting Information Figure S11). Though the viscoelastic 

responses (VR) of bulk unprotonated and protonated PDMS starting material were similar, the 
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VR of solid protonated polysiloxane was drastically altered with the inclusion of a small amount 

of PSS. 

The storage modulus G’, loss modulus G’’, (Figure 4A) and viscosity (Figure S12, 

Supporting Information) increased more than 100-fold in the dry material when 14 wt% PSS was 

incorporated in the nanomaterial. Both G’ and G” remained high when the composite was heated 

to 150 oC with no evidence of a glass transition in this temperature range (Figure 4). The 

dependence of VR on temperature was reversible (see heating and cooling curves in Figure 4B). 

In comparison,  some nanocomposites with inorganic nanofillers show temperature irreversible 

viscoelastic behavior.43 
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Figure 4. (A) Linear viscoelastic response (G’ filled, G’’ open symbols) of PDMS-NH3
+PSS 

nanocomposite (green squares), bulk PDMS-NH3
+Tf- (blue triangles) and PDMS-NH2 at 25 oC (red 

circles); (B) VR at 0.1% strain 1 Hz frequency while ramping temperature at 1 ⁰C min-1 for PDMS-

NH3
+PSS. Storage modulus (G’, heating□, cooling ■), loss modulus (G”, heating Δ, cooling ▲) 

and tanẟ (heating ○, cooling ●).  

PSS itself is glassy and shows no evidence of a Tg up to 250 oC.41 Glassy neutral polymers 

such as polystyrene (Tg ≈ 100 oC) have been used to improve the mechanical properties of 

PDMS.26 The styrene monomer was either incorporated by in situ polymerization in a PDMS 

matrix25 or by the formation of a block copolymer.26  

The effect and mechanism of a mere 14 wt % PSS on the VR of this nanocomposite are 

reminiscent of enhanced stiffness of neutral polymers induced by including a few percent of 

charged units. These materials, falling under the broad definition of ionomers, are used and 

investigated widely.44 For example, introducing 2.5 mol% of styrene sulfonate increased the melt 

viscosity of polystyrene by about three orders of magnitude.45 The ionic units cluster into regions 

which act as crosslinks. A model by Eisenberg et al. invoking clusters of ionic groups46 was to 

explain the SAXS of some ionomers.47  Viscoelastic properties also depend on the nature of the 

counterions, which are trapped within these clusters.45, 48 The nanocomposite prepared here 

differs in that half of the charge is balanced by triflate ions and half by PSS, which presumably 

bridge aggregated nanoparticles. The modulus of PDMS-NH2 increases only slightly on the 

introduction of charge, whereas the polymeric counterion PSS leads to dramatically higher 

modulus, which is seen by comparing the VR of unprotonated and protonated PDMS-NH2 in 

Figure 4B. Thus, molecular crosslinking via electrostatic charge pairs between -NH3
+ and 

sulfonates must be essential for the enhanced modulus.  

Structure from X-ray Scattering. X-ray scattering was used to understand the morphology of 

the PDMS-NH3
+PSS nanoparticles in solution and the nanocomposite. The detectors were 
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designed to acquire small, mid and wide-angle x-ray scattering on the same sample, allowing for 

structural analysis over many length scales.49  

Bulk PDMS-NH2 and PDMS-NH3
+Tf - . Comparing the x-ray scattering of the bulk PDMS-NH2 

starting material and the protonated PDMS-NH3
+Tf -, a distinct new peak appeared at q = 0.266 

Å-1 with a Porod slope of -4 indicating a spherical nanoparticle (micelle) of PDMS-NH3
+Tf - with a 

radius of about 12 Å (Figure 5 and Figure S14C). A PDMS-NH3
+Tf – dispersion in water was not 

stable when a concentrated solution was prepared for x-ray scattering. A PDMS-NH3
+PSS 

nanoparticle dispersion in water was prepared, filtered through a 0.1 µm filter, and concentrated 

to 10 mg mL-1. The size of the nanoparticles in the more concentrated solution was the same as 

in dilute solutions and remained stable (verified by DLS). The scattering profile of the PDMS-

NH3
+PSS dispersion (Figure 5) includes residual scattering from solution PSS between 0.018 and 

0.275 Å-1 which overwhelms the profile. The scattering profile of PSS in solution (Figure S15) 

shows the characteristic broad “polyelectrolyte” peak.50 This excess solution PSS is absent in the 

scattering profile of the nanocomposite. The broad shoulder at 0.114 Å-1 in the solution PDMS-

