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There are many important processes where the stability of nanoparticles can change due to changes
in solution environment. These processes are often difficult to study under controlled changes to the
solution conditions. Dynamic light scattering was used to measure the initial kinetics of aggregation
of carboxylated polystyrene nanoparticles after well-defined pH jumps using aqueous solutions of
photoacid generator �PAG�. With this approach, the pH of the solution was controlled by exposure
to ultraviolet �UV� light without the delays from mixing or stirring. The aggregation kinetics of the
nanoparticles was extremely sensitive to the solution pH. The UV exposure dose is inversely
correlated with the resulting surface charge of the nanoparticles. Decreasing pH decreases the
electrostatic repulsion force between particles and leads to aggregation. The reaction-limited or
diffusion-limited aggregation kinetics was sensitive to the pH quench depth, relative to the
acid-equilibrium constant �pKa� of the surface carboxylic acid groups on the nanoparticles. Since
numerous PAGs are commercially available, this approach provides a flexible method to study the
aggregation of a variety of solvent-dispersed nanoparticle systems.
�doi:10.1063/1.3425883�

I. INTRODUCTION

The similarity of interactions and size of synthetic nano-
particles with natural protein “nanoparticles” makes them
readily incorporated into biosystems. The uptake of synthetic
nanoparticles by different cellular compartments with dispar-
ate pH and salt conditions will influence the particle-particle
interactions. Identifying the effect of rapid changes in cellu-
lar environment on the stability of these nanoparticle disper-
sions is then necessary for the design of new materials, as
well as classify nanoparticle hazards and toxicity. Specifi-
cally, the cytosolic pH is regulated to a value near 7.2, but
within the lysosome, the pH is near 5.1 Changes in such local
solution conditions can then be expected to rapidly change
the nanoparticle surface charge and surface chemistry by the
competitive binding and exchange of adsorbed proteins and
ligands. This may cause these particles to become unstable
and aggregate or self-assemble, drastically changing their de-
signed functions. Much work has been done to understand
nanoparticle stability upon varying the solution pH condi-
tions in relation to materials science applications. The behav-
ior of Au,2–5 hematite,6 latex,5,7,3 silica,5,8,3,9 dendrimer,10,11

and proteins,12 as well as Au/DNA hybrid materials13,14

points to the relevance of pH changes on the stability of
particle dispersions in cellular environments.

The focus of the present work is to develop a method to
measure the dynamics and kinetics of particle aggregation
processes under nonequilibrium conditions. We introduce a

unique experimental approach to measure the early time ag-
gregation by taking advantage of rapid and controlled pH
jumps by using aqueous solutions of photoacid generators
�PAGs�. PAGs are important additives used in polymer thin
film photoresist materials for photolithography.15 The PAGs
are molecularly mixed in the thin polymer film, and upon
exposure to UV light through a patterned mask, they undergo
photolysis to form superacids. During a heating step, the
acidic protons �photoacids� diffuse and catalyze a reaction on
the acid-sensitive polymer to change the local polymer solu-
bility for dissolution in an aqueous hydroxide solution. Many
PAGs are available in ionic and nonionic forms; however,
ionic triphenylsulfonium salts are quite common due to their
blend compatibility with polymer films, metal-free composi-
tion, and high acid strength. Currently, high-volume lithog-
raphy of features smaller than 45 nm use water as an immer-
sion fluid between the photoresist and lens elements. While
this reduces the wavelength and increases the resolution of
patterning, early problems included the partial dissolution of
PAGs into the water.16,17 This was exacerbated by enrich-
ment of the PAG to the film surface and PAG water solubil-
ity, but could be controlled by the perfluoroalkylsulfonate
molecular mass of the PAG.

The triflic acid based PAG is highly soluble in water18,19

and is a suitable candidate to induce pH jumps in nanopar-
ticle solutions. The photolysis of the dissolved PAGs was
induced by absorption of ultraviolet-visible �UV-vis� light
with a well-defined exposure dose. The stability of the solu-
tion was continuously probed by dynamic light scattering
�DLS� using a nonabsorbing wavelength of laser light before
and after the pH jump. This has the advantage that no exter-
nal flow fields �shear and rotation� are imposed that occurs
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during mixing and agitation so that the dynamics may be
studied in a quiescent fluid state. Second, the approach does
not incur any time delays, followed by external mixing and
relaxation of flow fields, thus allowing us to probe over a
wider time frame. The PAG solubility in water allows them
to be used for pH dependent behavior of aqueous model
nanoparticle systems, yet to our knowledge, there has been
no reported study on the behavior of water-soluble PAGs in
such complex fluids.

