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Aside from polymerization techniques, polymer nanoparticles can be generated through the
displacement of a solvent with a nonsolvent, i.e., nanoprecipitation. In this study, we utilize a facile
process termed Flash NanoPrecipitation (FNP) to generate polystyrene (PS) nanoparticles of several
different molecular weights. As compared to PS nanoparticles synthesized by surfactant free emulsion
polymerization, nanoparticles prepared by FNP show comparable size distributions when the diameter
is less than 150 nm. Furthermore, we illustrate that the sizes of PS nanoparticles prepared by FNP can
be fine-tuned by changing the polymer and/or electrolyte concentration. The stabilized nanoparticles
contain only the radically polymerized polymer chains, which have sulfate anions at the chain termini
and no additional external stabilizers. Calculations of the mechanism of particle formation and
stabilization show that the size-dependent electrostatic repulsions between nanoparticles and single
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collapsed polymer chains control assembly and monodispersity. The ability to independently vary
polymer molecular weight and nanoparticle size will enable fundamental studies of the effect of
confinement on polymer dynamics in a way not easily achievable by other techniques.

Introduction

Polymeric nanoparticles are vital components of biomedical
targeting and diagnostic studies.’” Surface functionalization of
latex nanoparticles with tightly controlled sizes are used in
fluorescent imaging and ligand and antibody targeting.*® These
applications rely more on the size and surface chemistry of the
polymeric nanoparticle than on its core composition. Other
applications of polymeric nanoparticles include fillers in thin
films for the improvement of thermomechanical properties” and
components in photonic and plasmonic structures.®® In these
applications, it is the properties of the nanoparticle core that are
of paramount importance. Additionally, polymeric nano-
particles can serve as model systems for examining fundamental
property changes due to 3-dimensional confinement.'*** Thus
from practical and fundamental viewpoints, the ability to
concurrently generate neat polymer nanoparticles (ie., no
residual contaminants), as well as independently controlling
nanoparticle size and molecular weight of the polymer core, is
highly desirable.

Approaches to form polymer nanoparticles can be categorized
into three groups: 1) polymerization of monomers (e.g., emul-
sion, micro-emulsion, mini-emulsion, and interfacial polymeri-
zations),"7 2) emulsification and solvent stripping to form
a “pseudo-latex,”®2° and 3) nanoprecipitation of a bulk polymer
precursor.**'72! In typical emulsion polymerization, monomers
are combined with an initiator (e.g., ammonium persulfate) and
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sometimes surfactants (e.g., sodium dodecyl sulfate) in an
aqueous medium. The mixture is then allowed to react for several
hours to create small emulsions of the polymerizing system. The
resulting polymer nanoparticles are monodisperse.'>'® A disad-
vantage of polymerization techniques is the difficulty of inde-
pendent control of particle size and molecular weight. That is,
both the diameter and the molecular weight increase with
increasing extent of polymerization.'® Moreover, residual
components, such as monomers, oligomers, and surfactants, can
be difficult to remove from these polymerized nanoparticles and
may modify the physical properties of the polymer core, thus
frustrating measurements of the effect of confinement on poly-
mer nanoparticle properties. In the emulsion stripping process,
a polymer solution is emulsified and then the volatile solvent for
the polymer is removed to condense and solidify the particle.
These techniques, often called “pseudo-latex” formation
processes, enable the formation of sub-micron nanoparticles
from polymers that cannot be polymerized by normal free-
radical polymerization techniques.’®2° However, they suffer
from the polydispersity that inherently arises from the size
distribution of the parent emulsion drops.

An alternative approach to generate polymer nanoparticles is
nanoprecipitation, in which nanoparticles are precipitated from
polymer chains in solution as a result of displacing a solvent with
a non-solvent.??* In the past decade, nanoprecipitation has been
primarily used to form biodegradable polymer nanoparticles for
drug delivery purposes including poly(lactic acid) (PLA),****
poly(lactic-co-glycolic acid) (PLGA),***¢ poly(e-caprolactone)
(PCL),*” and several amphiphilic block copolymers.?*3° One
advantage of nanoprecipitation is that since bulk polymer is used
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as a precursor, independent control of size and molecular weight
should be achievable. Additional advantages include fast pro-
cessing time, low energy consumption, and high reproduc-
ibility.3"*2 Shortcomings of nanoprecipitation include low mass
fraction of nanoparticles in the prepared samples and a broad
size distribution for samples with diameters greater than several
hundred nanometers.3!

