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ABSTRACT: Organic ligands are widely used to enhance the
ability of CdSe quantum dots (QDs) to resist photodegradation
processes such as photo-oxidation. Because long alkyl chains may
adversely affect the performance of QD devices that require fast
and efficient charge transfer, shorter aromatic ligands are of
increasing interest. In this work, we characterize the formation of
phenyl dithiocarbamate (DTC) adducts on CdSe surfaces and the
relative effectiveness of different para-substituted phenyl dithio-
carbamates to enhance the aqueous photostability of CdSe QDs on
TiO2. Optical absorption and photoluminescence measurements
show that phenyl DTC ligands can be highly effective at reducing QD photocorrosion in water, and that ligands bearing electron-
donating substituents are the most effective. A comparison of the QD photostability resulting from use of ligands bearing DTC
versus thiol surface-binding groups shows that the DTC group provides greater QD photostability. Density functional
calculations with natural bond order analysis show that the effectiveness of substituted phenyl DTC results from the ability of
these ligands to remove positive charge away from the CdSe and to delocalize positive charge on the ligand.
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■ INTRODUCTION

Chalcogenide quantum dots (QDs) have the potential to be the
photoactive material in sensitized solar cells1 and other optical
devices,2−4 but are prone to photodegradation from water and
air.5−8 Various methods have been utilized to chemically
passivate the surface, including surrounding the CdSe with a
shell of a large-bandgap material,9,10 using long hydrophobic
hydrocarbon chains,11 and encapsulating CdSe QDs with
organic polymers.12,13 For QD application that requires fast
electrical transport such as in photodetectors, photovoltaic
devices, and QD-LEDs, the passivation must be achieved using
species that can support electrical conduction, such as short
molecular layers.14,15 Conductive organic ligands significantly
affect the QD surface electronic structure16−18 and could play a
significant role in controlling the QD photostability.19

Of the ligands that are used in synthesis and manipulation of
QDs, thiols are among the most widely used because they bind
more strongly than other common ligands such as carboxylic
acids, phosphonic acids, and amines.20 However, passivation
with thiols still has inherent problems with photooxidation21

and labile surface chemistry.22 Bidentate ligands that have two
chelating sulfur groups such as the dithiocarbamate (DTC)
group23 (R-NHCS2

‑) are promising candidates to ensure more
stable binding to QDs.24,25 However, although bidentate
ligands are expected to bind more strongly to the QD, there
is some evidence that strong ligand binding alone may not
necessarily lead to more stable QDs.21,26 Despite much effort,
many questions remain about the relative importance of the

ligand binding strength and the influence of the electronic
structure of the ligand on QD photostability.
Previous studies of DTCs on CdSe QD surfaces have

involved the separate synthesis of the ligand molecule27 or have
functionalized QDs in solution.24,28 While effective, these
approaches require subsequent solvent transfer and other
processing steps to make QD adducts with extended surfaces
and nanoparticle films. Recent studies have shown that DTC
ligands can be assembled in situ on gold substrates under mildly
basic conditions.29,30 This in situ functionalization on a
substrate film provides a facile route toward comparison of
the different DTC-based ligands on the stability of assemblies
of QDs on TiO2 substrates. Here we report the in situ
functionalization of CdSe-TiO2 films with molecules terminated
with DTC groups and utilized this chemistry to explore the
influence of molecular structure on QD photostability. Using a
series of para-substituted, conjugated DTC ligands, we show
the increase in QD photostability correlates with the increase in
electron-donating ability of the substituent. Finally, we
compared the effect of the bidentate DTC versus a
monodentate thiol on QD photostability. Our results highlight
the importance of charge delocalization on the ligand as a key
factor that can substantially stabilize ligand-modified QDs
against photodegradation.
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■ EXPERIMENTAL SECTION
Chemicals. Trioctylphosphine oxide (TOPO, 99+%), CdO

