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he synthesis of colloidal nanoparticles
T(NPs) is an old field of materials chem-

istry that was redirected in the early
1990s with the publication of a few seminal
papers that describe the synthesis of colloidal
CdSe and Au NPs stabilized by a molecular
monolayer of ligands at the NP surface.'” Typi-
cally using ligands with long, apolar alkyl
chains, this resulted in NPs that could be dried
as a powder and redispersed at will in apolar
solvents. Over the last 15 years, this approach
has been applied to a large variety of materials,
ranging from semiconductors to metal oxides
and metals.3* Especially in the case of semi-
conductor nanoparticles or quantum dots
(QDs), this has led to synthesis schemes offer-
ing an exceptional control over size, size dis-
persion, and shape. Due to quantum confine-
ment, these novel nanomaterials have widely
tunable electro-optic properties, with possible
applications in electro-optic devices,>” biola-
beling,®° or sensing.'®'?

An aspect of these colloidal NP disper-
sions in apolar solvents that systemati-
cally returned in the literature is that of di-
poles>~'” or charges on the NPs,''*18722
Using an apolar solvent (2,2,4,4,6,6,8-hepta-
methylnonane) and excess free ligand to
stabilize the dispersion, Shim et al. showed
that dispersions of CdSe QDs in apolar sol-
vents have a nonzero conductivity,'* a result
they related to charges on the QDs. Further
confirmation of the fact that QDs can become
charged in apolar media came from electro-
phoretic deposition, which was used to form
thin films of CdSe and Fe,05; QDs.'®'° Alter-
natively, the idea that colloidal QDs can be-
come charged upon illumination was demon-
strated more directly using electrostatic force
microscopy.2®?" In addition, Shevchenko et al.
showed that additives like oleic acid and tri-n-
octylphosphine oxide can change the average
charge on colloidal NPs and they proposed a
link between charges on colloidal NPs and the

CIRILLO ET AL.

ABSTRACT We analyze thermal charging in additive-free colloidal CdSe quantum dot (QD)
dispersions by means of the transient electric current resulting from a voltage step applied across the

QD dispersion. On the basis of the initial current and the total charge separated, we find that the

(dSe dispersion behaves as a 1:1 electrolyte where equal fractions of the QDs carry a single positive

or a single negative charge. This conclusion is confirmed by a more detailed fitting of the current

transient using the Nernst—Planck—Poisson equations. Using equilibrium thermodynamics, we

relate the fraction of charged QDs to the QD charging energy. The magnitude of the charging energy

corresponds to values found using known models for the charging energy of either a spherical

surface in a dielectric or a charge within a dielectric sphere. However, the experimental dependence

of the charging energy on the dielectric constant of the solvent is far less pronounced than predicted

by these models. A better correspondence is found based on the charging energy of a spherical

surface embedded in a compound medium consisting of the ligand shell and the solvent.
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structure of binary superlattices formed upon
self-assembly of dispersed NPs?? More re-
cently, the effect of light-induced charging
or photoionization of colloidal QDs gained
much attention, since the presence of charged
QDs complicates the study of carrier multi-
plication using transient absorption measure-
ments.>**

Leaving aside the special case of photoin-
duced charging, the present literature leaves a
number of questions on charges on colloidal
NPs unanswered. Clearly, additives can induce
charges on NPs.22 However, it remains unclear
whether additives are required for charging.
Shim et al. did not use dispersions free of
additives'* and Shevchenko et al. find a pro-
nounced imbalance in the charges on PbSe
QDs in washed dispersions,?? suggesting that
these solutions do not merely consist of QDs
and solvent. In addition, Shim et al. suggest
that the fraction of charged QDs is related to
the QD charging energy,'* which they inter-
pret as the dielectric confinement energy of a
point charge in a dielectric sphere as calcu-
lated by Brus.2 In this way, they predict that
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the extend of charging should be larger in a solvent
with a higher dielectric constant . However, this has
not been demonstrated so far, implying that the
expression for the charging energy they propose
remains to be validated.

