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nO semiconductor quantum dots
have attracted considerable attention
owing to their promising electro-op-
tical properties. Besides fundamental re-
search on the particle synthesis itself,'
especially the application of nanoparticles
for electronic devices® or solar cells® 2 is
increasingly in the focus of interest. How-
ever, for the successful incorporation of
nanoparticles into devices, stable suspen-
sions at high solid concentrations are re-
quired. At first glance, the stabilization of
small nanoparticles seems to be rather chal-
lenging as the collision events between the
particles are supposed to be very frequent
due to the strong influence of Brownian
motion in the lower nanometer range. In
contrast, experiments have revealed that
ZnO and other nanoparticles below 10 nm
in diameter made of other materials, like
noble metals from gold, silver, or other
quantum dot systems like cadmium sulfide
or titanium dioxide, can be stored over
months at room temperature without no-
ticeable aggregation.®'°
Colloidal stability is usually discussed in
terms of electrostatic repulsion, steric stabi-
lization, and electrosteric stabilization as a
combination of the former ones.'’ Regard-
ing electrostatic stabilization, an electric
double layer around the nanoparticle sur-
face is created. As identical particles have
the same sign of their surface charge they
reject each other when they approach. In
the case of steric stabilization, molecules
adsorbed or bound to the particle surface
create a protecting layer around the nano-
particles. This layer can be seen as spacer
and prevents particles from coming close
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ABSTRACT The current work addresses the understanding of the stabilization of nanoparticles
in suspension. Specifically, we study Zn0 in ethanol for which the influence of particle size and
reactant ratio as well as surface coverage on colloidal stability in dependence of the purification
progress was investigated. The results revealed that the well-known C-potential determines not
only the colloidal stability but also the surface coverage of acetate groups bound to the particle
surface. The acetate groups act as molecular spacers between the nanoparticles and prevent
agglomeration. Next to DLVO calculations based on the theory of Derjaguin, Landau, Verwey and
Overbeek using a core—shell model we find that the stability is better understood in terms of
dimensionless numbers which represent attractive forces as well as electrostatic repulsion, steric
effects, transport properties, and particle concentration. Evaluating the colloidal stability in
dependence of time by means of UV—vis absorption measurements a stability map for Zn0 is
derived. From this map it becomes clear that the dimensionless steric contribution to colloidal
stability scales with a stability parameter including dimensionless repulsion and attraction as well as
particle concentration and diffusivity of the particles according to a power law with an exponent of
—0.5. Finally, we show that our approach is valid for other stabilizing molecules like cationic
dendrons and is generally applicable for a wide range of other material systems within the
limitations of vanishing van der Waals forces in refractive index matched situations, vanishing

C-potential and systems without a stabilizing shell around the particle surface.
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enough to agglomerate due to attractive van
der Waals forces which become stronger with
decreasing particle—particle distance. Finally,
electrosteric stabilization is achieved by means
of charged molecules including polyelectro-
lytes and represents a combination of the
aforementioned stabilization techniques.
Usually, the well-known Derjaguin—
Landau—Verwey—Overbeek (DLVO) theory'*'3
is used to calculate total interaction poten-
tials around a particle surface assuming a
superposition between repulsive forces,
for example, electrostatic repulsion, Born
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repulsion, and attractive forces like van der Waals
attraction. Thereby, a typical DLVO-curve shows a pri-
mary maximum which has to be maximized to achieve
good colloidal stability."* However, with the application
of this concept toward small particles below 20 nm the
corresponding absolute interaction potentials with only
a few kT become rather small.">"® Thus, if aggregation
has already been induced—like the destabilization of
gold nanoparticles due to the replacement of citrate
ions at the particle surface by benzyl mercaptane'”'® or
the destabilization of CdSe quantum dots due to the
addition of an electrolyte'®—the observed phenomena
are explained on the basis of classical DLVO theory,
although only slight changes occur in the height and
position of the repulsive maximum. In contrast, the a
priori prediction of the stability of a suspension with
small nanoparticles is challenging, and thus a lot of
experiments are required. Recently, we have shown that
there exists an optimum of colloidal stability during the
washing of ~5 nm ZnO quantum dots in ethanolic
suspension.'® This was explained using an extended
core—shell model of the well-known DLVO theory
which considers not only the surface charge of the
nanoparticles but also a protecting shell of acetate ions
around them.'®?°~22 The conclusion was that during
washing these acetate ions are removed from the
particle surface until the “steric” stabilization breaks
down and flocculation is observed.

However, the total interaction potential did only
change slightly for each washing step. The well-known
stability criterion, that the repulsive maximum should
be larger than 15 kT, was clearly not fulfilled, although
the quantum dot suspensions were stable over
months. In the current work a dimensional analysis
was applied for the case of charged nanoparticles
surrounded by stabilizing ions or molecules in a solvent
to find generally applicable conditions for colloidal
stability. By means of dimensional analysis®* a set of
nine independent dimensionless II-products was
identified, which includes next to particle volume
fraction and dimensionless diffusion also dimension-
less parameters for repulsion and attraction, respec-
tively, and a geometry factor taking into account the
thickness of the protecting shell around the particle
surface. Thus, a stability map could be constructed
which enables a clear predictive statement if the ZnO
quantum dots are stable within a certain time for
different particle sizes, {-potentials, synthesis condi-
tions, and washing steps. Furthermore, our stability
map was extended toward various other material
systems with different adsorbed ions or molecules
sitting at the particle surface.