(99.99+% metal basis), oleic acid (OA, 90%), trioctylphosphine
(TOP, 90%), selenium, (99.99% metal basis), 4-(trifluoromethoxy)-
aniline (98%), aniline (≥99%), p-anisidine (≥99%), N,N-dimethyl-p-
phenylenediamine (97%), carbon disulfide (anhydrous, ≥99%),
triethylamine (TEA, ≥99.5%), and 4-methoxythiophenol (97%)
were purchased from Sigma-Aldrich and used without further
purification.
Preparation of TiO2 Nanocrystalline Films. Flourine-doped tin

oxide (FTO) coated glass (Hartford glass) was cleaned sequentially
with detergent (Alconox), acetone, and ethanol. Porous anatase
nanocrystalline TiO2 films were then screen-printed onto the FTO
glass from a commercially available paste (Solaronix T/SP). Each pass
of the screen-printing process increases the film thickness by
approximately 1 μm. After screen printing, the TiO2 films were
annealed in air using a procedure adapted from literature:31 at 325 °C
for 5 min, at 375 °C for 5 min, at 450 °C for 15 min, and finally at 500
°C for 30 min. Before use, the films were cleaned by heating them at
500 °C for 15 min in air to remove any additional organic
contaminants. For XPS and FTIR studies, films from a single
screen-print pass were used. Thicker films resulted in interference
effects in the FTIR spectra. For photostability studies using UV-Visible
spectroscopy, we used samples from two screen-print passes because
the increased CdSe QD loading led to higher optical densities. The
screen-printing process produced multiple samples with a very
constant thickness and mesoporous structure. To ensure maximum
reproducibility, each set of data reported here used samples made from
a single batch of the screen-printing process.
Synthesis of CdSe QDs. The QDs were synthesized using a

procedure adapted from Peng and Peng.32 While all of the CdSe QDs
in this work were made with the procedure described below, due to
the slight batch-to-batch variation that naturally comes with QD
syntheses, each experimental set was performed with QDs from a
single batch. First, 3.1 g of TOPO, 0.24 g of CdO, and 1.9 g of OA
were combined in a three-necked flask and heated in an Ar atmosphere
until the mixture turned optically clear (∼290 °C). Then, the mixture
was allowed to cool to ∼250 °C, and a solution of TOPSe (made from
1.2 mL TOP and 0.045 g Se) was quickly injected. The temperature
dropped to 220 − 230 °C after injection, and the formed QDs were
allowed to cool to ∼80 °C. The QDs were quenched with toluene and
purified four times by precipitation and centrifugation with methanol.
The size and concentration of the QDs were determined by UV−
visible spectroscopy from the wavelength and absorbance of the first
exciton peak, using empirical relationships established by Yu et al.33

Typically, the QDs from this synthesis procedure were 3−3.2 nm in
diameter.
CdSe-TiO2 Preparation and Ligand Modification. The CdSe

QDs were adsorbed directly to the TiO2 surface without using a linker
molecule, following a procedure adapted from literature.34 Although
using a linker may give more control over the QD coverage, studies
have shown reduced electron-transfer rate from the linked
heterostructures.34−36 Furthermore, commonly used linkers such as
mercapto-alkanoic acids contain sulfur; absence of these sulfur-
containing linkers on our CdSe-TiO2 samples made FTIR and XPS
characterization of the DTC functionalization more convenient. To
prepare the CdSe-TiO2 surfaces, the TiO2 films were immersed in a
solution of dichloromethane (DCM) containing a large excess of CdSe
QDs34 (typical concentrations were between 15 and 25 μM ) for 24 h,
then rinsed with DCM and dried with N2. In this work, we define the
QD molarity as the number of moles of CdSe QDs per liter. To
further functionalize these films with DTC molecules, the films were
immersed in a stirred, Ar-degassed solution of 50 mM R-aniline
(where R designates the different substituent groups as described
below), 50 mM CS2, and 50 mM TEA in methanol for 4 h in the dark.
They are then rinsed thoroughly with methanol and dried. To
functionalize the CdSe-TiO2 with 4-methoxythiophenol (MeO-Ph-
SH), the films were similarly immersed in an Ar-degassed 50 mM

solution of MeO-Ph-SH in methanol for 4 h, then rinsed with
methanol and dried.

Fourier-Transform Infrared (FTIR) Spectroscopy. FTIR
characterization of the functionalized CdSe-TiO2 films was performed
in single bounce reflection mode with a Vertex 70 (Bruker) FTIR
spectrometer using p-polarized light at an incident angle of 50° (for
CdSe-TiO2 samples) or 60° (for CdSe-Si samples) from sample
normal and a liquid-nitrogen cooled HgCdTe detector. An identically
prepared bare TiO2 film or bare Si sample served as the reference
spectrum for each experiment, and each functionalized sample was
measured immediately after the reference sample. This method
minimized the effect of atmospheric water and CO2 on the spectra.
Reference spectra of the molecules were measured in transmission
mode on ZnSe plates. All measurements were performed using a
spectrometer resolution of 4 cm‑1. To elucidate infrared absorption
features of functionalized QDs at low frequencies, some experiments
were performed using Si as a substrate instead of TiO2. The
suspension of as-synthesized CdSe QDs in toluene at a concentration
of 83 μM was spin-coated on pieces of Si wafer (Sb-doped, 0.008−0.02
Ω·cm, Addison Engineering) at 1000 rpm for 3 min. For DTC
functionalization, the CdSe-Si sample was exposed to 50 mM OCF3-
aniline and 50 mM CS2 in Ar-degassed methanol for 1 h in the dark.
The sample was then rinsed thoroughly with methanol and dried with
N2