Whereas nanoprecipitation has been applied almost exclu-
sively to biodegradable polymers (as evidenced by over 80
publications in the last two years), only a handful of examples on
other synthetic polymers exist in the literature.” Nano-
precipitation of non-biodegradable polymers, such as poly-
styrene (PS)3*** and poly(methyl methacrylate) (PMMA),31:32:34
have only started to emerge in the past year. This comes as
a surprise since the original patent on nanoprecipitation
described the process as a method to generate nanoparticles from
a wide-range of polymers and not just biodegradable polymers.**

Here, we utilized a nanoprecipitation process that achieves
rapid solvent displacement by means of novel high intensity
mixing geometries. The process has been denoted Flash Nano-
Precipitation (FNP). The mixing occurs in a central cavity fed by
two incoming solvent streams. The geometry and operation of
the device has been previously reported®* and has been modeled
by computational fluid mechanics.?® Using competitive dye
reactions, the mixing time for inlet velocities of ~1 m/s is on the
order of 1.5 ms. In our previous papers, syringe pumps were used
to drive the fluid flows at predetermined rates, whereas in this
study manual injection was used following the adaptation of
Macosko and coworkers.*” Previously, the technique has been
used with block copolymer stabilizers to control nanoparticle
size, whereas, in this study we use the intrinsic charge of the
sulfate-terminated polystyrene chain to produce electrostatic
stabilization. As a consequence, sub-150 nm diameter particles of
narrow size-distributions can be formed with high reproduc-
ibility. In contrast to previous research in the literature which has
shown the formation of PS nanoparticles with diameters greater
than 200 nm vie a more time-consuming dialysis nano-
precipitation technique,* this work is the first to utilize a simple
nanoprecipitation technique to form PS nanoparticles of narrow
polydispersity with diameters less than 150 nm. We also illustrate
the effect of polymer concentration, polymer molecular weight,
and electrolyte (NaCl) concentration on the size and size distri-
bution for nanoparticles prepared by FNP. While in this study
we produced only ~10 mg samples of nanoparticles (an amount
sufficient enough to allow for confinement effect studies of the
glass transition temperature via differential scanning calorim-
etry) using manual injection, an advantage of the FNP process is
that it is scalable. Using continuous flow in the current geometry
would enable production of 3.5 kg/day of material, and currently

commercial production of B-carotene nanoparticles are
produced at 1400 kg/day wusing confined impinging jet
technology.

Experimental
Material synthesis

Polystyrene nanoparticles were initially synthesized by surfac-
tant-free emulsion polymerization (SFEP), in accordance with

procedures described in detail elsewhere.*® Briefly, in a typical
synthesis, 0.074 g of ammonium persulfate (Acros Organics,
98%) was initially added to 100 mL of MilliQ H,O in a three-
neck flask. The solution was bubbled with N, for ~20 min and
then heated to 75 °C. Subsequently, 10 g of styrene (Sigma
Aldrich, =99%) was combined with 0.05 g of acrylic acid (Sigma
Aldrich, 99%), and the mixture was injected into the flask. The
solution was then allowed to polymerize under reflux conditions
for 20 h. The addition of a small amount of acrylic acid as a co-
monomer provided additional stability to the colloidal suspen-
sion. The molecular weight of the synthesized PS was varied by
changing the styrene concentration and/or ammonium persulfate
concentration in the reactor. After synthesis, the PS nano-
particles were washed twice with MilliQ H,O through centrifu-
gation and ultimately suspended in water. A portion of the
water-suspended sample was subsequently dried and annealed at
150 °C for 12 h to form bulk polymer, which was then used as the
precursor polymer for Flash NanoPrecipitation.