RESULTS AND DISCUSSION

Measurement Data: {-Potential, pH*, and Surface Coverage.
Crystalline ZnO quantum dots were formed after mixing
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ethanolic solutions of the precursors, that is, zinc acetate
dihydrate and lithium hydroxide, at 20 °C and 35 °C,
respectively, under vigorous stirring. Three different
reactant ratios [Zn>*]/[OH] of 1/1, 1/1.5, and 1/2 were
used during the synthesis. To follow the progress of
oxide formation, the suspensions of the nanoparticles
were aged in their mother liquors and the crystal growth
was monitored by UV—vis absorption spectroscopy.
Furthermore, particle size distributions (PSDs) at differ-
ent aging time were constructed from the conversion of
the absorption spectra using an algorithm already
published in the literature.” However, as the main goal
of the current work is the investigation of colloidal
stability of ZnO quantum dots in ethanolic suspension,
a detailed analysis of the particle growth with respect to
the reactant ratios [Zn*"]/[OH ] is shown in the Sup-
porting Information for both temperatures (S1). For a
more detailed examination of the colloidal stability and
the surface charge of the nanoparticles, the ¢-potential,
the surface coverage of acetate ions relative to a
monolayer as well as the pH* were determined for both
temperatures (Figure 1 and Table 1, respectively). In
principle all results were similar; therefore, herein we
only show the data for 20 °C. The corresponding results
at 35 °C are presented in the Supporting Information
(S2). The &-potential, the surface coverage, and the pH*
were measured for the reactant ratios [Zn®*]/[OH "] of 1/
1and 1/1.5 in the unwashed suspensions after synthesis
as well as after the first, the second, and the third
washing cycle. However, regarding the samples with
[Zn*T1/[OH"] of 1/2, pH* and &-potential could only be
determined for the unwashed suspension and the
suspension after the first washing cycle due to the fact
that the particles became unstable and could not be
redispersed after the second precipitation with heptane.

Regarding the suspension with a reactant ratio
[Zn**1/[OH"] of 1/1 (Figure 1a, red squares), the mag-
nitude of the negative {-potential increases with the
first washing step by more than 10 mV from —14 mV to
—28 mV. This is ascribed to the removal of dissolved
ions from the suspension leading to a decrease of the
ionic strength. Then, the ionic strength reduction leads
to an increased thickness of the electric double layer
around the nanoparticles.

However, ongoing washing leads to a decrease of
the absolute value of the {-potential down to —22 mV
after the second purification step and a final value
of —4.8 mV after the third washing cycle. To under-
stand this behavior the removal of acetate ions co-
ordinated with the particle surface has to be
considered (see results of the thermo gravimetric
analysis (TGA) measurements with respect to the
washing progress shown in Figure 1b) as these speci-
fically adsorbed ions cause the negative surface charge
of the particles after synthesis. Thereby acetates are
associated with the particle surface according to the
well-known bonding structures for acetate groups
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Figure 1. (a) {-potentials for the different reactant ratios [ZnZ*)/[OH™] of 1/1 (red squares), 1/1.5 (blue triangles), and 1/2
(black circles) after zero, one, two, and three washing cycles (ZnO quantum dots with size of about 2 nm) at 20 °C; (b)
corresponding percentage surface coverage of the particles with acetate ions in dependence of the washing cycles at 20 °C;
the data points for the suspensions synthesized in a reactant ratio [Zn*>")/[OH "] of 1/2 are not included because the particles
were strongly agglomerated after more than one cycle of washing.

TABLE 1. Effective Acetate Shell Thickness d (eq 1) and pH* Values (Provided That the Particles Were Sufficiently Stable to
Perform a pH* Measurement) for the Three Different Reactant Ratios [Zn?"]/[OH ] of 1/1, 1/1.5, and 1/2 after Zero, One,
Two, and Three Washing Cycles (ZnO Quantum Dots with Size of about 2 nm)

acetate shell thickness d (nm) pH*

[Zn*"VIOH™1 =111 [Zn® VIOH 1 = 115 [Zn®"VIOH ] =172 [Zn® VoK 1= 1/ [Zn®"VIOH 1 = 1115 [Zn®"VIOH ] =172

unwashed 0.470 0.470 0.470 6.7 £07 71+£07 79+£07

1x washed 0.212 0.146 0.089 7.0 0.7 71+£07 82+07

2% washed 0.127 0.113 6.9 + 0.7 71+£07

3% washed 0.094 0.080 7.0 £ 0.7

coordinated with a metal, namely unidentate, biden- surface and the surface without acetate ions must be

tate (chelate), or bridging mode. This was reported in taken into account. This “naked” surface is now sup-

detail by Sakohara et al** and confirmed by the recently ~ posed to be positive because the measured pH* is
published work of Marczak et al.** Sakohara et al. found  situated below the isoelectric point of ZnO at pH,, 9.2°
that the type of bonding is directly influenced by the  This was recently reported by Tang et al.,?” who

reactant ratio and that colloidal stability depends on the synthesized ZnO from anhydrous zinc acetate and

amount of acetate at the particle surface. measured the pH* dependence of the C-potential