In this paper, we address these issues by studying
charges on colloidal CdSe QDs, stabilized by oleate
ligands in dispersions free of excess ligand,?® that is,
the most simple system possible. For this work, we use
a current measurement method that was developed
recently for the analysis of charges on inverse micelles
in apolar liquids.”’” The method makes use of the
current transient following a voltage step applied to a
capacitor filled with a CdSe QD dispersion. Using 3.5 nm
CdSe QDs dispersed in apolar liquids like dodecane
or dioctylehter, we find that these dispersions behave
as a 1:1 electrolyte, where an equal fraction o of QDs
carries a single positive or a single negative charge.
This fraction is considerable, ranging from 0.5% in
dodecane to 1.9% in dioctylether. Similar to the work
of Shim et al., these values can be rationalized by a
thermal charging model where the entropy increase
resulting from charging (entropy of mixing) is balanced
by the energy it takes to charge a QD (Coulomb
energy). The magnitude of the charging energy corre-
sponds to the energy required to charge a spherical
shell in a dielectric. However, the dependence on the
dielectric constant of the solvent is less pronounced
than the 1/¢ trend predicted by this simple model.
Therefore, we suggest that the ligand shell contributes
together with the solvent to the screening of charges
on colloidal QDs. In this way, this work introduces a
straightforward experimental technique and a concep-
tual framework to analyze and understand charging of
colloidal QDs dispersed in apolar solvents.

BACKGROUND

We use the transient current following a voltage step
applied over a QD dispersion to detect the presence of
charges in QD dispersions and to analyze key proper-
ties of these charges, such as their mobility, density,
and charge number. If charges are present, an electric
field will force them to drift to the oppositely charged
electrode resulting in a current / in the external circuit.
In a planar geometry (see Figure 6, Methods section),
the current measured in the external circuit can be
related to the current density J in the dispersion as
follows®® (S, electrode area; d, distance between the

electrodes):
S d/2
| = f/ J(x) dx (1)
dJ-apn

Under the condition that the QD dispersion contains
an initially homogeneous distribution of positively and
negatively charged QDs with equal densities (n.),
equal mobilities («-), and opposite charges (Ze and
—Ze), the initial current follows from eq 1 as (E, electric

CIRILLO ET AL.

field; V, applied voltage difference):*®

2nyu ZeVs
d

Here we ignore the capacitive charging upon applying
the voltage step. Integrating / over time yields the total
charge Q transferred between the electrodes through
the external circuit. Provided V is sufficiently high and
assuming that charge generation within the dispersion
and charge transfer at the electrodes is negligible, the
total charge transferred is equal to the total amount of
charge initially present in the volume between the
electrodes. Hence, we have:*®

lo = 2nsu, ZeES = @

Q = /ldt = n4ZeSd (3)

This situation of complete separation of charges is un-
common in polar liquids but is described before for
charged inverse micelle solutions in apolar liquids.®

Equations 2 and 3 show that two relatively simple
observables like the initial current /; and the total
charge Q enable us to determine the concentration
of charges Zn.. in a QD dispersion and the mobility g
of the charged species. A more elaborate approach
consists of fitting the entire transient using the Pois-
son—Nernst—Planck equations. These describe the
concentration of charged particles and the electric
field as a function of position and time considering
drift and diffusion of charged QDs (Nernst—Planck)
and the relation between the electric field and the
concentration of charged QDs (Poisson).?® Under the
conditions that screening of the charge on the electro-
des by the charged QDs and diffusion can be neglected
(this is a valid approximation for sufficiently high
applied voltage and sufficiently low concentration of
charged species), these equations predict a linear
decrease of the current with time:

/:/0(1—#;—‘2/) @

The value d*/(uV) is the time it takes for a single
charged particle to cross the entire cell denoted as
the cell-transit time 7. For a QD with a hydrodynamic
diameter of 7.5 nm, immersed in dodecane, a cell width
of 28 um and a voltage of 5V, 7, amounts to 92 ms.