Fig. 1a shows a schematic of the FNP process employed to
precipitate PS nanoparticles, while Fig. 1b shows the actual FNP
setup employed in the laboratory. A confined impinging jet mixer
composed of two separate streams was used. Here, a syringe
containing 3 mL of the synthesized bulk PS dissolved in tetra-
hydrofuran (THF) was placed at the inlet of Stream 1, and
a syringe containing 3 mL of pure MilliQ H,O or a H,O/NaCl
solution was placed at the inlet of Stream 2. Subsequently, fluid
was expressed manually from both syringes at the same rate
(~3 ml in ~3 s), causing the two streams to merge into a mixing
stream. The flow rates through the mixer were kept approxi-
mately constant at 2 mL/s, which resulted in a jet velocity of
~1 m/s through the 0.5 mm diameter orifices and a Reynolds
number® of ~3500. The mixed exit stream was then diluted into
a 27 mL water reservoir, which quenched the precipitated
nanoparticles. The precipitated PS nanoparticles suspended in an
aqueous solution were collected in scintillation vials. THF was
subsequently removed through membrane dialysis or air evap-
oration over the course of 48 h.

Characterization

Weight-average molecular weight (M,,) and number-average
molecular weight (M,) of each polymer sample created from
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Fig. 1 (a) Schematic and (b) actual laboratory setup of the FNP mixing
process to generate PS nanoparticles.
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SFEP was determined using gel permeation chromatography
(Waters 515 HPLC pump, Eppendorf CH-460 column heaters,
Waters 410 differential refractometer, Agilent PLgel mixed B
column, THF eluent). Z-average diameters, size distribution
curves, and polydispersity indices (PDI) of size distributions of
PS nanoparticles suspended in water from SFEP and FNP were
determined using dynamic light scattering (DLS) (Malvern
Instruments Zetasizer Nano-ZS ZEN 3600). Zeta potentials of
nanoparticle samples were obtained using the same instrument
(Malvern Instruments Zetasizer Nano-ZS ZEN 3600) in
a disposable folded capillary cell. The instrument performs laser
Doppler velocimetry to obtain the electrophoretic mobility,
which is then converted to a zeta potential via the Henry equa-
tion. Images of PS nanoparticles were obtained using scanning
electron microscopy (SEM) (FEI XL-30). Prior to imaging,
nanoparticles were drop-casted onto carbon tape, allowed to dry
in the hood for 12 h, and then coated with a 5 nm thick
iridium layer.

Results and discussion
Experimental

The basic premise behind Flash NanoPrecipitation is that rapid
micromixing produces solvent exchange between good solvent
and anti-solvent conditions in a time scale faster than the
aggregation time of the solute. The process is shown schemati-
cally in Fig. 1. The solvent stream containing PS dissolved in
THF (Stream 1) was rapidly mixed with an incoming water
stream (Stream 2), which caused collapse of the hydrophobic
polymer chain in the aqueous solvent and subsequent aggrega-
tion. The surfaces of the nanoparticles were negatively charged,
as determined from zeta-potential measurements ({ ~ —40—
50 mV). The inherent negative surface charge, resulting from
sulfate-terminated polymer chains from the ammonium persul-
fate initiator in emulsion polymerization, provided stability to
the nanoprecipitated PS particles, which will be discussed below.

The effect of PS concentration in THF on the size of polymer
nanoparticles formed via FNP was determined by varying the
concentration between 0.5 mg/mL to 10 mg/mL in Stream 1 of
the mixer for PS of M,, = 376 kg/mol. Fig. 2a-c show represen-
tative SEM images of the nanoprecipitated PS particles using
concentrations of 2 mg/mL, 5 mg/mL and 10 mg/mL, respec-
tively. It was observed that as the concentration increased, the
particle size increased. Additionally, the precipitated particles
were fairly monodisperse up until a concentration of 5 mg/mL.
At a concentration of 10 mg/mL (which corresponded to a size of
~140 nm), the precipitated particles became more polydisperse
and exhibited a broader size distribution.