Furthermore, from the weight loss during TGA, the between pH* 6 and pH* 12. Thus, the &-pH* depen-
thicknesses of the acetate shells with respect to the

washing cycle were calculated and are presented in
Table 1. The percentage fraction of a monolayer is
calculated from the weight loss and the known particle
diameter from UV—vis absorption spectroscopy as
already described in the literature.'® Then, the effective
shell thickness is calculated assuming no cross-linking
hydroxide being present at the particle surface accord-

dence of ZnO in ethanol is, in a first instance, compar-
able to the already reported results for aqueous &-pH
measurements.”® However, a generic problem exists
in situations where the {-potential is poorly defined,
i.e., in most nonaqueous solutions in which, never-
theless, charge stabilization may be effective. In these
cases the {-potential should be replaced by the surface
potential which may be obtained by charge titration

ing to .
experiments.
_ A The suspension with the [Zn?*]/[OH] of 1/1.5
d= dmax, monolayer (1) . A
100 (Figure Taand b, blue triangles) follows the same trend,

where d is the effective thickness of the acetate shell, A thatis an increase of the magnitude of the ¢-potential
is the surface coverage in percent, and dmax, monolayer IS after the first washing due to a reduction of the ionic
the theoretical maximum shell thickness of a mono- strength of the suspension and a subsequent decrease
layer of acetate molecules at the particle surface. The of the magnitude of the {-potential with the second
latter was estimated (MM2 force field calculation and third washing. Thereby, except after the third
method, Chem Pro 3D 11.0, CambridgeSoft, UK) to be washing cycle, the magnitude of the {-potential is
0.47 nm. Figure 1b and Table 1 demonstrate that with always lower in comparison to the sample with an
the second and third washing the charge determining equimolar reactant ratio. This is again in good agree-
coordinating ions are removed from the particle ment with the evolution of the surface coverage.
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Scheme 1. Schematic drawing of the chemical surrounding of the ZnO quantum dots stabilized with acetates that are either

coordinated to the particle surface®® or acting as counterion.

In general, the surface coverage of acetate ions de-
creases with increasing amount of LiOH leading to
smaller {-potentials. However, for the three times
washed samples the trend is slightly opposite. In this
case the magnitude of the &-potential for the 1/1
reactant ratio is smaller than the {-potential for the
[Zn*"1/[OH™] of 1/1.5. This is explained by considering
the intrinsic charge of the ZnO nanoparticles for the
three times washed samples. The pH* at a ratio of 1/1.5
is always higher than the pH* at [Zn?"]/[OH ] of 1/1.
Thus, according to the literature the corresponding
intrinsic surface charge becomes smaller with increasing
hydroxide concentration as the sample synthesized
for [Zn**)/[OH™] of 1/1.5 is closer to the pH, than
the sample synthesized for 1/1.%”

For the suspension synthesized for a reactant ratio of
1/2 this trend is expected to continue as the pH*
increases further up to pH* 8 after the first washing.
However, determination of the corresponding values was
not possible due to the strong instability of those sam-
ples. Finally, the following findings have been derived: (i)
The acetate surface coverage of the nanoparticles de-
creases both with each washing step and with increasing
excess of hydroxide ions. (ii) The magnitude of the ¢-
potential increases with the first washing for all investi-
gated reactant ratios but decreases with the second and
third washing step. Thereby it approaches a pH*-depen-
dent surface charge as during washing the charge
determining acetate ions are continuously removed
and only a small amount of coordinated acetate remains
at the particle surface. To illustrate this further, Scheme 1
shows a drawing of the chemical surrounding of the ZnO
quantum dots consisting of an intrinsic positive surface
charge, a small amount of either acetate ions acting as
counterions, or acetate ions being coordinated to the
particle surface. The detailed chemistry of acetates co-
ordinated to the ZnO nanoparticle surface according to
Sakohara et al. is presented in the enlargement.**

Core—Shell Model of DLVO Theory. The interaction poten-
tials at the minimal contact distance between the ZnO
quantum dots after the different washing steps were

SEGETS ET AL.

calculated for a temperature of 20 °C according to the
DLVO theory'*'® based on a core—shell model and are
shown in Figure 2a.">'%***° Correspondingly, also the
stability ratios W were calculated as the sum of the
electrostatic repulsion, the van der Waals forces, and
the Born repulsion according to Lagaly et al."* which
are shown in Figure 2b. The Born repulsion was approxi-
mated by a hard sphere potential at the minimal contact
distance of 0.16 nm.' Moreover, a stabilizing acetate
shell around the particle surface was considered in the
calculations. All the details about the parameters used for
the calculations and the corresponding data for a synth-
esis temperature of 35 °C are described in the Supporting
Information (S3 and S5, respectively).

According to the literature, a suspension is typically
considered to be stable if the total interaction potential
reveals an energy barrier larger than 15 kT and stability
factors of W > 10°3! Obviously, this criterion is insuffi-
cient to explain stability for particle sizes that are
significantly smaller than 20 nm. The calculations for
the ZnO quantum dot system have shown that the
maximum repulsion is only in the order of 1 KT.
However, the attractive van der Waals term is also
rather small due to the small particle size. Thus, a
subnanometer shell effectively screens the attractive
force so that essentially a hard-core-potential.’”>'® Com-
parative calculations for other quantum dot
systems show a similar trend. Therefore, the stability
criteria have to be extended especially for quantum
dots. It was recently shown that not only the height
of the energy barrier but also the depth of the primary
minimum of the total interaction potential should be
considered.’'® Despite that the values are small with-
in the experimental error that mainly comes from the
determination of the ¢-potential, still a weak trend in
the depth of the primary minimum as well as the
stability ratio during washing is observed as already
described in our previous work.'® Therefore, a proper
application of DLVO-theory reflects the stability of
quantum dots in agreement with the experimen-
tal findings. However, the DLVO approach is not
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Figure 2. (a) Primary minima at the minimal contact distance of 0.16 nm at 20 °C and (b) stability ratios W calculated according
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to core—shell model of DLVO theory for 2 nm ZnO quantum dots synthesized with reaction ratios [Zn>"]/[OH"] of 1/1 (red

squares), 1/1.5 (blue triangles), and 1/2 (black circles) at 20 °C. Additionally, the values for a complete removal of the acetate

shell (d = 0) are shown and indicated with an arrow.
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Figure 3. UV—vis absorption spectra recorded at different
aging times of unwashed ZnO quantum dots synthesized
with reactant ratio [Zn®"]/[OH ] of 1/2 and a temperature of
20 °C; the small maximum of the measurement data around
A =380 nm comes from the switch between the visible and
the UV lamp, respectively.

