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ABSTRACT: Electrophoretic and dynamic light scattering (DLS)
measurements revealed that aggregation in aqueous dispersion of
t i tanate nanowires (TiONWs) can be tuned by poly-
(diallyldimethylammonium) chloride (PDADMAC) polyelectrolyte.
The nanowires possessed negative charge under alkaline conditions
which was compensated by the oppositely charged PDADMAC
adsorbed on the surface. Such adsorption led to charge neutralization
and subsequent charge reversal at the appropriate polyelectrolyte doses.
The dispersions were stable at low PDADMAC concentration where the
TiONWs possessed negative charge. However, fast aggregation of the nanowires occurred close to the charge neutralization point
where the overall charge of the particles was zero. Charge inversion at high polyelectrolyte doses gave rise to restabilization of the
samples and slow aggregation of the TiONWs even at higher ionic strengths where the original bare TiONW dispersions were
unstable. The colloid stability of the bare nanowires can be explained well qualitatively by the Derjaguin, Landau, Verwey, and
Overbeek (DLVO) theory; however, polyelectrolyte adsorption led to additional patch-charge attractions and osmotic repulsion
between the particles. On the basis of the knowledge generated by the present work, experimental conditions (e.g., salt level,
polyelectrolyte, and particle concentrations) can be adjusted in order to design stable and processable aqueous dispersions of
TiONWs for further applications.

■ INTRODUCTION

One of the most frequently investigated titanate derivatives
nowadays are the titanate nanowires (TiONWs) due to the
growing number of their applications for instance in sensing as
materials for high-sensitivity accelerometer1 or humidity
sensor,2 in electrochemistry as electrode constituents,3,4 in
solar cells as photoanode, and in catalysis. For the latter,
similarly to other titanium(IV) compounds,5−7 they have been
used as catalysts in photocatalytic decomposition of various
organic molecules8,9 as well as catalyst support in hydro-
genation reactions.10 Many of their unique properties (e.g.,
metal-induced transformation into another form at high
temperature11 and surface conductance changes due to
adsorption of small molecules12) related to these applications
have been investigated in detail, but the majority of these
studies contained investigations regarding their behavior only in
the solid state. However, aqueous colloid dispersions of
TiONWs are widely used during synthesis processes for these
applications, and their colloid stability has to be tuned to obtain
the desired dispersion properties. Accordingly, suspended
TiONWs can be removed from the liquid medium by
aggregation, subsequent sedimentation, and/or filtration,
whereas a long-term kinetic stability of ultrafine dispersions
of primary particles representing a high specific surface area can
be achieved by preventing the aggregation with a stabilizing
agent. In spite of the importance of the stability of these

disperse systems, only a limited number of related studies are
available, and there is a lack of quantitative description of the
charging and aggregation processes of titanate nanowires in the
literature.13,14

It is well-known that charged polymers or so-called
polyelectrolytes adsorb strongly on oppositely charged
surfaces,15−17 and they have been widely used to adjust
aggregation processes in dispersions of charged particles.18−22

Adsorption properties have been also utilized to construct
hybrid materials containing titanium(IV) compounds and
polyelectrolytes23,24 as well as to control aggregation in
aqueous dispersions of barium titanates,25,26 lead zirconate
titanates,27 titanate nanotubes,28 and titania nanoparticles.29