Fig. 2d-f show SEM images of PS nanoparticles from SFEP,
roughly corresponding to sizes of particles in Fig. 2a—c, respec-
tively. By comparing Fig. 2a to 2d, 2b to 2e, and 2c to 2f, it was
observed that for particles with diameters less than 140 nm, i.e.,
for PS concentrations of 5 mg/mL or less in FNP, the FNP
technique generated nanoparticles as monodisperse as particles
prepared by SFEP. For larger particles, i.e., for PS concentration
of 10 mg/mL in FNP, the sizes of particles from FNP became
polydisperse, whereas particles from SFEP remained mono-
disperse. Thus, one of the major challenges for nanoprecipitation

techniques is maintaining low polydispersity for larger particles.
A quantitative comparison of size polydispersity between
nanoparticles from FNP and SFEP was made by plotting size
distribution curves (determined from DLS), as shown in Fig. 2g—
i. The solid lines correspond to nanoparticles from FNP, while
dashed lines correspond to nanoparticles from SFEP. These size
distribution curves, along with corresponding PDI values,
provide further evidence that monodispersity, i.e., a narrow size
distribution, can be maintained for PS nanoparticles from FNP
with diameters less than 140 nm.

To examine the effect of polymer molecular weight on
nanoparticle size, two additional PS molecular weights (M,, =
92 kg/mol and M,, = 770 kg/mol) were used in the FNP tech-
nique. Note that the molecular weight polydispersity indices
(i.e., M,/M,) for the three samples were all ~3.5, as determined
from GPC. Fig. 3a plots the z-average diameter (determined
from DLS) of PS nanoparticles as a function of PS concentration
in Stream 1 of the FNP mixing process for the three different
molecular weights. For each molecular weight, the diameter of
PS nanoparticles increased linearly with increasing PS concen-
tration in Stream 1, in agreement with the SEM images in Fig. 2.
At the same polymer concentration, the particle size increased
with increasing molecular weight. This increase in size with
molecular weight may be explained by the increased size of the
collapsed polymer chain and lower charge density contributed by
each chain, resulting in larger particles when these aggregate.
From Fig. 3a, it becomes clear that PS nanoparticle size and
molecular weight can be controlled independently in a straight-
forward manner. For example, ~90 nm diameter nanoparticles
with molecular weights of 92 kg/mol, 376 kg/mol, and 770 kg/mol
can be made using PS concentrations of 10 mg/mL, 5 mg/mL,
and 0.5 mg/mL, respectively.

An additional variable in tuning the size of polymer nano-
particles prepared from FNP was explored, i.e., adding NaCl to
Stream 2 of the mixer. Fig. 3b shows the change in diameter of PS
nanoparticles (M,, = 92 kg/mol) for different PS concentrations in
Stream 1 as the wt% of NaCl (with respect to PS weight) was
varied in Stream 2 from 0 wt% to 50 wt%. As the wt% of NaCl
increased, the diameter of the particles increased at each PS
concentration. Hence, by changing PS concentration and/or wt%
of NaCl, the diameter of PS nanoparticles prepared from FNP can
be precisely controlled. Note that similar trends were observed for
the other PS molecular weights, i.e., for M,, = 376 kg/mol and
M, = 770 kg/mol. Clearly, at certain unique values of PS
concentration and/or wt% of NaCl for each molecular weight,
similar-sized nanoparticles with different molecular weights can
be generated from the FNP technique. We note that for similar-
sized nanoparticle prepared with and without NaCl, the width of
the size distribution curves were similar.

Fig. 4 shows representative SEM images of PS nanoparticles
(M,, = 92 kg/mol) made using 0 wt%, 3 wt%, 5 wt%, 10 wt%,
20 wt%, and 50 wt% of NaCl (with respect to PS weight) in
Stream 2 and 2 mg/mL PS concentration in Stream 1 of the FNP
mixing process. From these images, it is clear that diameters
increased with increasing wt% of NaCl, in agreement with the
trend observed in Fig. 3b. For the particular case, i.e., M, =
92 kg/mol and 2 mg/mL PS concentration, PS nanoparticles
appeared to be fairly monodisperse, up until 50 wt% of NaCl
(with respect to PS weight).