X-ray Photoelectron Spectroscopy (XPS). We performed XPS
measurements with a custom-built XPS system (Physical Electronics)
with an Al Kα source (model 10-610, 1486.6 eV photon energy),
toroidal monochromator (model 10-420), and hemispherical analyzer
with a 16-channel detector array (model 10-360). Measurements were
done at an electron takeoff angle of 45° with an analyzer resolution of
0.1 eV. The resulting XPS peaks were fit to a Voigt function to obtain
peak areas.

Water Photostability Studies. Samples were sandwiched into a
custom-made cell with a Teflon spacer (127 μm thick) and another
piece of FTO. The open region as defined by the spacer was filled with
18 MΩ H2O (Barnstead Nanopure). The cell has holes to allow for
light penetration and absorption measurement without disassembly.
Samples were illuminated through the FTO piece and water with light
from a solar simulator (Newport 91160, equipped with AM1.5G filters
and set to an optical flux of 100 mW/cm2 as measured by a Scientech
calorimeter) after passing through a filter that only allows transmission
of wavelengths longer than 475 nm (Newport FSQ-GG475). The flux
after the filter was measured to be 81 mW/cm2. We used the filter to
ensure that the light could only be absorbed by the CdSe QDs, and
not the TiO2. Transmission measurements using a UV−visible
spectrometer (Shimadzu UV-2401PC) were taken after various
durations of illumination.

Photoluminescence (PL). We prepared solution-based QDs
functionalized with DTC ligands for the PL experiments. The CdSe
QDs were precipitated, centrifuged, and resuspended in chloroform.
R-Aniline and CS2 were added into the solution at a concentration of
50 mM each, and the entire mixture was stirred in the dark for 4 h. To
eliminate excess starting reagents, the QDs were precipitated by
addition of methanol and then resuspended in chloroform. PL
experiments were done using a QD concentration of 1.5 μM with a
spectrofluorimeter (ISS K2) using 450 nm as the excitation
wavelength.

Calculations. To evaluate the extent of charge transfer between
nanoparticle and the ligand, we performed density functional
calculations of ligands bonded to a Cd10Se10 cluster, using Gaussian
0937 with the LANL2DZ basis set and effective core potential. A
limited set of calculations was performed using a 6-31+G* basis set on
the ligand, which yielded very similar results. The extent of charge
transfer was evaluated by performing a full optimization of the ligand
bonded to the cluster, and then a calculation of the +1 cation at the
neutral-optimized geometry. Natural bond orbital analysis38 was
performed to evaluate the charge on individual atoms of the neutral
and cation, and the difference between these was used to evaluate the
spatial distribution of positive charge resulting from injection of an
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electron from the ligand-functionalized CdSe QD into the adjacent
TiO2.

■ RESULTS
Infrared Characterization of Dithiocarbamate Forma-

tion. As a start, we functionalized the CdSe-TiO2 surfaces using
an aniline derivative having an −OCF3 substituent, OCF3-
aniline; under the conditions of our experiment, this molecule
reacts to form the dithiocarbamate, OCF3-Ph-DTC, which then
adsorbs to the CdSe surface. The OCF3-Ph-DTC structure is
illustrated in Figure 1e. The CF3 group serves as a molecular

tag, since it has relatively unique absorption features in the IR at
∼1200−1300 cm‑1 and the F atoms facilitate analysis via XPS
with no interferences. Because prior studies have generally
found that dithiocarbamate formation is enhanced in the
presence of a base such as TEA,29,39 we also evaluated the effect
of this base on the formation of DTC monolayers on CdSe
QDs. Figure 1 shows IR and XPS spectra of a CdSe-TiO2
sample after exposure to the full reactant mixture of OCF3-
aniline, TEA, and CS2 (“OCF3-anil+TEA+CS2”) for 4 h, along