Among the polyelectrolytes, poly(diallyldimethylammonium)
chloride (PDADMAC) has been applied for surface treatment
or as coagulating agent in various systems and coating agent to
create biofunctionalized nanoparticles for therapeutic applica-
tions.30 Accordingly, careful investigations performed with
surface sensitive techniques such as reflectometry, ellipsometry,
and atomic force microscopy as well as theoretical predictions
revealed that PDADMAC adsorbs strongly on an oppositely
charged surface, but the adsorption rate and amount greatly
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depend on the experimental conditions (e.g., concentration of
the polyelectrolyte, ionic strength, and pH).31,32 Electro-
phoretic mobility (EPM), streaming potential, and light
scattering measurements revealed that PDADMAC adsorption
results in charge neutralization and also charge reversal of an
oppositely charged surface at appropriately high concentrations
due to hydrophobic interactions, entropic effect, or ion−ion
correlation forces.33−36 Such change in the sign of the surface
charge is due to the formation of a polyelectrolyte layer with a
thickness of a few nanometers depending on the experimental
conditions applied.22,37,38 Dynamic light scattering (DLS)
studies pointed out that the hydrodynamic thickness of the
PDADMAC layer adsorbed on colloidal latex particles increases
with the ionic strength due to conformational changes of the
adsorbed polyelectrolyte chains. At high salt levels, the
electrostatic interactions between the adsorbed molecules and
the electrolyte led to the formation of tails and loops extending
away from the surface and hence to higher layer thickness
values.33 Surface charge neutralization of colloidal particles with
the oppositely charged PDADMAC gave rise to fast aggregation
of the particles while the charge reversal phenomenon enabled
stabilization of the system.34 Coating these particles with the
polyelectrolyte significantly increased the stability of the
dispersions.22 Although, to the best of our knowledge, no
studies have been reported on the interaction between
TiONWs and PDADMAC, this polyelectrolyte was widely
used in systems containing other titanate derivatives.
Accordingly, titanate nanosheets were adsorbed on a
PDADMAC modified surface to form perovskite-type thin
films,39 multilayer films were obtained by the layer-by-layer
technique using PDADMAC as a “glue” to strongly bind
adjacent titania or titanate nanotubes,40,41 and a piezoelectric
paper was fabricated by adsorbing barium titanate on wood
cellulose fibers after surface modification with PDADMAC.42

Since TiONWs possess negative charge at pH values higher
than their point of zero charge (PZC),13 the positively charged
PDADMAC is a promising candidate to tune the colloid
stability of the nanowire dispersions. The polyelectrolyte
adsorption is expected to change the surface charge properties
of the particles, and hence, aggregation processes can be
adjusted by the addition of the PDADMAC. Accordingly,
charging and aggregation of TiONWs in the presence of
PDADMAC have been investigated by electrophoresis and
DLS in the present work. The effects of PDADMAC dose, ionic
strength, and TiONW concentration on the EPMs and speed of
particle aggregation were clarified. The TiONWs have been
characterized in the solid state by various experimental
techniques previously;2,13,43 therefore, our study focused only
on the dispersion properties. These findings will be the basis to
design stable and processable biocompatible aqueous dis-
persions of TiONWs for further targeted applications such as
thermal cancer therapy or drug delivery.

■ EXPERIMENTAL SECTION
Electrophoretic Mobility Measurements. The electrophoretic

mobility (EPM) and time-resolved dynamic light scattering (DLS)
measurements were performed with a ZetaNano ZS (Malvern
Instruments) device equipped with a He/Ne laser operating at 633
nm as a light source and an avalanche photodiode as a detector. A
scattering angle of 173o was applied. The device applies an electric
field strength of 4 kV/m in the electrophoretic mode.
The EPM measurements were carried out in plastic capillary cells

(Malvern Instruments) cleaned with 2 wt % Hellmanex solution
(Hellma) and rinsed extensively with Milli-Q water. For sample

preparation, a calculated amount of PDADMAC solution was mixed
with water and KCl stock solution to obtain 4.5 mL sample with the
desired polyelectrolyte concentration and ionic strength. Thereafter,
the procedure was finalized by adding 0.5 mL of about 70 mg/L
TiONW dispersion to the samples in a plastic vial. Accordingly, the
final particle concentration was always around 7 mg/L, and the total
sample volume was 5.0 mL. The pH of the stock solutions was
adjusted to 9 before mixing them. The EPMs were measured after
equilibrating the dispersions overnight at room temperature and also
for 1 min in the instrument prior to the measurement. The EPM (μ)
of the samples was calculated by averaging five individual measure-
ments. The surface charge density (σ) of the bare and polyelectrolyte
coated particles was determined by fitting the surface potential values
at different ionic strengths with the linear charge−potential relation
within the Debye−Hückel approximation44

σ εε κψ= 0 D (1)

where εε0 is the permittivity of the water, ψD is the diffuse layer
potential, and κ is the inverse Debye length which can be calculated by
taking the presence of the ionic species into account (see Supporting
Information for more details). The ψD data were converted from the μ
values using the Henry equation45

μ
εε
η

ψ= f x( ) 0
D (2)

where f(x) is the Henry function which takes the Debye length and the
size of the particles into consideration and η is the viscosity of water.