This journal is © The Royal Society of Chemistry 2011

Soft Matter



Downloaded by Princeton University on 06 October 2011
Published on 06 October 2011 on http://pubs.rsc.org | doi:10.1039/C1SM06182H

View Online

(@]

PDl¢yp = 0.063
PDlgeep = 0.034
20k SFEP i

101 1 101

Intensity (%)
Intensity (%)

T

[\PDlgpgp = 0.050)

PDlgyp = 0.029

20

10F

Intensity (%)

1 1 1 Cd 1 1

0 L
0 50 100150200250300
Diameter (nm)

0 .
0 50 100150200250300
Diameter (nm)

0
0 50 100150200250 300
Diameter (nm)

Fig.2 Representative SEM images of PS nanoparticles (M,, = 376 kg/mol) made from PS concentrations of (a) 2 mg/mL, (b) 5 mg/mL, and (c) 10 mg/
mL in Stream 1 of the FNP mixing process, with Stream 2 containing pure H;O. SEM images (d)-(f) show similar-sized PS nanoparticles synthesized
from SFEP, in comparison to (a)-(c), respectively. Solid lines in (g)-(i) show size distribution curves of PS nanoparticles from FNP in images (a)—(c),
respectively, whereas dashed lines in (g)—(i) represent size distribution curves of PS nanoparticles from SFEP in images (d)—(f), respectively.

Mechanism of assembly

The mechanisms involved in the Flash NanoPrecipitation of high
molecular weight polymer are interestingly and subtly different
than the mechanisms of controlled assembly of small hydro-
phobic organic molecules with stabilizing block copolymers, i.e.,
the normal mode of operation of FNP. The differences are
twofold. First, in small molecule nanoparticle formation, the
solvent exchange causes supersaturation, but there is an activa-
tion barrier to assembly, i.e., a nucleation step.3® Particles must
first grow larger than the critical nuclei size and then the process
becomes growth controlled. In systems that are nucleation
controlled, increasing nucleation rate decreases the final nano-
particle size because the solute deposits on the larger number of
nuclei that are formed. In contrast, if the system is growth
controlled, then a higher concentration of solute means that
particles grow larger the longer they are in the growth regime,
before the stabilizing block copolymer quenches growth.?*4° For
a 92 kg/mol polymer chain, the collapsed radius is 3.3 nm, as
calculated from the mass and density of a single PS chain. This is
much larger than a critical nuclei size; therefore, there is no
barrier to nucleation. The nanoparticle size is controlled only by
micro-mixing to ensure homogeneous polymer distribution in
space and by growth kinetics.

The second difference is in the mechanism of stabilization. For
traditional FNP, the adsorption of the block copolymer on the
nanoparticle surface determines the end of aggregation and
freezes the size. In the current process, there is no external
stabilizing agent. Each polymer chain, which has been initiated
by a sulfate radical, carries with it a unit negative charge. The
stronger electrostatic repulsion between two nanoparticles rela-
tive to the weaker repulsion between a nanoparticle and
a collapsed polymer chain (unimer) controls growth and stabi-
lization of nanoparticles. The following illustrative calculations
demonstrate the essential features of the process and highlight
the reason why SFEP produces narrower particle size distribu-
tions at larger nanoparticle sizes than does FNP. The measured
electrophoretic mobilities of PS nanoparticles produced by FNP
from 92 kg/mol PS in varying ionic strength solutions are shown
in Fig. 5. Precipitations were conducted at 1 mg/mL PS
concentration in the THF stream. As shown, nanoparticle size
increased with ionic strength up to 1 x 10~' M at which point the
nanoparticle dispersion flocculated upon formation, and stable
particles could no longer be produced. The zeta potential of the
nanoparticles was measured to be —39 mV at 10> M and
becomes more negative (—55 mV) at 5 x 10-> M. Subsequently,
the surface charge diminishes (i.e., trends toward zero) at higher
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Fig. 3 (a) Change in PS nanoparticle diameter as a function of PS
concentration in Stream 1 of the FNP mixing process for three different
PS molecular weights: 92 kg/mol (@), 376 kg/mol (Jll), and 770 kg/mol
(M), with pure H,O in Stream 2. (b) Change in PS nanoparticle diameter
as a function of wt% of NaCl in Stream 2 of the FNP mixing process for
different PS (M,, = 92 kg/mol) concentrations in Stream 1: 0.5 mg/mL
(A), 1 mg/mL (O), 2 mg/mL ([]), and 5 mg/mL (). Size measurement
errors are within the marker size. Solid lines are guides for the eye.