NH3
+PSS profile (Figure 5) is probably due to correlations between particles separated by 32 Å.  
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Figure 5. Small-, mid- and wide-angle x-ray scattering profiles of bulk PDMS-NH3
+Tf-, bulk PDMS-

NH2, bulk PDMS-NH3
+PSS nanocomposite, and PDMS-NH3

+PSS 1 wt% nanoparticle dispersion 

(top to bottom). PDMS-NH2 and PDMS-NH3
+Tf- curves are shifted upwards for clarity. Both of 

these materials show scattering characteristic of mass fractals at low Q.  *Peaks at 1.75 Å-1 and 

2.77 Å-1 in the PDMS-NH3
+PSS 1 wt% nanoparticle dispersion profile are from water (Figure S13).  

The scattering of PDMS-NH3
+PSS as a dispersion and as a solid were analyzed using a 

unified Guinier exponential and Porod law fit that provides characteristic Rgs and shapes.51, 52 

Figure 6 shows the small angle scattering (SAXS) profiles of PDMS-NH3
+PSS nanoparticle 

dispersion and PDMS-NH3
+PSS solid with three and two populations of scattering features with 

characteristic sizes, respectively.  
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PDMS-NH3
+PSS nanoparticle dispersion in water 

Population I in Figure 6A is modeled by a mass fractal with power law slope of about -2 

made of aggregates of primary particles.53, 54 This mass fractal has a Rg of 440 Å that is slightly 

smaller than the hydrodynamic radius for the PDMS-NH3
+PSS nanoparticle (Figure 1). At q = 

0.018 Å-1 population II starts to govern the scattering profile. Population II was attributed to excess 

solution PSS remaining from the FNP, with an Rg of 89 Å, reasonable for 16,000 g mol-1 molecular 

weight PSS (Figure S14A). The slope of -2 is from the Gaussian coil of the solution polyelectrolyte 

(Figure S15).54, 55 The Rg = 32 Å substructure of population III with a power law of -4 corresponds 

(Figure S14A) to a spherical shape for the primary nanoparticle53 of PDMS-NH3
+Tf- micelles. A 

PDMS-NH3
+PSS network with spherical substructure was seen using AFM when PDMS-NH3

+PSS 

nanoparticles were deposited on a PDADMA/PSS/PDADMA tri-layer (having a positively charged 

surface) on silicon wafer (Figure S16).  

PDMS-NH3
+PSS nanocomposite 

In the PDMS-NH3
+PSS nanocomposite (Figure 6B), the mass fractal becomes a surface 

fractal with a power slope of -3.53. A dense spherical micellar substructure takes over the profile 

at 0.078 Å-1, with a peak at 0.108 Å-1 corresponding to an Rg of 21 Å and a power slope of -4. The 

slight decrease in size compared to the 32 Å feature in Figure 6A could be due to shrinkage of 

the PDMS/PSS shell when the nanocomposite was dried and the fact that shorter correlation 

distances are observed at high concentrations.56 
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Figure 6. SAXS profile (ꟷ) and unified fit model (--) of (A) PDMS-NH3
+PSS 1 wt% nanoparticle 

dispersion in water and (B) PDMS-NH3
+PSS nanocomposite with distance “b” corresponding to 
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the Rg of the smallest subunit. The individual fits for population I, II and III are broken out in 

Supplementary Figure S14 (A-B).  

 

Figure 7. Wide angle scattering (WAXS) profile PDMS-NH3
+PSS nanocomposite (ꟷ), PDMS-

NH3
+Tf - (-.) and PDMS-NH2 (--) with peak 1 as the amorphous halo of PDMS57 and peak “c” as 

distance between the ammonium end groups  

In solution, the interferences between loosely aggregated nanoparticles can be ignored 

due to large distances separating them.58 The loosely aggregated nanoparticles in solution 

compress together in the nanocomposite. For the nanocomposite, a structure factor was needed 

to describe intermicellar correlations which are correlated by a distance of 133 Å (see Scheme 

2). 49 Å in population II represents the mean distance between two positively charged micelles 

held together with PSS (Scheme 2). The WAXS profile in Figure 7 shows the amorphous halo of 

PDMS at 7.86⁰57 (Peak 1) which remains at the same position for the different PDMS samples 

showing that the amorphous nature of the PDMS is unchanged in the composite.57 Peak c at 

13.2⁰ represents the distance between non-PDMS segments. This means that the distance 

between the two -NH3
+ end groups would be around 3 Å (Scheme 2). When combining the 
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information obtained from x-ray scattering, a suggested micellar network can be sketched 

(Scheme 2). Scheme 2A represents the dispersed Rg = 440 Å aggregates of solution PDMS-

NH3
+PSS nanoparticles. Without the stabilizing shell of PSS, similar PDMS-NH3

+Tf- aggregates 

fuse into larger aggregates when deposited on Si wafer (Figure 3). Scheme 2 depicts all the length 

scales, including the correlation between micelles in the nanocomposite (a) and compressed 

clusters of micelles (d), the approximate average contour length of the PDMS block, the Rg of 

micelle cores (b) and the separation between micelle cores (c) that includes a PSS chain.   