Light Scattering. In the time-resolved DLS experiments, the
apparent hydrodynamic radii (rh) were determined using a second-
order cumulant fit for the correlation function which was accumulated
for 30 s using the same device as for electrophoretic experiments. The
measurements were carried out in 1 cm square plastic cuvettes
(Malvern Instruments) cleaned by 2 wt % Hellmanex solution. In the
time-resolved DLS experiments, typically 50 runs were performed over
25 min, and the samples were prepared as follows. Appropriate
volumes of water, PDADMAC, and KCl stock solutions were mixed,
which resulted in 1.8 mL solution with the desired polyelectrolyte
concentration and ionic strength. The aggregation experiment was
initiated by injecting 0.2 mL of the TiONW stock dispersion (which
was previously subjected to ultrasonic treatment to minimize the initial
aggregation) into the solutions. The final particle concentration was
about 7 mg/L, the total volume was 2 mL, and the pH of all stock
solutions was adjusted to 9. Such low particle concentration allowed us
to avoid multiple scattering events (Figure S1) and to remain in the
early stages of the aggregation process indicated by single-exponential
decays of the correlation function even at the end of the experiments
(Figure S2). The slopes of the apparent hydrodynamic radii versus
time curves were calculated in the linear regimes and normalized by
the mass concentrations (w). The colloid stability of the systems was
expressed in terms of the stability ratio (W) as

=W
S w
Sw

fast

fast (3)

where Sfast and S are the slopes in the presence of an excess of
indifferent electrolyte (1 M KCl, fast aggregation occurs) and for the
actual measurements, respectively, and wfast and w are the mass
concentrations of the TiONW in the dispersions for fast aggregation
(1 M KCl) and for the actual experiment, respectively. The
aggregation of TiONWs was controlled only by the diffusion of the
nanowires in the fast case in 1 M KCl solutions; therefore, stability
ratios close to unity correspond to unstable systems while higher
values refer to more stable samples.

In addition, combined static light scattering and DLS experiments
performed on a multiangle goniometer revealed that the decay
constants of the autocorrelation functions showed linear dependence
of a zero intercept with the square of the scattering vector (Figure S3),
indicating the translational origin of the diffusion coefficient and the
absence of the contribution from the rotational diffusion coefficient to
the correlation function. The translational diffusion coefficient was
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then used to calculate the hydrodynamic radii applying the Stokes−
Einstein relation (for more details see Supporting Information).

■ RESULTS
We studied the charging and aggregation of TiONWs, which
were synthesized by the hydrothermal process as detailed
elsewhere,43,46 in the presence of an inert salt as well as a
polyelectrolyte by electrophoresis and DLS to clarify the
stability of the dispersions under different experimental
conditions. We have recently published two studies13,14 on
the dispersion characteristics of aqueous TiONW dispersions,
and those results were considered when the experiments were
planned, performed, and evaluated in the present work.
Aggregation of Bare Nanowires. As published earlier,13

the TiONWs change their charge with the pH, and they are
positively charged at low pHs, below the PZC, while their
charge becomes negative at higher pHs. This phenomenon is
typical for metal oxides including titanium(IV) oxide derivatives
due to the protonation−deprotonation equilibrium of the
different hydroxyl groups on the surface, and it can be detected
by surface potential or EPM measurements.47−51 Such charge
transition occurred at pH 4.1 in the present system; therefore,
the TiONWs were negatively charged in our experiments where
the pH was always set to 9.0. A hydrodynamic radius of 188 nm
was measured by DLS in stable dispersions together with a
polydispersity index (PDI, determined by the cumulant analysis
in the DLS measurements) of 0.26, which indicates a relatively
narrow particle size distribution (Table 1).