with similar samples that were exposed to reactant mixtures in
which either the TEA (“No TEA”) or the CS2 (“No CS2”) was
eliminated. Also shown are a control sample (“unreacted”)
consisting of OA-capped CdSe QDs on TiO2 with no further
modification, and a spectrum of the neat parent OCF3-aniline
compound. In these spectra, the reference sample for
calculating the absorbances was a bare TiO2 nanoparticle
film. In Figure 1a, the sample that was exposed to the full
OCF3-anil+TEA+CS2 mixture and an identical sample that was
exposed to this mixture but without TEA (“No TEA”) both
show peaks at 1510, 1271, and 1227 cm‑1. The peak at 1510
cm‑1 is in the typical range of an aromatic ring stretch. The
modes at 1271 and 1227 cm‑1 are in good agreement with the
C−F modes previously reported for trifluoromethoxybenzene,
which yielded a strong feature at 1274 cm‑1 and a weaker mode
at 1274 cm‑1.40 Surprisingly, the FTIR spectra indicate that the
sample made in the absence of TEA gives rise to stronger
features than the one including the base. The “No CS2” sample
shows no sharp infrared features from the CF3 or CC
stretches from OCF3-aniline, while the “unreacted” control
sample (OA-capped CdSe QD on TiO2) yields only broad
peaks at 1535 and 1412 cm‑1 that arise from the carboxylate
stretching modes of the OA molecules that cap the as-
synthesized QDs.41 Figure 1a also shows the transmission IR
spectrum of neat OCF3-aniline. The IR spectrum of this pure
liquid shows several prominent peaks at 1350−1150 cm‑1 that
arise from the CF3 group, and a peak at 1510 cm‑1 that arises
from one of the aromatic CC stretches.
The above experiments demonstrate that dithiocarbamate

formation occurs on the surface both in the presence and in the
absence of the TEA base, with displacement of the oleic acid
ligands that are on the as-synthesized CdSe QDs. However,
while previous studies have typically used a base such as TEA to
deprotonate the −NH2 group of the parent molecule,29,39 we
find that the features are stronger on the sample that was not
exposed to base (“No TEA”) compared to the full reaction
conditions. The other control experiments shown establish that
eliminating the CS2 at least partially removes the oleic acid
ligands, but without evident formation of a new adsorbed layer.
More control experiments are shown in the Supporting
Information (SI) in which samples were exposed to only
OCF3-aniline, only CS2, or sequential exposure of the reactants
(CS2 first, then OCF3-aniline). These control experiments
further support the formation and binding of DTC, and not the
separate binding of the starting reactants. Additional control
experiments (see SI) were performed in which a clean TiO2
surface without CdSe QDs was exposed to OCF3-aniline and
CS2. In this case, no significant features were observed in the
FTIR spectrum, demonstrating that the features observed in
Figure 1a were due to adsorption of molecular species to the
CdSe QDs and not to the underlying TiO2 substrate.

XPS Characterization of Dithiocarbamate Formation.
XPS measurements further confirmed binding of the molecules
via the DTC linkage. Figure 1b−d shows the F(1s), Se(3s)/
S(2s), and N(1s) spectra, respectively, from samples exposed to
OCF3-aniline, TEA, and CS2, along with control samples like
those above. The XPS data show that significant F(1s) intensity
is present only when both OCF3-aniline and CS2 are present.
XPS analysis of the DTC functionalization is complicated by
the fact that the S(2s) and Se(3s) core-level peaks are
overlapped, making quantitative analysis using these peaks
difficult. The unmodified CdSe-TiO2 control sample, which
contained no sulfur, exhibited a single peak at 229.5 eV which

Figure 1. (a) FTIR spectra of OCF3-Ph-DTC functionalization. The
neat OCF3-aniline spectrum is included as reference. The sample with
full functionalization conditions labeled as “OCF3-anil+TEA+CS2”.
The “No CS2” spectrum is the control with the CS2 left out, while the
“No TEA” spectrum is control with TEA left out. (b−d) XPS spectra
of the (b) F(1s), (c) Se(3s) and S(2s), as well as (d) N(1s) regions of
the functionalization, along with the proper controls. (e) Structure of
the DTC molecule formed from the reaction between OCF3-aniline
and CS2.
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we therefore assigned to the Se(3s) peak of bulk CdSe. Samples
that were exposed to OCF3-aniline and CS2 exhibited a second
feature at 226.8 eV that we therefore assigned to the S(2s) peak
of the DTC linkage. This peak occurred only on samples that
were exposed to CS2; that is, the “OCF3-anil+CS2+TEA” and
the “No TEA” samples each had this sulfur peak, but the “No
CS2” control did not. The N(1s) region was riding on the tail
edge of the large Cd(3d5/2) peak, resulting in a rising
background. However, there was a clear nitrogen peak in
each of the “OCF3-anil+CS2+TEA” and the “No TEA” samples.
The XPS peak areas of the F(1s), S(2s), and N(1s) can be