unambiguously applicable as an a priori criterion for
colloidal stability as the differences between the interac-
tion potentials are very small and strongly dependent
on particle size and several other parameters. More-
over, the two influencing factors on colloidal stability,
the magnitude of the surface charge and the thickness
of the protecting layer of molecules at the surface,
superimpose each other within the calculations.
Stability of Zn0 Quantum Dots. As it was already depicted,
the progress of the ZnO crystal growth while the suspen-
sions of the ZnO nanoparticles were aged in their mother
liquors at 20 °C and 35 °C was monitored by recording
UV—vis absorption spectra with time at a concentration
of 0.05 mol L™ (with respect to the Zn*" concentration).
Figure 3 shows exemplarily the absorption spectra of a
ZnO suspension synthesized with the reactant ratio
[Zn*"1/[OH"] of 1/2 at 20 °C between 300 nm and
400 nm recorded immediately after precipitation
(about 2 min) and afterward recorded automatically in
appropriate time intervals for about 12 h as shown in
Figure 3. Just after mixing the two reactants, the first
absorption spectrum shows a well-defined extinction

SEGETS ET AL.

Figure 4. Evaluation of the colloidal stability of ZnO quan-
tum dots. Images of ethanolic suspensions of ZnO nano-
particles synthesized with reactant ratio [Zn®"]/[OH ] of

(a)1/1, (b) 1/1.5, and (c) 1/2 stored for about 2 days at 20 °C.

onset at about 325 nm. Thus, nucleation is supposed to
be very fast at high supersaturations as it is not possible to
resolve any induction period. In addition, a remarkable
red shift in the absorption edge during the aging process
is observed due to the quantum size effect indicating an
increase of the particle size. These results imply that the
particle size kept on evolving while their suspensions
were stored at 20 °C and 35 °C. However, from the
UV—vis absorption measurements not only information
about the size of the nanoparticles is obtained. In the case
of the ZnO quantum dots the absorption spectra mea-
sured below 5 h of aging additionally indicate also that
the particles are stable in suspension without noticeable
aggregation. With a mean diameter below 10 nm the
particles are clearly situated in the Rayleigh regime. Thus,
their scattering contribution toward the overall extinction
measured is negligible. When the diameter of the particles
increases due to growth and/or aggregation scattering
occurs and the extinction at / > 400 nm is nonzero.? In
line with our previous observations'®?® the ZnO particle
growth for particles exceeding a size of 12 nm is extremely
slow and can thus be neglected. Accordingly, the only
process that takes place in the suspension is particle
aggregation which is the origin for scattering as observed
in the case of the suspension with the reactant ratios of
1/2 aged more than 5 h at 20 °C (Figure 3).
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TABLE 2. Colloidal Stability of the ZnO Quantum Dots during 20 h of Aging at 20 °C

[Zn* " VIOH 1=11

unwashed stable for >20 h
1x washed stable for >20 h
2% washed stable for >20 h
3% washed stable for less than 3 h

Hence, the measurements of absorption spectra pro-
vide a convenient way to investigate colloidal stability of
the ZnO quantum dots which is similar to the procedure
described by Luo et al.3* for zirconia (ZrO5) nanocrystals.

Additionally, agglomeration was easily identified
“by eye” as when aggregation commences a remark-
able turbidity of the previously clear suspensions was
observed as it is exemplarily shown in Figure 4. When a
suspension turns turbid (Figure 4b) this indicates that a
weak flocculation/aggregation of the ZnO nanoparti-
cles occurs. Then, particle sedimentation (Figure 4c) is
observed indicating that the ZnO nanoparticles are
subject to significant aggregation.

Therefore, to define the colloidal stability of the
ethanolic suspensions of all the different synthesis condi-
tions, the following steps were performed: (i) At first, it was
checked if the particles could be redispersed just by the
addition of ethanol after precipitation with heptane.
Regarding highly unstable suspensions such as the case
for a reactant ratio of 1/2 after the second washing cycle,
this was impossible for both temperatures. (ii) Then, the
turbidity of the suspension was investigated by an extinc-
tion measurement at 400 nm. A clear, nonscattering
suspension was considered as stable. Turbid suspensions
with an extinction at a wavelength of 1 = 400 nm which
exceeded more than 1% of the extinction measured at the
wavelength of the absorption maximum were considered
as not stable. The results of the stability at 20 °C which
were also used for the calculation of the dimensionless
characteristic numbers shown in the following section are
listed in Table 2.

The results for the suspensions synthesized and redis-
persed at 35 °C were derived accordingly and are shown
in the Supporting Information (S4). However, the meaning
of stability is somehow difficult to define. According to the
literature, stability is the time until the first formation of
doublets takes place which is in practice impossible to
measure for nanoparticles with a diameter below 10 nm.>*
Therefore, we noted the scattering at fixed time intervals,
namely after 3 h and 20 h after redispersion.