ionic strengths. The increase and then decrease in mobility with
ionic strength has been previously reported for similar surfactant
free, charge stabilized latexes.**** This is in contrast to a sharp
monotonic decrease in surface potential with ionic strength that
would be expected if the PS surface had a fixed density of sulfate
groups that determined the surface potential.** The origin of the
ionic-strength-dependent surface charge is an open debate, but
reports of negative potentials on hydrophobic surfaces generally
support a mechanism involving the more weakly solvated anions
interacting with the predominantly hydrophobic surface and
giving a zeta potential that reflects this anionic charging.**** The
surface charge decreases at even higher ionic strength due to
conventional electrostatic screening.*>*

The surface charge density (o) can be calculated from the
Graham equation:*?

o= \/W[(Naa)m {cosh(e—%> - 1H - (1)

kT

where ¢ is the dielectric constant, ¢, is the permittivity of free
space (C/(V-m)), k is the Boltzmann constant (J/K), T is the
absolute temperature (K), <NaCl> ., is the ion number density

Fig. 4 Representative SEM images of PS nanoparticles (M, =
92 kg/mol) made using (a) 0%, (b) 3%, (c) 5%, (d) 10%, (e) 20%, and (f)
50% wt% of NaCl (with respect to PS weight) in Stream 2 and 2 mg/mL
PS concentration in Stream 1 of the FNP mixing process.
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Fig. 5 Dependence of zeta potential (4 ) and size (m) on NaCl
concentration for PS (M, = 92 kg/mol) nanoparticles generated at
a polymer concentration of 1 mg/mL in Stream 1 of the FNP process. The
0.1 M and 0.5 M samples aggregated upon formation, thus their sizes are
not shown. The (negative) zeta potential passes through a maximum and
decreases (tends towards zero) at higher ionic strength.

(#/m~), e is the elementary charge (C), and y, is the surface
potential (V). Using the experimentally-determined zeta poten-
tial of —41 mV at an ionic strength of 10~ M (Fig. 5), the charge

This journal is © The Royal Society of Chemistry 2011

Soft Matter



Downloaded by Princeton University on 06 October 2011
Published on 06 October 2011 on http://pubs.rsc.org | doi:10.1039/C1SM06182H

View Online

density on the nanoparticle surface is calculated to be 3.3 X
10~* C/m?. The charge density on the surface of the single unimer
chain with a collapsed radius of 3.3 nm and having one sulfate
group (ie., one negative charge) at the chain terminus is calcu-
lated to be 1.2 x 107* C/m? From the Graham equation, the
surface potential of a single unimer would be —16 mV, which is
roughly 40% of the value determined for a nanoparticle. The
conclusion is that the smaller unimer is somewhat less charged
than the nanoparticle as would be expected from the better
packing available to the PS chain once it is assembled in nano-
particle form, where the PS chain tail can extend into the
nanoparticle core. For the calculations below, we will assume
that the potential at the unimer surface is 40% of the value of the
nanoparticles surface, since the zeta potential of the unimer is not
experimentally accessible.

The interaction energy (Wz,..) between two 200 nm diameter
PS nanoparticles having the experimentally determined surface
potentials (Fig. 5) and the energy between a 200 nm nanoparticle
and a unimer chain are calculated from the balance of electro-
static repulsions (Wgieerrostaric) and attractive London van der
Waals interactions (Wypp):

WTofal = WElecrrostatic + WVDW (2)

The electrostatic interactions between two spheres of radii R;
and R, (m) with different surface potentials has been derived by
Hogg et al.*® and Israelachivili:*®

WE]eclrosmliL' _ 27TR1R2 ﬂ 7¢1‘//2 In( tanh 9
kT Ri+R kT | « 2

(VY
2K

) (kD — ln(ZSinh(KD)))} (3)

where «, the reciprocal Debye length (m™), is directly propor-
tional to the square root of the electrolyte (e.g., NaCl) concen-
tration, ¥; and y, are the surface potentials of the spheres (V),
and D is the sphere separation distance (m). Note that the
equation from Hogg has been updated to SI units by adding the
factor 4w/ey, where g is the permittivity of free space. A key
point here is the strong size dependence of the electrostatic
repulsion between spheres, as shown in eqn (3). The attractive
van der Waals interaction for two spheres is given by