used to estimate the stoichiometry of the adsorbed molecules
after correcting the raw areas by the atomic sensitivity factor of
each element. For the “No TEA” sample, peak area ratios were
AF1s/AN1s = 3.2 and AF1s/AS2s = 1.3; these values are close to
the values of AF1s/AN1s = 3 and AF1s/AS2s= 1.5 expected from
the stoichiometry of the OCF3-Ph-DTC molecule. When TEA
base was included (“OCF3-anil+CS2+TEA”), the low intensity
of the N(1s) and S(2s) signals precluded accurate measure-
ment of these ratios. The relative amounts of each molecule on
the surface were estimated from the F(1s) and Cd intensities.
The AF1s/ACd area ratio was 0.4 for the sample without TEA
exposure but was only 0.07 when TEA was included as a
reagent, demonstrating (in agreement with the FTIR data) that
the presence of TEA base inhibits formation of the
dithiocarbamate surface complex. For the “OCF3-anil
+CS2+TEA” sample, the area ratio is AF1s/AN1s = 1.2. This
low AF1s/AN1s ratio shows that while TEA inhibits dithiocarba-
mate formation, there is excess nitrogen on the surface and
could indicate that some TEA base is also binding, blocking
functionalization of the DTC. Additionally, experiments in
which we varied the TEA concentration in the reaction showed
a general decrease in the extent of functionalization as the
concentration of TEA increased (see SI). This functionalization
condition differs from the typical organic synthesis of DTC
molecules, in which basic conditions is required.39,42

Because of the small diameter of the spherical nanoparticle
and because the electron escape depths are comparable to the
nanoparticle diameters, quantitative analysis of absolute
molecular coverage from XPS data requires explicitly
accounting for the shape and size of the nanoparticles and
the electron scattering within the nanoparticle and the adsorbed
molecular layer. We previously used numerical integration to
calculate the expected intensity ratios for a spherical nano-
particle surrounded by a molecular layer including scattering
effects.19 Here, we have adapted this approach to include the
sulfur head group as an interface between the organic ligand
and CdSe core. Using this approach, we determined that the
molecular coverage was 1.7 × 1014 molecule/cm2 based on the
S/Cd peak area ratio of the “No TEA” sample. This sample,
with the TEA base left out in the functionalization procedure,
was the one that yielded the correct stoichiometric ratios of the
OCF3-Ph-DTC molecule as described above.
Binding Mode of DTC on CdSe. Since the DTC ligands

have two sulfurs to bind to the surface of the CdSe, the DTC
group can bind in a bidentate or a monodentate fashion. There
have been many studies of metal ion-ligand complexes
including X-ray crystallography data that showed the bidentate
configuration for Cd2+ ion chelated to DTCs,39,43,44 but there
has been no clear evidence that this configuration would be the
most stable for DTCs binding to bulk CdSe surfaces or QDs. In
the prior studies, the splitting between the asymmetric and
symmetric CS vibrational modes at 950−1050 cm‑1 has been

used to differentiate between the two binding configurations of
the metal-ligand complexes. The appearance of a single mode
or modes split by <20 cm‑1 was used to indicate bidentate
binding of the DTC group.43,45 The few published FTIR
spectra of DTCs bound to CdSe QDs are inconclusive; they
verified the presence of the CS stretches, but did not discuss
binding modes in detail.46,47 We attempted to determine the
binding mode of our DTC ligand functionalization. In order to
eliminate the large interferences in the IR at 830−990 cm‑1 that
arise in Figure 1a from the TiO2 substrate (see Figure S2 in the
SI), for this study we used CdSe QDs that were deposited on a
silicon substrate. Figure 2a shows the resulting FTIR spectra

along with the associated controls. As a reference, we
synthesized the pure OCF3-Ph-DTC compound according to
literature27 to determine the position of the CS stretch and
assigned the strong peak at 980 cm‑1 as the CS. The sample
of “as-synthesized” CdSe deposited on Si shows the aliphatic
vibrations (2850−2920 cm‑1), vinyl, and carboxylate peaks
characteristic of the OA ligand. We confirmed that the DTC
molecules do not bind onto bare Si; therefore the DTCs are
bound only onto the CdSe QDs. When the QDs were exposed
to the OCF3-aniline and CS2 to form the surface DTC
functionality, we observed the peaks arising from the CF3 group
and the CC of the aromatic ring. However, no distinct
features were observed in the CS region. Crudely, one would
expect that a monodentate bonding configuration would yield a