Dimensional Analysis. To identify the main influencing
parameters, the well-established method of dimen-
sional analysis was used, which is a simple but effective
way of getting insight into the relevant physical rela-
tionships involved. Usually, this analysis is applied in
the field of similarity theory and scale up, where it helps

SEGETS ET AL.

stability

[Zn*"VIOH 1= 1115 [Zn* " VIOH 1=1/2

stable for less than 20 h
stable for >20 h

stable for less than 3 h
stable for less than 3 h

stable for less than 20 h
stable for >20 h

stable for less than 20 h
stable for less than 3 h

to identify decisive parameters and to reduce the
number of independent variables necessary to de-
scribe a given problem by defining dimensionless
numbers.”® Regarding colloidal stability we have se-
lected the following 14 variables: particle diameter x
[m], shell thickness d [m], mean particle distance a [m],
Debye-length « ' [m], which describes the thickness
of the electric double layer in dependence of ionic
strength, &-potential & [kg m? s3> A~'], permittivity ¢’
[A% s* kg~" m 3] which is the product of vacuum
permittivity £, [A% s* kg™' m 3] and relative permittivity
&, [—], Hamaker constant A;3; [kg m? s~2], Boltzmann
constant kg [kg m? s~ 2K~ '], temperature T [K], dynamic
viscosity of the solvent # [kg m~' s~'], convective
velocity Veony [m s~ '], diffusion coefficient D [m? s~ '],
fluid density pr [kg m~>],and doublet formation time tp
[s]. The particle density has been neglected since we do
not consider external field forces which might become
relevant in the case of nanoparticles in an ultracentri-
fuge, for instance, where a strong centrifugal field is
present. According to the well-known Buckingham
theorem these 14 variables can be reduced to 9
dimensionless numbers as we have to consider 5 basic
units: length (L), time (7), mass (M), temperature (©)
and current (/). The dimensionless numbers are defined
as follows:

H]Z—:G
X

= dimensionless steric contribution to stabilization [— ]

(2)
X 1
H2 = E = n71/3 =C
-1
(6 CV>
scales with volume fractionc, [—] (3)
Az Evaw
I3 = — =Fra=—1[-1 (4)
} kBT Etherm
S/XCZ EDL
I = =R = [—1 (5)
N kBT Etherm
IIs = ax = A
= dimensionless thickness of the electric double layer [—]
(6)
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n
g = — = Scl-1] (7)
¢ Dpr
M, = ey (8)
! keT
kgT
M = P00 )
X
kT
Hg = B3 fo = Tp
X1
= dimensionless process time [— ] (10)

The set of IT-numbers defines I, as a geometrical
measure for the steric contribution, as it considers the
effective thickness of the acetate layer d relative to the
particle size x which will be named G in the following
(eq 2). Second, I, is the particle size x divided by the
mean distance between the particles a and thus scales
with the volume fraction ¢, of the particles in the
solvent. It will be named C in the following (eq 3).
The mean distance was calculated according to Marczak
et al. under the assumption of a regular cubic
packing.'® The attractive van der Waals interaction
energy given by the Hamaker constants of the solid
material and the solution'® A3, is related to the
thermal energy kgT expressed by I3 (eq 4). I1, which
we will further call R relates the energy of the double
layer Ep, (including the ¢ potential as a measure for
the surface potential) toward thermal energy Eiherm
(eq 5).

I1s (eq 6) relates the mean distance between the
particles a to the thickness of the double layer which is
described by the Debye length «~'. Accordingly, for I15
> 1 the particles do not “see” each other, whereas for
I15 < 1 neighboring particles always “feel” the presence
of each other. As we already discussed in our previous
work, the influence of the ionic strength which is
needed for the calculation of « ' is not significant
since all the experiments have been performed in
organic solvent. In aqueous systems, however, this
parameter may be more important.

Additionally, several well-known dimensionless
parameters describing mass transport phenomena
are found. g (eq 7) is the Schmidt number, Sc, taking
into account the ratio of mass transfer by viscous
(convective) transport and molecular diffusion. Multi-
plication of I (eq 7), I1; (eq 8), and I1g (eq 9) leads to
the well-known Peclet number, Pe, which gives the
ratio between convection and diffusion.>* For our
further considerations Pe is negligible because we only
take into account quiescent liquids. Thus, Pe is zero for
all the experiments investigated, as the particles were
stored without stirring or shaking leading to v o, = 0.
The multiplication of I1; (eq 8) and Il (eq 9) leads to

the Reynolds number, Re, as the ratio of inertial and
viscous forces which is again zero.

The last dimensionless number I (eq 10) includes
the time tp which is needed to form the first doublet
out of two single particles and thus represents the dimen-
sionless process time 7p. This characteristic doublet forma-
tion time is linked with the stability ratio W under consi-
deration of the volume fraction ¢, by:**

_anw

tb = 11
b CkaT ( )

Thus, the dimensionless process time to form the first
doublet can be expressed as a set of dimensionless
variables:

t,,=f{R,FA,G,AK, C, Sc,Re,PeJ (12)
STar 2 & 2T TE

particle interactions mass transport

The influence of Re and Pe vanishes in quiescent liquids
which we consider in this study. We already showed in
the section about DLVO theory that the W-values for
the quantum dots are generally small and not easy to
interpret. Taking further into account that the doublet
formation time for quantum dots is currently inacces-
sible by experiments, we will concentrate on G, C, Fa, R,
and Sc to explain the stability. Relating the dimension-
less repulsion R (eq 5) to the dimensionless attraction Fp
(eq 4) and further relating the mass transport of the
particles Sc (eq 7) to the dimensionless volume fraction
C (eq 3) a stability parameter (R/Fa)(Sc/C) is derived
which we will call S in the following. This enables not
only an analysis of data determined for the ZnO quan-
tum dots which were described within the previous
sections but also the extension to data obtained for
various particle sizes, solid concentrations, tempera-
tures, and material systems that are already introduced
in the literature.