DLS measurements revealed that the dispersions were stable
at low ionic strengths, but the TiONWs rapidly aggregated at
higher electrolyte concentrations. In the latter case at an ionic
strength of 0.1 M, the increase in the hydrodynamic radius
depended on the particle concentration as shown in Figure 1a.
Accordingly, the apparent size increased linearly at low
concentrations and short time intervals while higher concen-
tration of the nanowires led to saturation-type curves due to the
formation of higher generation aggregates. If one compares the
slopes obtained at experiment times where the increment was
linear in each case, a linear relation can be found with the
TiONW concentration (Figure 1a, inset). However, our main
goal was to investigate the early stages of the aggregation;
therefore, an intermediate concentration of 7 mg/L TiONW
was chosen for further investigations. Variation of the ionic
strength at the same particle concentration gave rise to different
slopes in the apparent hydrodynamic radius versus time plots
(Figure 1b). No increase in size was found below 0.001 M KCl

concentration, indicating stable dispersions while the slopes
increased with the concentration of the electrolyte above this
dose, and they remained constant at high ionic strength (Figure
1b, inset). Note that only the initial linear regime was
considered at high ionic strengths where the aggregation was
fast (e.g., at 0.01 M KCl in Figure 1b), while the whole set of
experimental points was used to obtain the slopes at lower salt
levels (e.g., 0.005 M KCl) during the evaluation of the data.
The stability of the dispersions at different ionic strengths

was expressed in terms of the stability ratio (Figure 2).14 High
stability ratios indicate slow aggregation, i.e., quasi-stable
dispersions, while values close to unity correspond to rapidly
aggregating, highly unstable samples where the aggregation is
exclusively controlled by the diffusion of the particles.
Accordingly, the nanowires were stable at low KCl concen-
trations and the stability ratios decreased by increasing the ionic
strength up to the critical coagulation concentration (CCC)
which separates the slow and fast aggregation regimes. The
stability ratio values were unity and remained constant at higher
electrolyte doses. Linear fits to the two aggregation regimes
resulted in a CCC of 0.008 M. The EPMs, determined under
the same experimental conditions as in the DLS study,
increased with the ionic strength but remained negative in
the entire concentration range investigated. This result can be
explained by the screening effect of the potassium counterions
on the surface charge. Moreover, the overall behavior of
TiONWs followed the prediction of the theory developed by

Table 1. Characteristic Dispersion Properties of Bare
(TiONW) and Polyelectrolyte Coated (TiONW−
PDADMAC) Nanowiresa

sample
Rh

(nm)b PDIb
CCC
(M)

σc

(mC/m2)
μd

(m2/(V s))

TiONW 188 0.26 0.008 −8.2 −2.3
TiONW−
PDADMACe

202 0.34 0.032 +15.3 +2.5

aThe parameters were determined at pH 9.0 and 25 °C.
bHydrodynamic radius (Rh) and polydispersity index (PDI) were
determined by DLS in stable dispersions, and the uncertainties of the
size measurements were about 5 nm. cSurface charge density (σ) was
calculated by eq 1. dElectrophoretic mobility (μ) measured at 0.001 M
ionic strength. ePolyelectrolyte dose of 300 mg/g was used to coat the
TiONWs.

Figure 1. Apparent hydrodynamic radii of TiONWs in time-resolved
DLS experiments. (a) Different concentrations of TiONW at 0.1 M
ionic strength adjusted by KCl. The inset shows the initial slopes
obtained from linear fits at different TiONW concentrations. (b)
Aggregation of TiONWs in 7 mg/L dispersion at different ionic
strengths. The initial slopes are presented in the inset as a function of
the ionic strength. The experiments were carried out at 25 °C and pH
9.0.
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Derjaguin, Landau, Verwey, and Overbeek (DLVO) for
charged colloidal particles in an aqueous electrolyte solution.44