Figure 2. (a) FTIR spectra of OCF3−Ph-DTC functionalization on
CdSe nanoparticles on Si substrates. The unmodified sample shows
peaks from the OA ligands of the as-synthesized CdSe. The absence of
relevant peaks from the DTC functionalization procedure indicates no
binding on the bare Si control. Spectrum of the pure NH4

+ OCF3−Ph-
DTC‑ salt is included as reference. (b) Structure of the OCF3-Ph-DTC
functionalized on a Cd10Se10 cluster after geometry optimization,
showing the bidentate nature of the binding.
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detectable CS absorption at a frequency similar to that of the
parent molecule. When comparing the relative intensities of the
CF3 and the CS peaks in the pure DTC compound versus
the relative intensities of the same features in our CdSe
functionalized sample, the absence of a strong CS peak
suggests bidentate binding in our DTC ligands. The CS
stretches appear to also be relatively weak in the published
FTIR data of CdSe-DTCs.46,47

Density Functional Calculations of Ligands on CdSe
Cluster. On CdSe, the ∼2.96 Å bond distance between the two
S atoms of a N-CS2

−1 free ligand48 is a poor match to the 4.30
Å distance between adjacent Cd atoms and the 2.64 Å distance
between adjacent Cd and Se atoms.49 To evaluate the most
likely bonding geometry of DTC molecules on CdSe, we
calculated the relative energies of various DTC adducts with a
Cd10Se10 cluster using Gaussian 09.37 In these calculations, we
pre-poised 4-trifluoromethoxy-1-dithiocarbamate molecule on
the cluster at various positions including the monodentate and
bidentate bonding configurations, and then performed total
energy minimizations for each completed molecule-cluster
adduct. While several local minima were found, the lowest-
energy configuration, as depicted in Figure 2b, has the two S
atoms bonded to adjacent Cd atoms. The monodentate
configuration (with one S atom bonded to a Cd and the
other pointing away from the cluster) and a second bidentate
geometry involving bonding to adjacent Cd and Se atoms were
both significantly higher in energy (∼0.3 eV) compared with
thermal energies (kT = 0.026 eV at 300 K). Thus, we anticipate
that the majority of molecules are likely in the bidentate
binding to two Cd atoms or similar configurations.
Photostability of Dithiocarbamate-Functionalized

CdSe. Using the functionalization procedure as described
above for the OCF3-Ph-DTC, we performed similar experi-
ments to other para-substituted phenyl groups, R-Ph-DTCs, R
= H, MeO, and NMe2. FTIR spectra of these samples are
shown in the Supporting Information. All reactions were done
at a fixed concentration (50 mM each of R-aniline and CS2 in
methanol) without the addition of TEA base and using the
same reaction times. At these concentrations, the best
functionalization was achieved using a reaction time of 4 h.
At longer reaction times, we found that the DTC molecules
etched the CdSe QDs (see SI for grafting kinetics and detailed
discussion). We investigated the aqueous photostability of
CdSe-TiO2 samples functionalized with a series of para-
substituted phenyl DTC ligands. Figure 3a shows visible
absorption spectra of the OCF3-Ph-DTC functionalized sample
obtained consecutively at various time points, up to 10 min of
exposure to light and water. At 0 min, the data show a peak at
559 nm corresponding to the first exciton peak. After exposure
to water and light, the peak shifted and broadened, and its
amplitude decreased, indicating photodegradation to the QDs.
Exposure to light was needed to induce this degradation; no
change in exciton peak energy or width was observed for a
control sample that was kept in the dark, consistent with
previous results.19

To compare how different ligands affected the QD
photostability, for each QD-ligand adduct, we extracted the
amplitude of the first exciton peak to quantify the rate of
degradation. The raw absorption spectrum was fit to a Gaussian
with a baseline as shown in Figure 3b. The baseline was fit to a
cubic function, following previous reports.50 For each sample,
we used the amplitude derived from the Gaussian fit, A, at each
time point and normalized it by its value at time = 0, A0, to

obtain the fraction remaining or A/A0. Figure 3c shows the plot
of A/A0 values at different exposure times for each set of ligand-
functionalized CdSe. The error bars are standard deviations
from four equivalently prepared samples. This plot also
includes similar results for an unmodified (OA-functionalized)
CdSe-TiO2 sample, and a dark control of an OA-functionalized
sample. The OA sample exhibited the most rapid photo-
degradation in water of all of the ligands studied here. The data
in Figure 3c show that the rate of QD photodegradation is
strongly dependent on the identity of the para-substituent of
the R-Ph-DTC functionalized CdSe QD. Of these samples, the
stability trend was: R = NMe2 > MeO > H ≈ OCF3.