Israelachvili:*®
—A/ RR,
W =—|— 4
VDW 6D(R1+R2) )

where A4 is the Hamaker constant (J), which is approximately
10—20 J.43

The total interaction energies, Wry.» are shown in Fig. 6.
From Fig. 6a, at low ionic strength (10~ M), the much weaker
electrostatic repulsions between the unimer polymer chain and
nanoparticle cause the potential energy barrier to be only 4 kT,
whereas the barrier for nanoparticle-nanoparticle interaction is
105 kT. In 10-* M NaCl, the nanoparticle-nanoparticle barrier is
still 99 kT, but the unimer-nanoparticle interaction is entirely
attractive (Fig. 6b). For 10~" M NaCl, the nanoparticle-nano-
particle interactions become attractive (Fig. 6¢). The aggregation
of single collapsed polymer chains onto either larger nano-
particles or with themselves proceeds at all ionic strengths, but
the aggregation of larger nanoparticles amongst themselves is
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Fig. 6 Total interaction potential, W,,,/kT, as a function of distance
between two 200 nm diameter PS spheres (solid blue lines) and between
a 200 nm sphere and a 3.3 nm unimer (dashed red lines) as calculated
from eqn (2)—(4) at ionic strengths of (a) 10-> M (0.64 wt% of NaCl with
respect to PS) with the experimentally measured zeta potential of —39 mV
for the 200 nm sphere and —15 mV for the unimer sphere, (b) 10 M
(64 wt% of NaCl with respect to PS) with the experimentally measured
zeta potential of —41 mV for the 200 nm sphere and —16 mV for the
unimer sphere, and (c) 10~ M (6400 wt% of NaCl with respect to PS) with
the experimentally measured zeta potential of —20 mV for the 200 nm
sphere and —8 mV for the unimer sphere. At all ionic strengths, the
repulsive barrier is never high enough to prevent unimer from aggre-
gating with the 200 nm spheres, but the repulsive barrier is large enough
at 10> M and 10— M to prevent 200 nm sphere from aggregating, thus
ensuring colloidal stability. At 10~" M, the potential interaction between
200 nm spheres is entirely attractive and aggregation would be expected
as is seen experimentally (Fig. 5).

prevented at lower ionic strengths. Therefore, nanoparticles
produced at ionic strengths below 10~ M would be expected to
be stable, while nanoparticles produced at or above 10~! M ionic
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strengths would be expected to be unstable. This is what is
observed experimentally, as shown in Fig. 5. The dependence of
nanoparticle size on polymer concentration in the FNP process
(as shown in Fig. 3a) can also be explained by considering the
interaction potential at low ionic strength in Fig. 6a. The
potential barrier is low enough that unimers or small aggregates
can continue to add to nanoparticles that are larger than the
critical size for electrostatic stability. The growth occurs by
continued addition when there is a higher concentration of
unimers. The effect of polymer molecular weight on nanoparticle
size could be addressed by the model by conducting the calcu-
lations with “unimers” with sizes that scale with molecular
weight. To demonstrate the physics behind the process, we have
selected the unimer size based only on the 92 kg/mol polymer.

The increase in polydispersity for nanoparticles with increasing
size can also be understood in terms of the process of aggregation.
In our previous study of the FNP assembly of 3 nm hydrophobic
Au colloids, ie., the same size as the collapsed polymer chain
unimers considered here, the size and polydispersity were quan-
titatively modeled using diffusion limited aggregation.*® The
cutoff time in the previous study was the time scale for polymer
stabilization. This mechanism is consistent with the results seen
for the current polymer nanoparticles. The lack of sufficient
electrostatic stabilization enables particles below a critical elec-
trostatic stabilization size to aggregate. The random aggregation
process creates a polydisperse distribution of sizes. However two
nanoparticles slightly below the critical size for stability can
aggregate to form a stable nanoparticle that is significantly larger
than the minimum critical size. The model of random aggrega-
tion*® predicts that the polydispersity of the distribution increases
with the number of random aggregation steps; that is, the poly-
dispersity increases with increasing size. In contrast, SFEP
involves a growth process where an initial number of nuclei are
formed and then growth occurs by single chain addition; the rate
of which is equal for every nuclei in the population. This single
chain addition results in a population that is self sharpening and
becomes more monodisperse with increasing size until other
destabilizing mechanisms come into play.*”- ¥ Modeling the
concentration dependence of nanoparticle size would involve
a population balance approach that would capture both the
dynamics of assembly and the electrostatic energy barrier that
varies with nanoparticle size in the population.*-!