II. EXPERIMENTAL

A. Materials

The PAG, triphenylsulfonium triflate �TPS-triflate�
�Sigma Aldrich, St. Louis, MO�, was used as received. �Cer-
tain commercial equipment and materials are identified in
this paper in order to specify adequately the experimental
procedure. In no case does such identification imply recom-
mendations by the National Institute of Standards and Tech-
nology nor does it imply that the material or equipment iden-
tified is necessarily the best available for this purpose.� The
nanoparticle system used was carboxyl-stabilized polysty-
rene latex, 40 nm in diameter, with a stock concentration of
4% by mass to volume �Molecular Probes, Eugene, OR�.
Each solution was prepared by dilution of a nanoparticle
stock solution to the desired concentration with a 1 g/L aque-
ous TPS-triflate solution and mixed with a vortex mixer for a
minimum of 60 s.

B. pH jump

PAG and nanoparticle solutions were exposed by a UV
light spot curing system, consisting of a high-pressure mer-
cury vapor arc lamp, an optical filter with a UV-vis �320–
500� nm transmission band filter, and a fiber optic guide with
the 3 mm core diameter and the numerical aperture of 0.59.
The light intensity at the light guide exit was 18 W /cm2.
The light guide exit was positioned above a low volume
quartz spectroscopic cell, 2 cm above the solution. The light
total divergence angle was 72°, corresponding to a circular
illuminated spot in the air-solution interface plane with a
diameter of 32 mm and a light intensity of 158 mW /cm2.
The horizontal cross section of the sample cell was 10
�2 mm2, corresponding to approximately 32 mW of light
power utilized for acid generation. A calibration curve was
developed to relate UV exposure dose to a directly measured
pH. These pH measurements on PAG solutions without
nanoparticles were done on �10 mL solutions, constantly
stirred at room temperature. The exposure conditions ensured
that the entire solution volume was exposed with similar UV
light path length to the spectroscopic cell system. The uncer-
tainty in the power is less than 3%, as determined by inde-
pendent measurements. The solution was exposed in 1 s in-
tervals for the first 10 s, then 10 s intervals thereafter. Each
pH curve was generated from a single PAG solution, and the
UV light blocked by a shutter after each exposure duration.
Each PAG solution was tested at least three times to assure
that each solution had a reproducible pH jump. The mea-
sured pH of the solution remained constant beyond the time
scales of the DLS experiments. The photolysis process is

irreversible and pH drifts were not observed with samples
protected from ambient light that could serve as a back-
ground exposure with these UV-sensitive solutions.

C. DLS

The aggregation behavior was monitored via custom
DLS setup that utilizes a single-mode fiber-coupled diode-
pumped solid state �DPSS� 532 nm laser. A collimated lin-
early polarized laser beam with a diameter of 0.9 mm was
focused with a 180 mm focal distance achromatic doublet
lens at the center of a low volume quartz cuvette. The fo-
cused light beam waist was 260 �m. The cell had internal
dimensions of 10�2 mm2 and required �0.1 mL of the
solution. The quasielastically scattered light at 90°, passed
through a linear polarizer, and was coupled by an 8 mm focal
distance aspheric lens to a single-mode fiber with 4.3 �m
core size and 0.12 numerical aperture.

The fiber was connected to two photomultiplier tube
photon counting modules with 28% detection efficiency at
the laser wavelength using a fused fiber 50:50 splitter. Pho-
ton counts were registered by a digital cross-correlation
board with the 100 ns time resolution. The laser incident
power of 8 mW was reduced by a set of neutral density filters
to keep the photon count below 1 MHz per channel in the
detectors’ linear range. The spatial coherence value of 0.8
was limited by the DPSS laser mode hopping. All measure-
ments were done at room temperature �24 °C�.