Stability Map. Figure 5 shows the results of G plotted
against S for the different reactant ratios. Regarding the
ZnO quantum dots the {-potential, the particle size x,
and the weight loss of molecules attached to the
particle surface at 20 and 35 °C, respectively, were
measured by dynamic light scattering (DLS), UV—vis
absorption spectroscopy, and TGA. From the surface
coverage the shell thickness d was calculated using
eq 1 and the diffusion coefficient D was calculated from
the well-known Stokes—Einstein equation. The Hamaker
constants of the solid materials A;; and the solvents Ass,
respectively, as well as the permittivity ¢ for both
temperatures were taken from literature data.3>3¢

Furthermore, G and S were calculated for ZnO
quantum dots functionalized with larger molecules at
the surface with possible application in dye-sen-
sitized solar cells (DSSCs), that is, 4-tert-butyl-1-(3-
(3,4-dihydroxybenzamido)benzyl)pyridinium bromide
(CAMOBE), 1,1"~(5-(3,4-dihydroxybenzamido)-1,3-phenyl-
ene)bis(methylene)bis(4-tert-butylpyridinium) bromide
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Figure 5. Geometry factor G against dimensionless interaction S (consisting of dimensionless repulsion R, dimen-
sionless attraction F,, dimensionless concentration C and the Schmidt number Sc, respectively) of ZnO quantum dots
for the three different reactant ratios synthesized at 20 °C (squares) and 35 °C (circles). Additionally, the dimensionless
numbers for quantum dots stabilized with CAMOBE (triangles up), CADIBE (diamonds), and MOMECA (stars), as well as
larger ZnO nanoparticles (triangles down) and other material systems like Si (hexagons), Au (pentagons and triangles
right), and ZrO, (triangles left) are shown. Red color indicates unstable suspensions, orange color represents
metastable regions, and dark as well as light green color indicates suspensions which are stable for more

than 20 h.

Chart 1. Cationic dendrons: (a) CAMOBE, (b) CADIBE, and (c) MOMECA

b)

€]
@
— 1N ﬁ‘ A
. =
N / ° — §~CN® Br B? _
@—/@ Br o _NH = NH g\ /
(o]
HN NH 0 N
o H
OH ©
NH
OH o
HO OH
HO oy

(CADIBE) and N1,N7-bis(3-(4-tert-butyl-pyridium-methyl)-
phenyl)-4-(3-(3-(4-tert-butyl-pyridinium-methyl)phenyl-
amino)-3-oxopropyl)-4-(3,4-dihydroxybenzamido)hepta-
nediamide tribromide (MOMECA), shown in Chart 1.3’
Finally, the stability map is extended to literature data
given for larger ZnO nanoparticles in ethanol and

the viscosity of the solvent which are both strongly
temperature dependent. Furthermore, a metastable re-
gion (Figure 5, orange data points) without agglomera-
tion for more than 3 h but less than 20 h as well as an
unstable region (Figure 5, red data points) with agglom-
eration during the first 3 h after redispersion is identified.
Water,38 silicon in water and butanol,15 citrate stabi- As expected, with increasing surface charge of the
lized gold nanoparticles in aqueous solution,"""®as  nanoparticles or increasing shell thickness the data points
well as ZrO, in water’” as a ceramic oxide material. are shifted into the stable region. The transition between
However, literature values including all data necessary  the different areas (stable, metastable, unstable) is shown
for the evaluation of unstable working points were not with orange data points.
found. Usually, only data about stable systems is From Figure 5 it becomes clear that the transition
provided. A detailed list of the values used for the between the different regions is described by a power
calculation of each number is found in the Supporting law as G scales with $~°°. However, the exact position
Information (S5). of the transient regime between stable and unstable
The G—S plot shows a stable (Figure 5, dark and light suspensions depends on the chosen definition of
green data points) region without any agglomeration for  colloidal stability and might slightly change if more
more than 20 h independent from the molecules present experimental values, for example, for other material
at the surface, the solid concentration, the diffusivity, and systems, are added. The observed correlation finally
the material system. The temperature influence is mainly leads to the following expression for suspensions
reflected by Sc as it includes the diffusion coefficient and entering the next stable region with a constant factor
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Figure 6. Graphic evaluation of eq 13 with linear axis scale (a) and logarithmic axis scale (b); the symbols are arranged

according to Figure 5.

k which depends on the time ts until the first scattering
due to agglomeration is observed:
T4 R exe?

=— = > k(ts)CSc G 2
w3 Fa A >

-1 -2
kits) (’—‘) (ﬂ) (9) (13)
a) \psD X

Thereby k(t; = 3 h) = 1.3 and k(t; = 20 h) = 7.8. The
graphic solution for these findings is shown in Figure 6.
In addition to the logarithmic scale Figure 6a shows a
linear plot to evidence that the regions are, except four
outliers, clearly within the borderlines described by
eq 13.

Consequently, the relation between repulsion and
attraction is solely determined by volume fraction,
mass transfer in a way that conditions for stable
suspensions are easily identified. Currently, the exact
functional relationship between the original target
quantity 7p and the influencing factors is still unknown
as the time resolution would have to be much finer
to derive a kinetic expression. However, we assume
the following relation (while still neglecting external
forces):

tlk(t)=f > G? sc - C” (14)
FA transport COV\O:VT(I‘_;hOn
int eractions

From coagulation theory of monodisperse particles we
know that the following kinetic equation holds:

SEGETS ET AL.