 

Scheme 2. Scheme of (A) PDMS-NH3
+PSS nanoparticle dispersion, the primary particle 

(micelles, red sphere) and the aggregates of the primary particle (dashed circle) connected by 

PSS bridges and (B) the nanocomposite network with agglomerates of aggregates connected by 

PSS bridges. The PSS chain has a contour length of about 130 Å. 133 Å describes the correlation 

inside a larger aggregated fractal between the agglomerates of aggregates. The strong correlation 

between the primary particles with a short distance (48.5 Å) represented by abutting spheres. The 
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contour length of 17 siloxane repeat units is 26.7 Å, estimated by an MM2 computational method 

after energy minimization of the PDMS structure. Distances “a” (48.5 Å, Table S1), “b” (21 Å, 

Figure 6B) and “d” (133 Å, Table S1) in the nanocomposite are deduced by SAXS. Distance “c” 

(3 Å, Figure 7) is determined by WAXS.  

PDMS nanoparticles as hydrophobic nanocarriers 

PDMS particles that are stable at physiological salt concentrations, shown in Figure 2, 

might have applications as carriers of hydrophobic molecules such as water-insoluble 

pharmaceuticals.21
 To demonstrate such a potential application, nanoparticles of PDMS-NH3

+PSS 

were used to absorb a 3-hydroxychromone derivative, 2-(furan-2-yl)-3-hydroxy-4H-chromen-4-

one (FG38).59  In nonpolar media, FG38 emits light from a tautomeric (T*) state at 543 nm via 

excited-state intramolecular proton transfer (ESIPT).  In polar media, normal emission at 430 nm 

is preferred (N*).60 The PDMS-NH3
+PSS nanocomposite was dipped in a 5 x 10-6 M solution of 

FG38 in water and the absorbance of the dye was monitored using UV-Vis spectroscopy (Figure 

S17). The absorbance of FG38 in water gradually decreased (Figure S18) indicating the diffusion 

of the dye into the nanocomposite. Figure 8 displays the two bands corresponding to emission 

from N* and T* states in water and in the nanocomposite. The increase of emission from the T* 

state in the nanocomposite shows that the photophysics responds to the more nonpolar 

environment of the PDMS. Emission decay lifetime measurements of FG38 in the PDMS-

NH3
+PSS nanocomposite show a slower decay for the T* emission (Figure S19). The T* emission 

follows biexponential kinetics (decay time for the fast component 5 ns, Table S2) while N* is 

characterized by a nearly mono-exponential fast decay (lifetime of 2 ns Table S2). (With a 

negligible amplitude of the long-lived decay component A2 and t2).59       
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Figure 8. Emission profile of FG38 in water (blue) and in PDMS-NH3
+PSS nanocomposite 

(dashed, grey).  

 

Conclusions 

A straightforward method to prepare building blocks for nanomaterials from liquid-like, 

hydrophobic components has been described. Short PDMS chains usually have low viscosity and 

tend to fuse in polar environments. Using flash nanoprecipitation, amine-terminated PDMS 

nanoparticles were capped with a glassy polyelectrolyte shell.  During precipitation, micellar 

subunits PDMS, Rg of 3 nm, clustered together to form larger diameter fractals of Rg = 44 nm. 

These nanoparticles were stable in saline despite the large contrast in polarity between PDMS 

and water. The nanoparticles could be further compressed to yield a thermally stable 

nanocomposite of modulus > 106 Pa. Detailed SAXS studies showed that the PDMS micelles 

were preserved and compacted, with the polyelectrolyte serving to bind the micelles together. The 

duo of stabilized PDMS nanoparticles and nanocomposites made from them offer a new route to 
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biocompatible, hydrophobic materials with potential applications in separations, drug delivery and 

encapsulating water-sensitive or insoluble molecules. 

 

Materials and Methods 

Materials. Chloroform, sodium chloride (NaCl) and triflic acid were from Sigma Aldrich. 