The aggregate size was determined by analyzing the
scattered light intensity time autocorrelation, g2���, defined
as g2���= �I�t�I�t+��� / �I�t��2, where I�t� and I�t+�� are the
scattered intensities at some initial time t and some later time
t+�, � is the delay time, and averaging is done over the
observation time t. The fluctuation correlation of light scat-
tered from the particles will exponentially decay due to par-
ticles undergoing longer range motion at long times. For
polydispersed systems, the spectrum of relaxation times of
the particles can be calculated by fitting the time autocorre-
lation function with an exponential decay function integrated
over the relaxation rate distribution G���,

g2��� = 1 + ��g1
2���, g1��� =� G���exp�− ���d� ,

where �=q2D, q= �4�no /��sin�� /2�, D is the diffusion co-
efficient, no is the refractive index of the solvent, � is the
laser wavelength in vacuum, � is the scattering angle, and
�� is an instrument alignment-dependent coherence factor.
From this, the distribution of hydrodynamic radii �Rh� may
be obtained through infinite dilution the Stokes–Einstein re-
lationship, D=kBT /6�	oRh, where T is the solution tempera-
ture, kB is Boltzmann’s constant, and 	o is the solution vis-
cosity where interparticle interaction effects are neglected, as
appropriate at very low particle concentrations �0.001% by
mass�. This procedure yields a unimodal log-normal size dis-
tribution of particle aggregates was assumed for the data
fitting.20 This analysis and methodology has been previously
applied for the DLS of latex dispersions.21 Here, we utilized
a time-resolved in situ DLS technique as that sampled the
solution dynamics in 5 s intervals as a function of pH.
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III. RESULTS AND DISCUSSIONS

A. pH quench methodology

One advantage of using PAG solutions to study nanopar-
ticle stability over other mixing techniques is the lack of an
induced flow field due to the acid generation being a product
of a photolysis reaction. Also the PAG approach allows for a
much wider range of accessible sample volumes to be tested.
Theoretically, the rapid pH response of aqueous PAG solu-
tions is limited by the solubility of the PAG and exposure
conditions that impose the pH jump. Since ionic PAGs are
essentially salts, they can effectively change the solution
ionic strength; however, nonionic PAGs are also available.
Therefore, a balance between solubility, PAG dispersion, and
UV exposure must be considered. For this study, the optimal
PAG system had to possess a high water solubility to allow
for the most efficient proton generation per unit time of ex-
posure, yet also allow the carboxyl-treated nanoparticles to
be stable in solution. The triphenylsulfonium triflate PAG
was selected based on its high water solubility �9 g/L�.18,19

The solution pH versus UV exposure time is shown in Fig. 1
at a concentration of 1g/L, which is an experimentally deter-
mined maximum PAG concentration for stable nanoparticle
suspensions without UV light exposure. UV exposure times
less than 10 s were used for the DLS experiments in order to
capture the initial aggregation kinetics with a large pH drop.

B. Nanoparticle suspension stability

The next step was to introduce carboxyl-stabilized latex
nanoparticles �0.001% by mass� to the solution to test the
stability as a function of UV induced acidification, with the
DLS results shown in Fig. 2. The aggregation behavior was
followed in real time with DLS; thus, as the particles started
to aggregate, the corresponding relaxation time ��� of the
aggregates would systematically shift to longer times, which
is clearly seen in the g2��� contour plots shown in Fig. 2�a�.
For the pH 5.39 sample �no UV exposure�, the nanoparticles
do not aggregate, thus their g2��� profiles do not change over

the course of the experiment. However, as the pH approaches
5.0, no change in the DLS spectrum appears within �100 s,
after which the system appears unstable and aggregates with
the relaxation time increasing. For pH
5.0, the system is
unstable and the nanoparticles immediately aggregate. The
aggregation behavior for this system can be better seen when
the correlation curves are fitted with a log-normal distribu-
tion, with the Stokes–Einstein relationship being used to cal-
culate each Rh value from the measured relaxation time. Fig-
ure 2�b� displays the peak of the Rh distribution, Rh,peak, as a
function of time after exposure. Our DLS measurements
were performed at only single angle and we also assume the
validity of the Stokes–Einstein relationship in our compari-
son between the hydrodynamic radii under different expo-
sure conditions. A more complete approach would be to ana-
lyze the multiangle DLS to demonstrate diffusive scaling of
the angular dependence of the relaxation rate. However, this
type of measurement with common instrumentation would
not allow us to follow the early time aggregation kinetics.
We believe that the assumptions we make are a reasonable
first approximation for our low concentrations of particles,
but application of our method to higher concentrations will
require an investigation of the angular dependence of the
light scattering and hydrodynamic and excluded volume in-
teraction effects that can affect D.

The lowering of the surface charge by the decreased pH
reduces the stability of the nanoparticles. The stability of
these nanoparticles is defined by the relative strength of the
van der Waals attractive interactions of the polystyrene ver-
sus the electrostatic repulsion by the carboxylic acid groups
on the particle surface. Because carboxylic acid has a pKa of
�4.7, at neutral or basic solution pH values22 the nanopar-
ticles are highly negatively charged and thus quite stable,
hence why at pH�5.30 there is no appreciable aggregation.