The mechanism of electrostatic control of nanoparticle size
during FNP assembly is further demonstrated in Fig. 7. Nano-
particles were initially generated from 376 kg/mol PS using 10
mg/ml PS concentration in Stream 1 of the FNP process and 3 wt
% of NaCl (with respect to PS weight) in Stream 2 to give a final
ionic strength of 4.7 x 10~* M in the nanoparticle solution. This
original sample was subsequently diluted into NaCl solutions to
prepare a set of samples over the ionic strength range of ~ 1077 -
2 M. The larger size for the nanoparticles in Fig. 7 relative to
Fig. 5 arises because of the higher molecular weight of the PS, as
well as a higher concentration of PS in Stream 1 of the FNP
process, used in this formulation. Since nanoparticles grow in
size until electrostatic repulsions create interaction potential
barriers high enough to prevent further aggregation, the nano-
particles are at a critical size in a medium of that ionic strength.
When the nanoparticles are placed in a medium of lower ionic
strength, the electrostatic repulsions are increased and the
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Fig. 7 Dependence of zeta potential (4 ) and size (m) on NaCl
concentration for PS (M,, = 376 kg/mol) nanoparticles generated at 4.7 x
10~* M (3 wt% with respect to PS) NaCl using a polymer concentration of
10 mg/mL in Stream 1 of the FNP process. The original sample formed at
4.7 x 107* M NaCl was subsequently diluted into NaCl solutions to
prepare a set of samples over the ionic strength range of ~10-° - 2 M.
Particle size was unaffected by ionic strength below 10" M, but aggre-
gation was observed above this ionic strength. The (negative) zeta
potential increases and then decreases over this range.

nanoparticles are stable and their size is unaffected. However,
when the ionic strength is increased from the synthesis conditions
of 4.7 x 107* M to 0.51 M, electrostatic repulsions are decreased
and the nanoparticles aggregate to form clusters of 600 nm. At
1.7 M, the nanoparticles aggregate to 1000 nm. This process of
subsequently destabilizing a nanoparticle dispersion that has
been stable under low ionic strength is fundamentally different
than the rapid kinetic assembly of nanoparticles under condi-
tions where particle stability is never achieved (Fig. 5, 10~' M and
above). What is unexpected is that the aggregates that are
produced at these higher ionic strengths are not gross precipitates
but have a well defined aggregation size. This phenomenon may
be related to the recent discovery of large clusters that can be
formed by balancing short ranged attractive forces with longer
range cooperative electrostatic forces.’**

Understanding the mechanism of nanoparticles growth by
FNP versus SFEP suggests future research directions to form
larger FNP nanoparticles with narrower size distributions. Since
unimer addition to monodisperse seeds produces narrow distri-
butions, it may be possible to use multi-stage FNP mixers to
sequentially add unimers to narrowly distribute seed nano-
particles with initial sizes below 150 nm. It should also be
possible to produce layered structures with polymers of different
compositions or molecular weights using multi-stage mixers. In
one sense we have already demonstrated this capability by
coating SFEP nanoparticles with an amphiphilic block
copolymer.*

Conclusion

In summary, we utilized a facile method termed Flash Nano-
Precipitation to successfully generate PS nanoparticles of wide-
ranging sizes and different molecular weights. As compared to
PS nanoparticles synthesized from surfactant free emulsion
polymerization, nanoparticles prepared from FNP showed
comparable size-distributions when the diameters of the particles
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were under 150 nm. Furthermore, we showed that the nano-
particle size can be fine-tuned by changing the PS concentration
and/or changing wt% of NaCl in the FNP technique, i.e., an
increase in PS concentration and/or wt% of NaCl led to an
increase in particle size. The mechanism of nanoparticles growth
and stability can be understood by considering the competition
between attractive London Van der Waals attraction and elec-
trostatic repulsion. The ability to rapidly produce a range of
nanoparticle sizes from a range of polymer precursors with no
added stabilizing components or residual impurities will greatly
facilitate the studies of polymer dynamics in a 3-dimensionally
confined geometry.
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