Accordingly, the aggregation of the nanowires is governed by
the superposition of the repulsive double layer and the
attractive van der Waals forces. The electric double layer
vanishes at high electrolyte concentrations where the surface
charges are completely screened by the counterions leading to
the predominance of the attractive van der Waals forces and
hence to rapid aggregation of the TiONWs. Similar behavior of
the particles was found in other systems containing titanate
derivatives and electrolytes.48,49 In our previous study,14 we
have shown by atomic force microscopic images recorded in
dispersions that the TiONWs aggregated in a side-by-side
orientation leading to a “spaghetti-like” structure of the
aggregates. Since the slopes in the fast or so-called diffusion
controlled aggregation regime as well as the CCC values were
very similar to the values determined for the present system, we
assume that the orientation of the TiONWs in the aggregates is
the same in both cases.
Tuning the Colloid Stability by Polyelectrolyte.

PDADMAC is known as highly charged polyelectrolyte
containing quaternary amino groups which are positively

charged in water in the entire pH range. Because of its strong
affinity to oppositely charged surfaces, it has been used for
modification of negatively charged substrates as well as to tune
the aggregation process in aqueous dispersions of colloidal
particles.31,34,38 In our study, interaction between PDADMAC
and the negatively charged TiONW was investigated by
following the changes in the EPMs and in the speed of
aggregation at different polyelectrolyte doses and ionic
strengths.
Figure 3 shows the EPMs in the TiONW−PDADMAC

system. In general, the surface charge was constant at very low
polyelectrolyte doses, and the initial EPM values were in good
agreement with the ones measured in the bare TiONW system
at the corresponding ionic strengths. The mobilities increased
with increasing the PDADMAC dose due to the strong
adsorption of the positively charged polyelectrolyte. Such
adsorption led to charge neutralization at the isoelectric point
(IEP) where the overall charge of the particles was zero. Upon
further addition of PDADMAC to the system, the nanowires
reversed their charge, and positively charged particles were
obtained beyond the IEP. Such a charge reversal phenomenon
is typical in systems containing polyelectrolytes and oppositely
charged surfaces21,22,34 and can be originated from hydrophobic
interactions between the polyelectrolyte chains,52 from entropic
effect due to the release of solvent and counterions of the
highly charged PDADMAC53 during its adsorption, and from
ion−ion correlations.54,55 The dose at the adsorption saturation
plateau (ASP) was the limit of the adsorption at high
PDADMAC concentrations. At this dose, the surface is not
able to adsorb more PDADMAC under the experimental
conditions applied and further added polyelectrolytes remained
dissolved in the bulk. The EPMs were constant above the dose
corresponding to the ASP, but their values on the plateau
depended on the ionic strength.
The dependence of the stability ratios on the PDADMAC

dose (Figure 3) was found to be similar at lower ionic
strengths. Accordingly, the dispersions were stable at low
polyelectrolyte concentrations, and the stability ratios decreased
until the fast aggregation regime was reached near the IEP. The
samples became stable again with increasing the dose after the
IEP. These types of colloid stability curves are very typical for

Figure 2. Stability ratio (DLS, squares) and EPM (circles) of TiONWs
(7 mg/L) as a function of the ionic strength adjusted by KCl at 25 °C
and pH 9.0. The CCC indicates the position of the critical coagulation
concentration, and the lines serve just to guide the eyes.

Figure 3. EPM (a) and stability ratio (b) of TiONWs as a function of the PDADMAC dose at different ionic strengths adjusted by KCl at 25 °C, pH
9.0, and TiONW concentration of 7 mg/L. The unit on the x-axis denotes mg of PDADMAC normalized to 1 g of TiONW. The adsorption
saturation plateau (ASP) and the isoelectric point (IEP) are indicated by arrows while the other lines are just to guide the eyes. The chemical
structure of PDADMAC is shown in the inset of graph (a). Schematic representation of the colloid stability of TiONW−PDADMAC systems (c).
The PDADMAC concentration increased from left to right, while the pictures were taken with freshly mixed samples (top), after 15 min (middle)
and 30 min (bottom). Note that the particle concentration was significantly higher than in the case of aggregation experiments in order to visualize
the colloid stability of the systems.
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systems containing colloidal particles and polyelectro-
lytes,22,33,34 and they are in line with the DLVO theory. The
TiONWs possessed negative charge at low PDADMAC doses
where their charge is only partially neutralized. Such negative
charge led to the formation of an electric double layer around
the particles and hence repulsive forces between them. Since
the nanowires had an overall charge of zero near the IEP, the
electric double layer vanished and the attractive van der Waals
forces predominated in the dispersion, giving rise to rapid
aggregation of the TiONWs and to unstable dispersions. At
high doses, the nanowires underwent the charge reversal
process due to the PDADMAC adsorption, and the positive
charge generated by this phenomenon led to the formation of
an electric double layer and to the slowdown of the aggregation
due to the overlap of the double layers.
Another interesting issue is the ionic strength dependence of