As the pH approaches the pKa �inset in Fig. 2�b��, the
kinetics exhibit an exponential growth rate, which is consis-
tent with a reaction-rate limited cluster aggregation �RLCA�
model. Lin et al.5 described this phenomenon extensively
where this growth region is characterized by the reaction
time for two particles to stick being longer than their colli-
sion time. Here, the reaction time is governed by the balance
between the electrostatic repulsion and van der Waals forces.
In this case, the pH of the solution becomes commensurate
with the pKa of the carboxylic acid group, resulting in a
reduced average surface charge. This results in a slower rate
of aggregation formation, followed by an increased rate at
later times due to the probability of binding being propor-
tional to the size of the slowly growing aggregates. The ini-
tial growth rate was shown to be exponential,5 and the data
for pH 5.03 and 5.01 displayed a good fit to Rh,peak=Aet/�,
where t is the aggregation time after UV exposure, A is a
prefactor that relates to the pre-exposure particle hydrody-
namic radius, and � is the characteristic aggregation time
constant. As previously observed for polystyrene
nanoparticles,5 we find two distinct characteristic time con-
stants; for t
550 s, �pH5.03��209�9� s and �pH5.01

��275�10� s and for t�550 s, �pH5.03��690�100� s
and �pH5.01��680�120� s. Uncertainties are calculated as
the estimated 1 standard deviation from the mean. The ratio

FIG. 1. Measured pH as a function of UV exposure time for 1g/l aqueous
TPS-triflate solution. All the data are obtained from the same solution, and
the UV light is turned off after each exposure time.
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of the characteristic times, �t�550 /�t
550�3, is similar to the
results of Lin et al. for spherical polystyrene nanoparticles,
whereby a cosolvent �2.6�10−6 mol / l pyridine� was added
and agitated to destabilize the solution rather than pH.

As the pH is further decreased, the kinetics followed a
power law form, consistent with diffusion-limited cluster ag-
gregation �DLCA�.3 This effect arises because of the repro-
tonation of the carboxylic acid dominates at pH
 pKa and
further reduces the surface charge, allowing for the attractive
van der Waals forces to drive aggregation. In this case, the
cluster size growth is limited by the rate of particle colli-
sions, thus immediate and rapid aggregation is observed.

When fitted with a power law, Rh,peak=At, the kinetic con-
stant �0.55 for pH
5.0, equivalent to that found ��0.52�
by Lin et al. for gold nanoparticles within the uncertainty of
the measurement. This kinetic constant =z /df, where df is
the fractal dimension and z is theoretically expected to be 1,
so the fractal dimension of the aggregate is 1.82. Recent
results on metallic systems have similar qualitative behavior
over a wider pH range, yet there was little discussion on the
initial aggregation rate.6

The peak of the distribution �or mode value� quantifies
the most probable aggregate size of the solution rather than
the log-normal mean. The average of a log-normal distribu-

FIG. 2. �a� DLS normalized correlation function, g2���, contour plots as a function of pH. For each plot, the abscissa is the in situ experimental time after UV
exposure for the labeled plot and directly above and the ordinate is the logarithm of the correlation time � equal scale for each graph. �b� Rh,peak vs time after
UV exposure as a function of pH. The inset is the pH 5.03 and 5.01 data plotted on a semilog scale with exponential fits as described in the main text.
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tion depends on the variance and skewness; thus, a separate
analysis of the distributions peak and standard deviation �or
square root of the variance� is appropriate. This is illustrated
by the results in Fig. 3 that displays the time-resolved log-
normal aggregate size distribution as a function of time after
pH jump. The resolution of this property is unusual and is
possible due to our ability to observe both the mean aggre-
gate growth as well as the size distribution profile as a func-
tion of time with great detail. From these distribution plots, it
is easy to reconcile the results from Fig. 2; the size distribu-
tion peaks shifts to larger values with larger pH quench.
However, it is the systematic behavior of the size distribution
profiles that underscores our proposed mechanism on the pH
dependence of nanoparticle aggregation.