EXPERIMENTAL RESULTS

The typical materials properties of the QDs used in
this study have been published.?® In brief, we use CdSe
QDs with an average diameter of 3.5 nm and a size
dispersion of 7—8% stabilized by oleate ligands. As
shown in the Supporting Information, no free ligands
remain in solution with the standard washing proce-
dure, and also dilution down to concentrations of
about 1 #M does not release any free ligands.?®

Figure 1 shows a typical current transient obtained after
applying a voltage of 5 Vto a 1 uM solution of CdSe QDs in
dodecane. We measure an initial current of the order of
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Figure 1. Current transient obtained after applying a voltage step of 5V to a 1 «M dispersion of 3.5 nm CdSe QDs in dodecane
in linear (a) and logarithmic scale (b). The red line in panel a shows the linear decay expected following eq 4 for drift of singly

charged QDs in the absence of screening.
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Figure 2. (a) Initial current versus voltage for CdSe QD dispersions in dodecane for different QD concentrations as indicated.
(b) Initial current as a function of concentration for the voltages indicated. (c) Total charge versus concentration. At each
concentration, measurements at voltages of 1, 3, and 5 V are represented. In all figures, the full lines are guides to the eye

with a slope of 1.

10—100 nA, which drops to the 10—100 pA level after
about 0.2 s. The red line in Figure 1a indicates the transient
expected following eq 4 if the initial current measured
were due to drift of singly charged QDs with a hydro-
dynamic diameter of 7.5 nm. The reasonable correspon-
dence with the measured transient gives a first indication
that the current is effectively related to the separation of
charged QDs initially present in the dispersion. In that
case, the current drop at about 0.2 s corresponds to the
time when all charges have been collected at the electro-
des, while the small current remaining after 0.2 s is either
related to the generation of charged QDs in the dispersion
or to charge transfer at the electrodes. Importantly,
Figure 1b shows that both the initial current and the total
charge can be accurately determined from these current
measurements. The steep drop in the current at about
0.2 s provides a clear end point for the integration, making
a simple lpb—Q analysis of the transients based on initial
current and total charge feasible.

A summary of the I,b—Q analysis for a series of
measurements carried out with CdSe QDs dispersed
in dodecane is presented in Figure 2. We find that I,
increases proportionally with the QD concentration and
with the applied voltage (Figure 2a,b). On the basis of eq 2,
this means that the concentration of charged species in
the QD dispersion is a constant fraction of the QD concen-
tration, and that their electrophoretic mobility is indepen-
dent of electric field and concentration. The former
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conclusion is corroborated by the observation that Q is
directly proportional to the QD concentration as well, yet
does not depend on the applied voltage (Figure 4c).

Using eq 3 and assuming that Z = 1, the concentra-
tion of charged particles n_. can be calculated. The ratio
o between the concentration of charged QDs n_. thus
determined and the QD concentration is plotted in
Figure 3a. Averaged over all the measurements, we
find that a amounts to 0.5% of the QD concentration.
Using this figure, the electrophoretic mobility of the
charged particles can be calculated for each data point
in Figure 3a by means of eq 2. Figure 3b shows the
histogram of the hydrodynamic radii (red bars) calcu-
lated from the resulting mobilities according to (i,
viscosity of dodecane, 1.34 mPa s*°):

_ Ze
- 6mnu

Iy (5)

We find that the distribution of the ry values thus
calculated is centered around an average of 3.85 nm
(red line). This corresponds well with the QD radius of
1.75 nm, incremented with a ligand shell thickness of
2.1 nm, a reasonable value for oleate ligands that closely
matches the hydrodynamic radius of 3.8 nm found by
NMR spectroscopy on similar QDs dispersed in toluene.?®
This correspondence demonstrates that our experi-
mental results are consistent with the assumption
made in deriving eqs 2 and 3—in particular that of
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Figure 3. (a) Ratio o between the concentration of charged QDs and the total QD concentration for all measurements done in
dodecane (red symbols) and dioctylether (blue symbols). (b) Histogram of the hydrodynamic radii calculated for the different
measurements in dodecane (red bars) and dioctylether (blue bars). The vertical lines indicate the average hydrodynamic
radius found in (red, 3.85 nm) dodecane and (blue, 3.95 nm) dioctylether.
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Figure 4. (a) Total charge versus concentration for CdSe QD dispersions in dioctylether (b) Initial current as a function of
concentration for the concentrations indicated. In both figures, the full lines are guides to the eye with a slope of 1.

an equal concentration of positive and negative charges—
and with the hypothesis Z = 1. This implies that both the
fraction of QDs carrying a single positive or a single
negative charge is equal to the ratio a. shown in Figure 3a.