Electron Injection and Fluorescence Quenching. One
explanation for the enhanced photostability with increasing
electron-donating ligands is that electron-rich ligands are more
effective at transferring electrons to the CdSe core (or
equivalently, to transfer a hole from the CdSe to the ligands).
Prior studies have established that the photodegradation of
CdSe QDs arises primarily from the fact that when CdSe is
excited and electron-hole pairs are created, the holes in the
valence band are able to oxidize Se2‑ ions at the CdSe surface to
Se0 and higher oxy-anions, with concurrent loss of Cd2+ ions
into solution.5,51 Consequently, rapid injection of electrons
from an external substituent group into the valence band (or
equivalently, transfer of the valence band hole from the CdSe to
the ligands) can reduce photodegradation. The efficiency of this
ligand-to-CdSe electron transfer process can be measured with
PL quenching experiments. The transfer of an electron from
the ligand to the excited CdSe QD leaves no low-energy
unoccupied level for the excited electron to radiatively relax.
Quenching via this process has been observed previously with

Figure 3. Water photostability of CdSe-TiO2 samples functionalized
with R-Ph-DTCs, R = OCF3, H, MeO, and NMe2. (a) Transmission
visible absorbance spectra of the R = OCF3 sample at 0, 2, 5, and 10
min exposure to light and water. (b) Fitting procedure to extract the
first exciton peak height, A. The rising baseline was fit to a cubic
function, and the peak was fit to a Gaussian (c) A/A0 values plotted as
a function of exposure time for all R substituents. Also included is data
from an OA-functionalized sample and from the dark control of an
OA-functionalized sample.
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CdSe QDs functionalized with thiols52−55 and dithiocarba-
mates;24,46 in both cases, as photoexcited holes are trapped in
the ligand, the radiative recombination pathways of the QD
decreased.56

To test whether the ability of electron-donating DTC ligands
to enhance photostability was correlated with their hole transfer
efficiency, we performed PL of freshly-prepared CdSe QDs
functionalized with R-Ph-DTCs, (where R = OCF3, H, and
MeO) suspended in chloroform. For the PL experiments, we
did not include the DTC molecule with the R = NMe2
substituent because the parent NMe2-Ph molecule is visibly
colored. Figure 4a shows the photoluminescence intensity from

CdSe QDs functionalized with these DTC ligands, using an
excitation wavelength of 450 nm. The PL spectrum of an OA-
capped QD sample is also shown for comparison. Overall, the
DTC ligands quenched the PL as compared to the as-made
(OA-capped) sample. PL quenching efficiency trended as
follows: R= OCF3 (amplitude of the PL peak is 63% of that of
the OA) < H (41% of OA) ≪ MeO (1.4% of OA). To
eliminate the effects of unreacted anilines that did not form
DTC linkages, we also performed control experiments with
exposure of QD suspensions to the corresponding anilines only
(no CS2 added); these samples did not induce any significant
changes in the photoluminescence signal. The PL trend

suggests that increasing the electron-donating ability of the
DTC ligand results in increased hole transfer efficiency from
the QD into the ligand.
To evaluate the relationship between stability and the