,ﬂ= i - B - N
dt w
Sy

particle interactions

L
transport concentration

(15)

The solution of this equation with respect to time
leads to t = (W, B, N), that is, tp = f(interactions,
transport, concentration). The dimensionless num-
bers proposed include obviously all relevant para-
meters that are considered in the usual approach.
The time until agglomeration commences depends
(i) on the collision kernel which is related to the mass
transport of the particles within a suspension, (ii) on
the particle—particle interactions which decide if
two particles stick together or not, and (iii) on the

particle concentration.

Our stability map covers so far the following
range of parameters: the Hamaker constants of the
material A;; and the solvent Ass, the particle dia-
meter x and the shell thickness d, the {-potential, the
dielectric properties of the solvent ¢, the mean
distance a between the nanoparticles as a measure
for the solid concentration, the viscosity of the
solvent 7, the density of the solvent pr, and the
diffusion coefficient D. Thereby, the data range
covers 7 orders of magnitude regarding the stability
parameter S and 3 orders of magnitude regarding
the geometry factor G. For the particle sizes the
maximum particle size of 100 nm in the case of the
Si-nanoparticles was considered, whereas the smal-
lest particle size of about 2 nm was considered for
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Zn0.">38 For larger particles, solvents of higher
viscosities or stirred suspensions we expect that a
function depending on the Reynolds number would
be needed. Also the Peclet number will have to be
included when assumptions such as purely diffusion
driven phenomena (Pe = 0) are not valid anymore.

Regarding the other limiting cases of our approach,
namely a vanishing van der Waals attraction in refrac-
tive index matched situations, a vanishing ¢-potential
in the case of pure steric stabilization, and finally
systems without a stabilizing shell at all like pure oxide
materials, the dimensionless numbers are expected to
be still applicable: Vanishing van der Waals forces,
meaning maximum stability, are leading to S — oo.
Thus, independent of the geometry number the sus-
pension is considered to be stable. A more difficult
situation is expected for completely vanishing
C-potential (£ — 0). Then, d has to be sufficiently large
to provide a good screening of the van der Waals
attraction to prevent the particles to come too close
into contact. In this case the properties of the shell at
the solvent temperature have to be considered. In
addition, the Hamaker constant of the shell should
be close to that of the solvent, and any chemical
interactions between the shells of different particles
shall be negligible. These findings are in agreement
with the unusual high stability of silica particles
close to the isoelectric point reported in the litera-
ture, where water molecules or silicic acid are sup-
posed to stabilize the particles.>® Our model,
however, does not consider attractive interactions
between long chain molecules or any polymers with
the solvent which are important in case of typical
steric stabilization. Regarding systems without a
surrounding stabilizing shell (d — 0) a sufficiently
high charge has to be present at the particle surface
to reach a stable region.

CONCLUSION

In the present work the colloidal stability of ZnO
quantum dots synthesized at 20 °C and 35 °C in ethanol
with respect to the washing procedure was investigated.
Thereby, the particle sizes were calculated from the
absorption spectra, -potentials and pH* were deter-
mined for different reactant ratios [Zn*"1/[OH ], and an
effective shell thickness with respect to a monolayer of
acetate molecules around the particles was calculated
from the weight losses during TGA. It could be concluded
that the surface charge of the nanoparticles directly after
synthesis is dominated by specific ion adsorption at the
particle surface. Then, with ongoing washing a noticeable
decrease of the {-potential is observed as the charge
determining coordinating acetate ions are continuously
removed. For an explanation of the colloidal stability
calculations according to the DLVO theory were per-
formed using a core—shell model and the stability ratio

SEGETS ET AL.

W was derived. The values of W for nanoparticles
below 20 nm are small and difficult to interpret. To
understand the experimental results not only the
height of the maximum calculated with DLVO theory
but also the depth of the primary minimum has to
be considered. However, an unambiguous under-
standing of colloidal stability without experiments is
impossible.

In the second part of the manuscript a dimensional
analysis was performed. For 14 variables and 5 basic units,
9 independent I1-products were derived which comprise
a geometric factor G and a stability parameter S. The latter
includes the ratio between dimensionless repulsion R
and dimensionless attraction Fa as well as the Schmidt
number Sc and the dimensionless particle concentration
C. Then, G and S were investigated in detail as they
include the most important influencing factors found
in the experiments. Those are the shell thickness, the
C-potential, the overall permittivity, the Hamaker con-
stants of the material and the solvent, the mean distance
between the particles, the diffusivity and the viscosity as
well as the density of the solvent. Regarding the ZnO
quantum dots, a measurable criterion for colloidal stabi-
lity was found which is based on UV—vis absorption
measurements. Then, by plotting the geometry factor G
against S and considering the time until detectable
agglomeration commences, a stability map was estab-
lished with an unstable, a metastable, and a stable region.
The different regions are separated by a reciprocal power
law (G == S~°?) meaning that the van der Waals attraction
is compensated linearly by the electrostatic repulsion and
the square of the acetate shell scaling with the surface.
The present approach has the potential to establish a
dimensionless agglomeration rate based on parti-
cle—particle interactions, collisions, and particle concen-
tration. However, the borderline between the different
regions is transient and the addition of new data points
for other material systems is highly welcome. To evidence
that our approach is extendible toward other solvents
and stabilizing molecules as well as applicable toward
other material systems, data for ZnO quantum dots for
DSSCs as well as data from the literature for larger ZnO, Si,
ZrO,, and Au nanoparticles were included into the
stability map. In contrast to DLVO calculations that lead
to comparatively small values in the case of particles in
the lower nanometer range, our approach helps to find
optimal conditions for the stabilization of colloids in
between the boundary conditions of refractive index
matched situations (F5 — 0), vanishing &-potentials
(R— 0), and pure surfaces without stabilizing molecules
(G—0).