The outcome of the [o—Q analysis on a set of current
transients recorded on CdSe QDs dispersed in dioctyl-
ether is represented in Figure 4. While the data set is less
extensive than that obtained with dodecane, they show a
very similar result. The initial current is directly propor-
tional to the QD concentration and the applied voltage,
while Q is directly proportional to the concentration and
largely independent of the applied voltage. As shown in
Figure 3a, we calculate a fraction of charged QDs in di-
octylether of 1.9% from the data, a number that is about
four times larger than in dodecane. In this case, the
histogram of the hydrodynamic radii (calculated using
dio = 3.52 mPa s) is centered around 3.95 nm (Figure 4b),
again confirming the consistency of the analysis.

The relatively simple /o—Q analysis of the current
transients points toward the conclusion that well purified
QD dispersions correspond to a 1:1 electrolyte where a
fraction of the QDs carries a single positive charge and an
equally large fraction carries a single negative charge. In
dodecane and dioctylether, these fractions amount to
0.5% and 1.9%, respectively. To substantiate this result,
we expanded the l,—Q analysis with simulations of the
current transients up to the point where the charges
initially present are fully separated. These simulations
are based on the combined Poisson—Nernst—Planck

CIRILLO ET AL.

equations, taking a homogeneous distribution of a 1:1
electrolyte of charged QDs as a starting point and neglect-
ing charge generation in the dispersion or charge transfer
at the electrodes.®® As the different parameters entering
the simulations are either set by the experimental condi-
tions (S, d, and V) or taken from known properties of the
QDs and the dispersion (, 7, QD concentration), the only
adjustable parameter in the simulations is the fraction of
charged QDs o. Figure 5 shows a comparison between
simulated and measured transients for o equal to the
experimental value of 0.5%. The excellent correspon-
dence for the different concentrations (1 and 2 xM) and
voltages (1,3, and 5 V) clearly confirms the initial assump-
tion that the current transient is due to the separation of
oppositely charged QDs with equal concentration and
Z = 1. An aspect worth noting in the transient, especially
for the 2 uM dispersion, is the t~** dependence of the
current on time, prior to the current drop that indicates
the end of the charge separation. This behavior is typical
for drift of charged particles in the regime where the
applied electric field is considerably screened due to the
presence of charged QDs at the electrodes.®®

DISCUSSION

The analysis of the current transients recorded at
CdSe QD dispersions in dodecane and dioctylether
clearly shows that these should be considered as a
1:1 electrolyte, containing an equal concentration of
QDs with a single positive and a single negative charge.
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Figure 5. Transient currents for (A) 1 and (B) 2 M solutions of CdSe QDs in dodecane for applied voltages of 1,3,and 5 V. The
dots and lines represent experimental results and simulations, respectively. The simulations are based on the combined
Poisson—Nernst—Planck equations assuming a 1:1 electrolyte of charged CdSe QDs, with the fraction of charged QDs as the

sole adjustable parameter.
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Figure 6. Two possible equilibria between uncharged and
charged QDs. (A) Charged QDs have either a hole (open
circle) in the valence band or an electron (filled circle) in the
conduction band. (B). Charged QDs have a positive or a
negative surface charge, e.g., resulting from the transfer of a
charged ligand (open circle, dashed line = missing ligand;
filled circle, full line = additional ligand). The expression of
the standard reaction free energy is given for both cases.