the stability and mobility curves, since we described the
interaction forces as of electrostatic origin in the explanation
above. If this is the case, change in the concentration of an inert
electrolyte, like KCl in the present case, should have significant
effect on the aggregation even in the presence of a
polyelectrolyte.21,22 Indeed, the shape of the stability ratio
versus PDADMAC dose curve at 0.01 M KCl concentration is
different from those measured at lower ionic strengths which
were discussed above (Figure 3b). The TiONWs rapidly
aggregated at low PDADMAC doses at 0.01 M ionic strength
since this salt level is above the CCC value of the bare
nanowires (Table 1). However, the aggregation slowed down
when the dose around the ASP was approached as indicated by
the increase in the stability ratio values which had a plateau at
high PDADMAC concentrations, showing the limited stability
of the system at this ionic strength.
One can also recognize that the slopes in the stability ratio

versus polyelectrolyte dose curves in the slow aggregation
regimes were also different at different ionic strengths. Higher
KCl concentration led to less steep curves in this region. We
assume that these discrepancies originate from additional, non-
DLVO attractions. They are weaker than the DLVO-type forces
and can be derived from patch-charge interactions resulting
from the lateral heterogeneity of the adsorbed PDADMAC
layer.14,22 Accordingly, the TiONW surfaces contain negatively
charged, uncoated parts at coverage lower than the ASP dose,
and they may interact with oppositely charged patches from the
adsorbed polyelectrolytes on the surface of another particle.
Such patch-charge attraction could contribute to the accel-
eration of the aggregation of TiONWs and give rise to faster
aggregation of the particles, i.e., lower stability ratios, and hence
smaller slopes in the slow aggregation regimes which were
more sensitive to this additional attraction than the diffusion-
limited regime. Since these patch-charge attractions occur at
low distances from the surface, they are more pronounced at
higher ionic strengths where the Debye length was small and
the electric double layers were thin, leading to the emergence of
short-range interactions. Another possible interparticle force
which was observed in other systems and could be present here
as well is the repulsive force due to the osmotic repulsion of the
adsorbed PDADMAC chains.35,36,56 These forces were found
to be repulsive and increased with the ionic strength in the case
of monovalent salts. Since in our systems the increase of ionic
strength always led to less stable dispersions at the same
PDADMAC dose (Figure 3b), the effect of such repulsive
interactions should be minor compared to the electrostatic
forces (DLVO and patch charge); otherwise, we should have

obtained highly stable dispersions at high ionic strength and
polyelectrolyte doses.
Additional EPM measurements in the ionic strength range of

0.000 01−0.1 M were carried out to study the effect of the inert
electrolyte on the IEP and ASP. As shown in Figure 4, the IEP

values decreased and the ASP values increased with the ionic
strength, indicating that these parameters strongly depend on
the KCl concentration applied. Their magnitudes were similar
to those reported in polyelectrolyte adsorption studies
previously, and such an increase in the adsorbed amount has
been already reported in other systems containing polyelec-
trolytes and oppositely charged particles.22,57 Both phenomena
can be explained by the electrostatic interactions between the
PDADMAC chains on the surface. Accordingly, the adsorption
of the polyelectrolytes was hindered by the electrostatic
repulsion between the PDADMAC molecules of the same
charge. The increase in the ionic strength, i.e., in the KCl
concentration, led to a screening effect of the polyelectrolyte
charge by the chloride ions and also to reduced repulsion
between the polyelectrolytes adsorbed on the surface. The
TiONWs then were able to adsorb more PDADMAC at higher
ionic strength which gave rise to higher ASP and lower IEP
values since the polyelectrolyte adsorption is less hindered at
higher salt levels.