Deuterated chloroform (CDCl3) was obtained from Cambridge Isotope Laboratories. Ethanol and 

HPLC grade water were from VWR Chemicals. Magnesium sulfate anhydrous was from Fisher 

Scientific. PDADMA was from Alfa Aesar. Aminopropyl terminated polydimethylsiloxane (10-15 

cST nominal molecular weight) (PDMS-NH2) were obtained from Gelest and PSS (16,000 g mol-

1, Mw/Mn = 1.07, and 45,000 g mol-1 Mw/Mn = 1.02) was from Scientific Polymer Products.  

Protonation of PDMS-NH2 (Scheme 3). 10 g (0.012 mol) PDMS-NH2 was treated with 2 mL 

(0.024 mol) triflic acid in 120 mL ethanol at room temperature under N2 for 8 h (Scheme 1). 

Ethanol was then removed under reduced pressure. The crude product was dissolved in 120 

mL chloroform and washed twice with water (1:1 CHCl3:water). The organic layer was dried 

using anhydrous magnesium sulfate. The purified product was recovered from the chloroform 

layer under reduced pressure. PDMS-NH3
+Tf - (70% yield) was characterized using COSY and 

1H-NMR in CDCl3 (Figures S2 and S3). The number average molecular weight Mn was 

determined to be 1375 g mol-1. 1H NMR (600 MHz, chloroform-d) δ 6.82 (s, 6H), 3.03 – 2.92 (m, 

4H), 1.76 – 1.63 (m, 4H), 0.59 – 0.53 (m, 4H), 0.18 – 0.01 (m, 117H). 

  

Scheme 3. Protonation of PDMS-NH2 
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Nanoparticle Preparation. Flash nanoprecipitation was performed using a hand-operated 

confined impinging jet dilution (CIJ-D) mixer  which was based on a modified literature design 

(Figure S4).31 50 mg of PDMS-NH3
+Tf - was dissolved in 2.5 mL of THF and transferred to syringe 

A, while syringe B had the same volume of water (non-solvent).  The syringes were depressed 

simultaneously to rapidly mix the polymer and the non-solvent. The effluent from the CIJ-D mixer 

was then instantly diluted in excess (45 mL) water to obtain a THF:water ratio of 5:95 (Figure S5). 

The total precipitation occurred over a period of 2 s. To form the PSS shell, 30 mg of PSS was 

dissolved in the 45 mL water, other parameters remaining the same. PDMS concentrations and 

mixing rates were optimized to avoid the formation of large, polydisperse, unstable particles.  

Dynamic Light Scattering (DLS). The size and stability of the nanoparticles were determined 

using a goniometer light scattering system (ALV CGS-3-A0-111) equipped with a vertically 

polarized He-Ne laser (λ = 632.8 nm, 22 mW). Measurements were taken, once the sample was 

prepared at t = 0 and after 24 h, in 10 mm capped borosilicate glass tubes at an angle of 90o at 

room temperature through a reservoir filled with a refractive index matching liquid (toluene). The 

aqueous nanoparticle samples, filtered through a 0.1 µm Millipore filter, had a PDMS-NH3
+Tf- 

concentration of 1 mg mL-1. PSS of molecular weight 16 000 g mol-1 and 45 000 g mol-1 were used 

to determine the effect of molecular weight over the concentration range from 0 mg mL-1 to 1.2 

mg mL-1. The stability in NaCl was monitored over 8 h by adding 75 µL of 4 M NaCl (filtered 

through a 0.1 µm filter) to 2 mL samples in water.  The intensity autocorrelation function g(2) (q,τ) 

where q = 4πnD sin(θ/2)/λ was obtained by pseudo-cross-correlation of the signals from an 

avalanche photodiode using ALV correlator software V.3.0. The hydrodynamic radius Rh was 

calculated along with its distribution.  

PDMS-NH3
+PSS Nanocomposite. PDMS-NH3

+PSS nanoparticle solutions were prepared as 

above. The dispersion was centrifuged using a Sorvall centrifuge at 10000 rpm for 4 h. The PSS 

concentration remaining in the supernatant was determined using the absorbance, measured with 
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a UV-Vis spectrometer (Cary 100 Bio; Varian Instruments) at 225 nm. The precipitate was washed 

with 10 mL of water and dried under reduced pressure at room temperature. The PSS and PDMS-

NH3
+ content in the nanocomposite were determined to have a 1:1 mole ratio (1:2 charge ratio, 

Supporting Information Figure S10). The presence of residual Tf – counterions required to balance 

the excess PDMS-NH3
+ in the nanocomposite was confirmed by attenuated total reflection-Fourier 

transform infrared (ATR-FTIR) spectroscopy using a ThermoScientific Nicolet iS20 with a Pike 

MIRacle universal ATR attachment fitted with a single-reflection diamond/ZnSe crystal and a high-

pressure clamp. The PDMS-NH3
+PSS nanocomposite spectra (Supporting Information Figure 

S11) was compared to spectra of PSS, PDMS-NH2 and PDMS-NH3
+Tf- and triflate ion was 

detected. 