This means that we can formally write the equilibrium
between charged and uncharged QDs as

QD+QD< QD" +QD " (6)

Calling a the fraction of charged QDs with respect to
the total number of QDs and A,G° the standard free
energy change of the charging equilibrium, the che-
mical equilibrium equation reads:

o \* AG )
1—20) ~ TP\ KT

The value A,G° takes will depend on the nature of
the charge QDs. As shown in Figure 6, if charged QDs
have either a hole in the valence band or an electron in
the conduction band, A,G° amounts to the QD band-
gap energy Eg incremented by the polarization energy
of the hole (Z,) and the electron (Z.).3" In the case of a
surface charge resulting, for example, from the transfer
of a charged ligand between two QDs, A,G° equals
twice the energy Ec needed to bring this charge on a
QD. Following eq 7, the experimentally determined
fraction of charged QDs is related to A,G°. Table 1
shows that the fraction of charged CdSe QDs, which is
obtained from the analysis of current transient mea-
surements, leads to an experimental A,G° of 270 meV
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in dodecane and 200 meV in dioctylether. Typical
values of Coulomb charging determined for CdSe
using tunneling spectroscopy range from 60 to
140 meV,*' >3 while the sum of the bandgap energy
and the electron and hole polarization energy is of the
order of 2—3 eV.3"*? Hence, we conclude that A,G°
corresponds to twice the QD charging energy Ec
(Figure 6B). The corresponding experimental charging
energies Ec oy, are given in Table 1.

The QD charging energy is essentially an electro-
static quantity. Shim and co-workers proposed that it
corresponds to the expression derived by Brus for the
work needed to create a charge in a dielectric sphere
with dielectric constant ¢, at a distance r of the center
of the sphere:®

e? - (Sc/gsol_1)(l+1) r 2

Fom = 8meore ,2::0 |:8c(€c/gsoll +141) <Z) :| ®)
A complication with this expression is the interpretation
of the radii r and r.. Table 1 shows which value Ecy,; takes
for the CdSe QDs used here if we set, following Shim
etal,” rand r, equal to 1.6 and 1.95 nm, respectively,
together with dielectric constants of 2 (dodecane), 5.5
(dioctylether), and 10.4 (CdSe). One readily sees that eq 8
yields the correct order of magnitude for the charging
energy, confirming the relation between the presence
of charged QDs and the QD charging energy. This
demonstrates that the charging of QDs in apolar
solvents can indeed be described as thermal char-
ging, driven by the balance between the entropy
increase resulting from charging (entropy of mixing)
and its energy cost (charging energy).'* Hence, the
larger the value of Ec is, the more difficult it will be for
the QDs to get charged, while a reduction of the
charging energy will promote the presence of charge
on the QDs. In addition, the link between the experi-
mentally obtained values Ec ey, for QD charging and
Ec 1 accounts for the absence of QDs carrying two or
more elementary charges. Doubling the charge leads
to a 4-fold increase of the charging energy, which
results in a negligible fraction of doubly charged
species, in accordance with the observations.
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TABLE 1. Standard Free Energy Change of the Charging Reaction, Experimental Charging Energy, and Various
Theoretical Charging Energies As Determined from the Fraction of Charged CdSe QDs for the Solvents Indicated

solvent o AG° (meV) E¢exp (MeV) Ec et (meV) E¢ th2 (meV) E¢ th3 (meV)
dodecane 0.005 = 0.001 270+ 10 13545 219 206 166
dioctylether 0.019 £ 0.003 200t 6 10043 43 75 107
A closer inspection of the Ec, values shows that, » thickness d
v

while yielding the right order of magnitude, it strongly
overestimates the influence of the dielectric constant
of the solvent on the fraction of charged QDs. Because
of the factor e./e5o) — 1 in the numerator of eq 8, Ec 1
strongly drops with increasing &, to become zero
when the dielectric constants of the solvent and the
QDs match. As this strong dependence of the charging
energy on & is not observed, the use of eq 8 to model
the QD charging energy is questionable.