Aggregation of Polyelectrolyte Coated Nanowires. As
discussed earlier, the maximum adsorbed amount of the
polyelectrolytes at a certain ionic strength can be expressed
with the dose of the ASP, and such adsorption led to an
oppositely charged nanowire (TiONW−PDADMAC). Let us
discuss now the charging and aggregation of PDADMAC
coated TiONWs and compare it to the similar properties of the
bare nanowires.
To probe the surface charge and aggregation behavior of the

particles and to identify the predominating interparticle forces,
the EPMs and stability ratios were measured in dispersions
containing TiONWs and PDADMAC at a dose of 300 mg of
polyelectrolyte per 1 g of nanowire (which was higher than the
ASP value even at high salt levels) at different ionic strengths
(Figure 5). The mobilities of the TiONW−PDADMAC were

Figure 4. PDADMAC dose at the isoelectric point (IEP, squares) and
at the adsorption saturation plateau (ASP, circles). The data were
determined from the EPM versus PDADMAC dose curves at different
ionic strengths. The measurements were performed at 25 °C, pH 9.0
and at a TiONW concentration of 7 mg/L. The solid lines serve only
to guide the eyes. The presented values were obtained from linear fits
to the experimental data and this method results in an average error of
about 5%.
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positive in the entire ionic strength range investigated. They
increased at low electrolyte concentrations and reached a
maximum around 0.006 M KCl concentration. Such maximum
was also observed in other systems containing charged colloidal
particles and can be originated from ion−ion correlations58 and
the standard electrokinetic model.59 After this maximum, the
EPMs decreased with the ionic strength due to the screening
effect of the counterions (chloride ions in this case) on the
surface. Moreover, the stability ratio values were found to be
high at low electrolyte concentrations (Figure 5), indicating the
formation of stable dispersions. They decrease with increasing
the KCl concentration until reaching the CCC. Fast
aggregation occurred after the CCC and the stability ratios
were around unity within the experimental error.
The size of the bare and the coated nanowires determined by

DLS in stable dispersions at low ionic strength were close to
each other (Table 1), and the small difference can be explained
as follows. Upon the preparation of the TiONW−PDADMAC
dispersion, the TiONW particles passed through an inter-
mediate stage of polymer adsorption which produced nano-
wires of zero charge for a very short time interval. During this
short period, a part of the TiONWs could aggregate, and hence
the apparent hydrodynamic radius slightly increased. This
phenomenon was observed in other polyelectrolyte−particle
systems,33 and the higher PDI value for TiONW−PDADMAC
also confirmed this explanation.
Comparing the EPM, diffuse layer potential and stability ratio

data obtained in the TiONW and TiONW−PDADMAC
systems (Figures 2 and 5, Figures S4 and S5), the following
conclusions can be made. The mobility data show the same
trend but have the opposite sign due to the charge reversal
process. The calculated σ data showed that TiONW−
PDADMAC was almost twice as more charged as the bare
TiONWs because the adsorption of the PDADMAC of high
line charge density resulted in more charges located at the
liquid/solid interface (Table 1). This deviation in σ resulted in
a significant difference between the CCC values of the bare and
coated nanowires. Accordingly, the CCC shifted from 0.008 to
0.032 M after polyelectrolyte coating which gave rise to more
stable nanowire dispersions than the original ones without
added PDADMAC (Table 1). This is important information
and indicates that in the case of polyelectrolyte coating the