Imaging. PDMS-NH3
+Tf - nanoparticles (0.1 mg mL-1) were deposited on a PDADMA/PSS bilayer 

61 and imaged using an MFP-3D AFM (Asylum Research Inc.) with an ARC2 controller and silicon 

TESPA-V2 probes (Bruker, radius = 10 nm, spring constant = 42 N m-1). The AC mode 

(intermittent contact) was employed, and the cantilever was adjusted to 5% below its resonance 

frequency.  

Rheology. The linear viscoelastic responses of the PDMS-NH3
+PSS nanocomposite, the PDMS-

NH3
+Tf - polymer and the PDMS- NH2 starting material were measured using a strain-controlled 

DHR-3 rheometer with 8 mm and 40 mm parallel plates, respectively. A temperature sweep from 

10 to 150 oC was performed on the PDMS-NH3
+PSS nanocomposite at 0.1% strain and a ramp 

rate of 1 oC min-1. Samples were annealed with an initial heating/cooling cycle before data 

collection. Frequency sweeps were performed from 0.01 to 100 Hz, with a strain of 0.1% at 25 

oC. The selected strain was verified to be within the linear viscoelastic regime using amplitude 

sweep experiments.  

X-ray Scattering. Simultaneous small angle (SAXS), mid angle (MAXS) and wide angle (WAXS) 

x-ray scattering data were collected at beamline 5-ID-D at the Advance Photon Source using a 
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triple area detector system. The SAXS detector (6 x 6 binning) is a four-module charge coupled 

device (CCD) while the MAXS (4 x 4 binning) and WAXS (2 x 2 binning) detectors are a two 

module CCD, all from Rayonix LLC. The direct beam position and detector distances were 

calibrated using lanthanum hexaboride (WAXS at 0.2 m), silver behenate (MAXS at 1.0 m) and a 

silicon diffraction grating (SAXS at 8.5 m). Scattering intensities were calibrated using a glassy 

carbon standard. The data were collected along the center axis of each sample at x-ray energies 

of 17 keV and a wavelength of 0.7293 Å that resulted in q-ranges from 2.54 x 10-3 to 4.5 Å-1. 49, 62 

The PDMS-NH3
+PSS nanoparticle dispersion was prepared using FNP and filtered through a 0.1 

µm filter and concentrated at room temperature to 1 wt%. The PDMS-NH3
+PSS nanocomposite 

was prepared as above and dried at 100 ⁰C under vac for 24 h. The water, PSS, PDMS-NH2, 

PDMS-NH3
+Tf -and PDMS-NH3

+PSS dispersions were transferred into 1.5 mm thin-wall fused 

silica capillary tubes. For all solution samples, the capillary was in motion at 0.508 mm/sec 

whereas the nanocomposite was stationary.49, 62 

 X-ray Data Analysis. SAXS/MAXS/WAXS data were averaged and the water background was 

subtracted using RAW.63 Data modeling and analysis were performed using the IRENA 2.7 

package for Igor Pro 8.04. Particle properties were determined using a unified Guinier exponential 

and power law fit.51, 58, 64, 65 

UV-VIS Absorbance. The sorption of 2-(furan-2-yl)-3-hydroxy-4H-chromen-4-one (FG38) 5 x 10-

6 M in water into a 1:1 PSS: PDMS-NH3
+ nanocomposite was monitored at 358 nm over a 24 h 

period using a UV-Vis spectrometer. The absorbance of FG38 in water was plotted vs. time 

(Figure S16).  

Fluorescence and Lifetime Measurements. The emission spectra of FG38 in water (5 x 10-6 M) 

and in the PDMS-NH3
+PSS nanocomposite were recorded using an Edinburgh 298 FS5 steady-

state spectrometer. Using a 150 W xenon lamp, the samples were excited at a wavelength of 360 

nm. Time-correlated single photon counting (TCSPC) was used to measure the emission decay 
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lifetime. The excitation source was an Edinburgh EPL-365 ps pulsed diode laser. The emission 

counts were monitored at 543 nm and 430 nm, and the data was collected to 10000 counts. The 

decay lifetimes were fit using a biexponential fit.  
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