An alternative approach to estimate the charging
energy is the energy, indicated as Ecq,,, needed to
homogeneously charge a spherical surface with a
radius corresponding to that of the inorganic core of
the QD, in a solvent with a dielectric constant &4

2
Eqwe = o (9)
8mepEsollc

Looking at Table 1, we find a better correspondence
with the experimental charging energies, but Ecyn, still
overestimates Ec,p, in dodecane (206 vs 135 meV), while
it underestimates it in dioctylether (74 vs 100 meV). This
suggests that in reality, a charge on the QDs is better
screened than predicted by eq 9 in dodecane, yet screen-
ing is less effective in dioctylether. A way to solve this
paradox is to look at a QD as a dot/ligand core/shell sys-
tem, immersed in a solvent with a given dielectric con-
stant. A similar model, albeit for an electrolyte solution,
has been introduced before to describe the capacitance
of monolayer protected gold clusters.3* Again considering
the particle charge as a homogeneously distributed sur-
face charge, we can estimate Ec in that case as (see
Supporting Information, & = gjg/esq):

o)
! 8eo \ €iiglc Esollre + rlig) slig(’c + rlig)
2
_ e (EI’C =+ hig ) )
87egesollc \ Efc + Eliig

Table 1 shows the resulting values obtained by
taking a ligand shell thickness r;i of 2.1 nm and setting
&g equal to the dielectric constant of oleic acid (3.1). In
this case, screening by the solvent is partially replaced
by screening by the ligand shell, which reduces the
effect of &5, on ec in a way that is in line with the
experimental data (more screening for dodecane, less
for dioctylether). Although the correspondence is not

perfect yet, this model describes quite well the limited
solvent dependence of the charging energy.

CIRILLO ET AL.
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Figure 7. Scheme of the measurement cell showing the
overlapping electrodes with surface S the glue with spacers
and the thickness d.

While this work introduces a clear view on thermal
charging in colloidal QD dispersions in combination
with a straightforward experimental approach to de-
termine the fraction of charged QDs and the charging
energy, it also shows a number of directions for future
research. The first concerns the nature of the charge
QDs. The magnitude of A,G° excludes an interpretation
of the charge as a delocalized electron or hole in the
QD conduction or valence band and therefore points
toward charges localized on the QD surface. On the
other hand, the experimental charging energy is more
in line with theoretical expressions based on a distrib-
uted charge (Ecny and Echs) than a localized charge
(Ectn1)- This raises the question of how we should
understand this surface charge. A second concerns
the role of additives. Probably, the adsorption of an
additive that can bind as an ion to the QD surface or
that can release ionic ligands may shift the distribution
of charged QDs in the direction of more positively or
more negatively charged QDs.?> However, the present
work shows that in the absence of additives, the
charging of QDs can be understood from a thermo-
dynamic equilibrium with a A,G° that amounts to twice
the QD charging energy and charge balance at the
level of the QDs (i.e., an equal number of positively and
negatively charged QDs). In the presence of additives,
positively and negatively charged QDs will still be in
thermodynamic equilibrium. This means that prefer-
ential positive or negative charging of QDs requires
that additives affect the charge balance. Hence, a
proper, thermodynamic understanding of this prefer-
ential charging requires a view on the countercharge.
Third, this work shows that charges are present in
QD dispersions in apolar solvents, yet it does not
address possible mechanisms of charge generation,
which is clearly of importance for applications where
rapid charging or discharging is important, such as
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electrophoretic deposition'®' or (avoiding of) photo-
ionization.

CONCLUSION

We have analyzed thermal charging in additive-free
colloidal CdSe QD dispersions. To do this, we have used a
recently developed approach based on the transient
electric current resulting from a voltage step applied
across a QD dispersion. On the basis of the initial current
and the total charge separated, we find that the CdSe
dispersion behaves as a 1:1 electrolyte where equal
fractions of the QDs carry a single positive or a single
negative charge. This conclusion is confirmed by a
more detailed fitting of the current transient using
the Nernst—Planck—Poisson equations. Using equili-
brium thermodynamics, we relate the fraction of
charged QDs to the QD charging energy. The magni-