TiONW colloids can remain stable at ionic strengths up to 4
times higher than the bare ones for simple monovalent salts.
To further explore the origin of the interparticle forces in the

above systems, theoretical calculations were performed to
estimate the trend of the stability ratios by the DLVO theory
using diffuse layer potentials calculated from the EPMs (Figure
S4 and see Supporting Information for more details). The
calculations predict also a shift in the CCC values due to the
higher surface charge density of the TiONW−PDADMAC
particles (Figure S5). The estimated slopes in the slow
aggregation regime were very steep and agreed reasonable
well with the experimental data for the bare TiONWs, but
significant difference was observed in the case of TiONW−
PDADMAC particles. At very low KCl concentrations, before
the CCC of the theoretical curve, the measured stability ratio
values were always much lower than the calculated ones,
indicating the presence of additional attractive forces which
were not predicted by the DLVO theory. We assume that the
previously mentioned patch-charge interactions were respon-
sible for the additional attraction at low ionic strength. Since
they are induced by the adsorption of PDADMAC, these forces
could not be present in the bare TiONW system; therefore, the
agreement between experimental and calculated data was better
in that case. However, the transition between the slow and fast
aggregation regimes around the CCC was not sharp in the case
of TiONW−PDADMAC compared to the bare TiONW. This
deviation could originate from the fact that the adsorbed
polyelectrolyte layers usually swell in this ionic strength
range,22,33,57 resulting in thicker and more hydrated PDAD-
MAC layer on the surface which could lead to steric
stabilization of the nanowires due to the osmotic repulsion
between the adsorbed polyelectrolyte chains. Such repulsive
forces were detected in polyelectrolyte−particle systems at high
ionic strength,35,36,56 and their effect on the structure of
polymer brushes was also described.60 Since the stability ratio
values were only slightly higher than unity in this regime
(Figure S5) and such an effect disappeared at higher ionic
strength, where this phenomenon should be more pronounced,
we assume that the strength of the osmotic repulsion was small
compared to the forces of electrostatic origin.

■ CONCLUSIONS
We have studied the surface charge and aggregation of
TiONWs in aqueous dispersions in the bare form as well as
in the presence of the PDADMAC polyelectrolyte. The bare
nanowire dispersions were stable only at low ionic strength at
millimolar salt levels. Higher concentration of a monovalent
electrolyte led to fast aggregation of the TiONWs and to
unstable systems. PDADMAC adsorbed strongly on the
oppositely charged TiONW surface, and its adsorption gave
rise to charge neutralization at the IEP and subsequent charge
reversal at higher polyelectrolyte doses. The adsorption
continued until the ASP where the maximum amount of
PDADMAC was adsorbed on the surface and further added
polyelectrolytes remained dissolved in the solution. Time-
resolved DLS measurements performed at different polyelec-
trolyte doses revealed that the dispersions were unstable near
the IEP and stable far before and after it. Adding PDADMAC
to the TiONW sample at the dose of ASP resulted in
polyelectrolyte coated nanowires. Similar trends were observed
in the mobilities and stabilities in the case of both bare and
polyelectrolyte coated TiONWs when the ionic strength was
varied in these systems. These facts tend to show that the

Figure 5. Stability ratio (DLS, squares) and EPM (circles) of
TiONW−PDADMAC nanowires (TiONW was coated with PDAD-
MAC at a dose of 300 mg/g) as a function of the ionic strength
adjusted by KCl at 25 °C and pH 9.0. The TiONW concentration was
7 mg/L. CCC indicates the position of the critical coagulation
concentration, and the solid lines serve only to guide the eyes.

Langmuir Article

DOI: 10.1021/la504521e
Langmuir 2015, 31, 42−49

47

http://dx.doi.org/10.1021/la504521e


aggregation processes were governed by interactions of DLVO
origin mainly; however, the presence of attractive patch-charge
and repulsive osmotic interactions was also detected especially
in the TiONW−PDADMAC system. A highly significant
advantage of the nanowire coating with polyelectrolyte was
that the PDADMAC coverage resulted in a higher CCC value.
In summary, the present study provides quantitative
information which allows for designing stable or aggregating
dispersions of TiONWs using a polyelectrolyte. Accordingly,
the dose of polyelectrolyte, particle concentration, and salt level
can be precisely adjusted to tune the dispersion stability in
accordance with the desired goals.
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