For unexposed solutions, the peak and standard devia-
tion remain unchanged, denoting a stable nanoparticle sus-
pension �Fig. 2�a��. In the case of shallow pH quenches �pH
5.06�, the Rh,peak does not shift, while �Rh

shows a distinct
increase, as seen in Figs. 2�b� and 3�a�. This is clearly evi-
dence of a metastable aggregate formation and dissolution
with no significant shift in the Rh,peak. For intermediate pH
quenches �pH�5.0�, the inception of small cluster growth
indicative of RLCA behavior is seen through the more rapid
increase in �Rh

even as Rh,peak remains unchanged in the
early time scale after exposure �Fig. 3�b��. As time continues,
Rh,peak begins to increase due to increasing stability of larger
clusters, resulting in the increasing size trend shown in Fig.
2�b�. Finally, for the deepest pH quenches, both Rh,peak and
�Rh

immediately and strongly increase for all times after ex-
posure, an expected behavior for DLCA �Fig. 3�c��.

It is also striking that this broad kinetic behavior exists
within such a small pH range. The notion that the onset of
instability of solution of molecules or suspension of particles
is attributed to the ionic strength or charge state of the par-
ticles is quite common. However, it is clear that this system
exhibits marginal stability within the parameter range stud-
ied. This sensitivity of aggregation to pH should be taken
into account for future research or design of nanoparticle
systems, especially for bioapplications.

As mentioned previously, the ionic nature of water-
soluble PAGs posses an obvious limitation on the concentra-
tion range available to investigate for any charged system.
Switching to a nonionic PAG system does not properly ad-
dress this issue due to the need to use a mixed organic/
aqueous solution to get the PAG to dissolve that may exac-
erbate nanoparticle solubility issues. This work may inspire
new, innovative PAG types that may broaden the applicabil-
ity for charged model systems.

The main goal of our work was to controllably drive the
solution into an unstable state. By quenching the pH, a shift
of the equilibria of the particle surface carboxylic acid
groups effectively decreased the electrostatic repulsion be-
tween particles and reduced stability. A reduced stability of
charged particle systems, such as polyelectrolytes, is com-
monly observed by decreasing temperature or increasing the
solution ionic strength. Similarly, we envision making sys-
tematic explorations of the effect of pH changes on the sta-
bility of these suspensions through a consideration of how
the effective pairwise interactions depend on pH, tempera-
ture, and ionic strength. In this way, we hope to develop
stability criteria that better quantify the factors that influence
the rapid particle aggregation kinetics.

IV. CONCLUSIONS

We utilize pH jumps using dissolved PAGs in aqueous
solutions that form superacids upon UV exposure in conjunc-
tion with DLS as a model system to study the kinetics of
nanoparticle aggregation. The characteristic time of the pH
jump can be adjusted by the UV exposure dose conditions.
When the exposure duration is shorter than the characteristic
aggregation time, this approach provides a noninvasive
method to follow the collective behavior with optical meth-

FIG. 3. Log-normal distributions for pH 5.06, 5.03, and 4.87 as a function
of time after UV exposure. The insets are the standard deviation for each
curve as a function of time. Lines are guides. As the pH quench is increased,
the peak values �Rh,mode� shift to larger Rh. The standard deviation ��Rh

� of
Rh increases with time at a faster rate at lower pH. Overall, the aggregate
size and distribution increase with time.
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ods. DLS was demonstrated to characterize the early time
kinetics of aggregation by integrating a broadband UV light
source to a custom DLS setup that allows for detailed obser-
vation of pH-induced nanoparticle aggregation with 
5 s
resolution. For shallow pH quenches, little to no aggregation
is observed. As the solution pH is brought toward the pKa of
the stabilizing charge moiety, the aggregation kinetics be-
come very sensitive to pH, aggregation kinetic behavior con-
sistent with reaction-limited cluster aggregation. For pH
jumps at or below the pKa, particle aggregation is rapid and
exhibited kinetics consistent with diffusion-limited cluster
aggregation. We propose that the kinetics of instability for-
mation is rooted in the increased hydrophobic and secondary
interaction forces as the surface charges are neutralized. We
believe that further investigation of aggregation systems
through a combination of enhanced experimental approaches
and computer simulation would be insightful into the effec-
tiveness of PAGs for use in complex fluid environments.

It has been shown23,24 that certain tumor cells exhibit a
reduced, or even reversed, pH gradient across the cell mem-
brane when compared to normal tissue. The pH gradients for
each of the tumor cell types studied all fall within less than
one pH unit, accessible within the pH range studied in this
work. Since nanoparticles are expected for biomarkers for
cellular imaging and identification, the technique described
here could be used to directly measure the stability of nano-
particles that have been designed specifically to identify can-
cerous cells. Further, it has been shown that chemical com-
position, surface charge structure, and size are a few of the
mitigating factors that determine the cellular toxicity of a
nanoparticle system.25,26
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