METHODS

Quantum Dot Synthesis. CdSe nanocrystals were synthesized
according to the procedure of Jasieniak et al.>> A selenium stock
solution was made by heating a mixture of Se powder (0.2727 g,
99.999%, Alfa Aesar) in n-octadecene (ODE, 25 mL, 90% Alfa
Aesar) under nitrogen atmosphere at 195 °C for 145 min. Then
the mixture was cooled to room temperature, resulting in a
stable yellow transparent solution. For the nanocrystal synth-
esis, cadmium oxide (CdO, 0.4275 g, 99.999%, Strem) and oleic
acid (OA, 10 g, 90%, Sigma-Aldrich) were mixed and heated to
250 °C until all CdO was dissolved. Next, 2.5 mL of Cd-oleate was
added to 26.4 mL of ODE and stirred vigorously for 1 h at 100 °C
under nitrogen flow. The temperature was then raised to 160 °C,
and 7.2 mL of ODE-Se was injected to start the reaction. The
temperature of the mixture dropped after injection, and the
reaction continued at 235 °C for 12 min. After reaction, equal
volumes of toluene and isopropyl alcohol were added, and the
particles were precipitated by adding methanol. Afterward, the
particles were further purified twice by resuspension in toluene
and precipitation with methanol. Concentrations were deter-
mined according to recently published UV/vis extinction
coefficients.3®

Current Transient Measurements. Electric current transient mea-
surements have been performed on CdSe QD dispersions
inserted between two planar electrodes, made by two 2.5 x
2.5 cm? glass plates (Delta technologies) on which electrodes of
indium tin oxide (ITO) with a surface area S of 1 cm? where
defined using photolithography (see Figure 1). The two glass
plates are glued together with UV curing glue (Norland Optics)
mixed with spacer beads (Figure 7).

The distance d between the electrodes (28 um) was deter-
mined by interferometry (Perking Elmer Lambda 950). The
measurements are performed using a custom-built setup con-
sisting of a Keithley 428 current amplifier and a National
Instruments USB-6212 data acquisition module for the synchro-
nized generation of voltages and the sampling of the electric
current with a time and current resolution of 100 us and 0.1 pA,
respectively. The cell is placed inside a close metallic box to
screen it from light and external electric fields. Prior to the
measurements, the electrodes are short-circuited for 1000 s.
Then, a positive voltage ranging from 1 to 5 V is applied during
20 s and the current transient is measured. Afterward, a
negative amplitude pulse with the same voltage is applied for
half of the time. As verified by consecutive experiments, this
ensures that the QD dispersion is at equilibrium prior to each
measurement and avoids that particles remain adsorbed at the
electrodes. For the /p—Q analysis of the transients, we neglect
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tude of the charging energy corresponds to values
found using the charging energy of either a spherical
surface in a dielectric or a charge within a dielectric
sphere. However, the experimental dependence of
the charging energy on the dielectric constant of the
solventis far less pronounced than predicted by these
models. A better correspondence is found based on
the charging energy of a spherical surface embedded
in a compound medium consisting of the ligand shell
and the solvent. By combining a novel experimental
technique with a conceptual framework for analyzing
thermal charging in QD dispersions in apolar media,
this work provides a starting point to further investi-
gate various aspects of thermal charging of QDs, such
as the nature of the charge, the role of additives, the
understanding of the charging energy and the anal-
ysis of charging mechanisms.

the contribution of the dodecane (see the Supporting
Information).

Current Transient Modeling. Simulations of transient currents
are based on solving the Nernst—Planck—Poisson (PNP) equa-
tions assuming a 1:1 electrolyte of charged CdSe QDs. These
equations essentially describe drift and diffusion of charged
nanoparticles in the QD dispersion upon application of a
voltage step. As an initial condition homogeneous and equal
concentrations of positively and negatively charged particles
are taken. The small distance between the electrodes compared
to the electrode area justifies the use of a one-dimensional
approximation. The concentrations of positively and negatively
charged of particles are calculated as a function of time and
position between the electrodes using a forward Euler ap-
proach. The electric current in the external circuit is then
calculated using Ramo's theory in order to compare the simula-
tions to the experimentally available data. The concentration of
charged particles is taken as a fixed fraction of the total particle
concentration and the mobility is taken from the average
mobility extracted from the measurements using the theory
in the Background section, which is in good agreement with the
expected mobility using Stokes law and the hydrodynamic
radius of the particles.
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