The understanding of colloidal stability and the
separation of the different influencing factors is
believed to be indispensable and one of the key
steps for the successful incorporation of compara-
tively new materials into various future applicat-
ions. Our approach might be transferred to other
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quantum dots or nanoparticle dispersions to explain
the unusual stability of nanoparticles in solvother-
mal synthesis where solvent molecules coordinate to

MATERIALS AND METHODS

Synthesis and Purification of Zn0 Quantum Dots Stabilized with
Acetate. All chemicals were analytical grade reagents used with-
out further purification. ZnO nanoparticles were obtained using
a preparation procedure adapted from Spanhel et al*® and
Meulenkamp.*' The synthesis of the nanoparticles was per-
formed as already described in the literature.'® Thereby three
different ratios of ZnAc,/LIOH ([Zn*"1/[OH"]) were adjusted
(with respect to the Zn>" concentration): 1/1 (using a hydroxide
concentration of 0.1 mol L™"), 1/1.5 (using a hydroxide con-
centration of 0.15 mol L™") and 1/2 (using a hydroxide concen-
tration of 0.2 mol L™"). The particles were aged in their mother
liquors at the synthesis temperature to achieve different particle
sizes, before the purification was started by adding an excess of
n-heptane. The details of the purification procedure are found
elsewhere.'®

Characterization of Zn0 Quantum Dots and Sample Preparation. Op-
tical properties of the ZnO nanoparticles were determined from
UV—vis absorption spectra recorded using a Cary 100 Scan
UV—visible spectrophotometer (Varian Deutschland GmbH,
Germany) with cuvettes of 10 mm or 0.2 mm optical path
length. The &-potentials of 0.05 mol L~' ZnO ethanolic suspen-
sions (with respect to the Zn** concentration) were obtained
via DLS by using a Malvern Nano ZS Instrument (Malvern
Instruments GmbH, Germany) by means of laser Doppler elec-
trophoresis. The same concentration was used for determina-
tion of pH* measured with a solvotrode (Metrohm GmbH & Co.
KG, Germany). TGA measurements were carried out on a Q50
Thermoanalyser (TA Instruments, USA). During the measure-
ments a small amount of the investigated powder (about
15—20 mg) was heated from room temperature to 600 °C at a
constant heating rate of 10 °C min™~' under a nitrogen flow of
60 mL min~". For the optical characterization by using UV—vis
absorption spectroscopy and dynamic light scattering (DLS) as
well as determination of pH*, the ZnO flocculates were easily
redispersed in ethanol using sonication. For the compositional
characterization by using TGA, the ZnO flocculates were dried
under nitrogen for about 5 min at room temperature to obtain a
solid powder. Furthermore, it has to be mentioned that the
asterisk (x) after pH refers to a measurement in ethanolic
solution. Thus, it is not the dissociation of water that is measured
but the dissociation of ethanol.

Zn0 Quantum Dots Stabilization with Cationic Dendrons. Synthesis of
the Cationic Dendrons. To stabilize ZnO nanoparticles with
cationic dendrons, that is, 4-tert-butyl-1-(3-(3,4-dihydroxybenz-
amido)benzyl)pyridinium bromide (CAMOBE), 1,1'-(5-(3,4-
dihydroxybenzamido)-1, 3-phenylene)bis(methylene)bis(4-tert-
butylpyridinium) bromide (CADIBE), and N1,N7-bis(3-(4-tert-bu-
tyl-pyridium-methyl)phenyl)-4-(3-(3-(4-tert-butyl-pyridinium-
methyl)phenyl-amino)-3-oxopropyl)-4-(3,4-dihydroxybenzamido)-
heptanediamide tribromide (MOMECA) (Chart 1), a completely
new synthetic route has been developed and a detailed de-
scription of the whole synthesis procedure has been recently
published.” A challenging step in the synthetic process chain is
the generation of the cationic charge as well as the introduction
of an anchoring group which is capable of anchoring on ZnO.
We have reported on the strong binding between metallopor-
phyrins equipped with catechol anchoring groups and ZnO
nanoparticles to construct DSSCs.?® To establish a strong bond-
ing, the use of a catechol anchoring group was reasonable. The
key to our approach was a novel synthetic route generating
highly reactive benzylic bromides which react readily with
nucleophiles like pyridine resulting in quarternized N-atoms
and generating permanent cationic charges in very high yields
and outstanding purity. 3-Methoxymethylaniline and 3,5-bis-
(methoxymethyl)aniline were successfully connected to car-
boxylic acid containing diphenylmethane-protected catechols.

SEGETS ET AL.

the particle surface. This is seen to be decisive for a
successful scale-up of nanoparticle synthesis from
the lab-scale toward industrial applications.

The benzylic methyl ethers were transformed quantitatively
into the corresponding benzylic bromides and delivered in the
same step as the deprotected catechol by means of hydro-
bromic acid. The cationic charges were obtained by the reaction
of the benzylic bromides with 4-tert-butylpyridine leading to
the quantitative formation of cationic charges.

ZnO Quantum Dots Surface Functionalization with the Ca-
tionic Dendrons.?. ZnO nanoparticles with a mean size of about
4.5 nm were synthesized with the reactant ratio [Zn?"1/[OH ] =
1/1.5. The particles were aged in the mother liquor for 4 h at
30 °Cand then washed three times as described above. Further,
white ZnO flocculates obtained after the washing were redis-
persed in ethanol (concentrations of 0.05 mol L~" and mixed with
different amount of the polycationic molecules in ethanol
(concentrations from 5 x 107° to about 1 x 107> mol L™"). The
mixture was sonicated for 15 min for the sake of adsorption.
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