electronic structure of the ligands, we used the natural bond
order (NBO) analysis.38 NBO analysis was performed on the
optimized structures to determine the partitioning of charge
between molecule and Cd10Se10 cluster. In applications such as
QD-sensitized solar cells, the QD-ligand adduct injects charge
in an adjacent electron acceptor (such as TiO2), leaving it with
a positive charge that results in high reactivity toward
deleterious oxidation processes. Consequently, we evaluated
the NBO “natural charge” on each atom in the energy-
minimized molecule/cluster adduct in the neutral state and in
the cation state at the neutral-optimized geometry. We then
determined the change in atomic charge upon going from the
neutral to the cation as a measure of the spatial distribution of
positive charge after the CdSe-ligand adduct is excited and
injects an electron into the adjacent TiO2. Figure 4b shows
results of the four ligands studied here. These NBO results
show that the ability to sequester charge from the CdSe onto
the ligands trended as R= NMe2 (best) > MeO > H ∼ OCF3.
This trend is identical to that obtained in our experimental
photostability measurements and the photoluminescence
quenching experiments (Figure 4a), indicating that the
photostability of CdSe QDs is closely correlated with the
ability to remove the positive hole that is left after electron
injection. We also calculated the atomic distribution of charge
for the various ligands and found that the amount of charge on
the S atoms is nearly identical for each of ligands, while
dimethlyamino dithiocarbamate was most effect at delocalizing
the charge onto the ligand. (SI, Figure S10).
The computational results in Figure 4b and c correspond to

the lowest-energy bonding configuration of MeO-Ph-DTC as
described above. To test the sensitivity of the calculations to
various starting conditions, we also calculated the charge
distributions for several of the higher-energy monodentate and
bidentate binding configurations described above. The charge
distributions were also calculated for a modified cluster having
hydrogen atoms terminating the edges of the cluster except for
the two Cd and two Se atoms nearest the bonding site. In each
case, the amount of charge localized on the molecule was very
similar to the values reported here, yielding a consistent trend.
The fact that these control experiments yielded similar results
to those depicted in Figure 4b indicates that the charge transfer
between the cluster and the molecules is not strongly
dependent on the detailed nature of binding between the
molecule and the cluster. This conclusion is further supported
by the data in Figure 4c, which show how the calculated
molecular charge and the experimental exciton peak heights
(characterized as the A/A0 values measured in the photo-
stability studies above) change with the Hammett parameter of
the substitutional group. The Hammett parameter, σp,

57 is
widely used to qualitatively compare how the electron-donating
ability of molecular ligands influence chemical reactivity. The σp
values are referenced to the H-substituent (i.e., σp of R = H is 0
by definition), and are more negative for more electron-
donating substituents. Previous studies have established values
of σp = −0.83 (R = NMe2), σp = −0.27 (R = MeO), and σp =
0.35 (R = OCF3).

58 Thus, the trend in photostability closely
tracks the trend in electron-donating character, with para-
substituents having the most negative σp providing the greatest

Figure 4. (a) PL spectra of the CdSe suspension in chloroform
functionalized with R-Ph-DTCs, R = OCF3, H, and MeO. (b) The
change in charge on DTC ligand charge (units of 1.602 × 10‑19 C)
between neutral and cationic clusters as calculated from NBO analysis.
(c) NBO change in ligand charge ploted as a function of the Hammett
parameter σp of ligand substituent group. Also included are the A/A0
values (after 10 min of exposure to light and water) of the DTC-
functionalized CdSe-TiO2.
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ability to resist photodegradation. Clearly, there is a very strong
correlation between these.
Comparison of Dithiocarbamate and Thiol Linkages.

We originally hypothesized that the dithiocarbamate ligand
might provide enhanced stability compared with simple thiols.
While the DTC molecule having the -NMe2 substituent group
yielded the best photostability, because the parent amine (i.e.,
NMe2-Ph-NH2) absorbs in the same region as the CdSe QD
first exciton peak (see SI) we chose molecules bearing the MeO
substituent instead. Neither the MeO-Ph-NH2 parent molecule
nor the MeO-Ph-SH has any significant absorption features in
the 475−600 nm region. Water stability measurements like
those reported in Figure 3c were performed. Figure 5a shows

the resulting A/A0 values versus duration of exposure to water.
The data show that the DTC ligand is slightly more stable than
the thiol. To see whether the enhanced stability were purely
from differences in ligand (DTC versus thiol) desorption
kinetics from the QDs, we took FTIR measurements of the
samples before and after exposure to water in the dark. Figure
5b shows the FTIR spectra of DTC or thiol bound CdSe at 0
and 20 min of exposure to water, but not exposed to light. The
characteristic features of the surface-bound ligands remained
the same, indicating no significant desorption of ligands in the
time scale of the experiment. To investigate whether this effect
simply resulted from molecular packing differences in the thiol
and DTC, XPS was used to quantitatively compare the
molecular densities. XPS analysis of the S to Cd ratio yielded
1.9 DTC molecules/nm2 and 2.3 thiol molecules/nm2. These
data show that the DTC has a slightly lower packing density
than the equivalent thiol, but DTC still yields slightly greater
stability.

■ DISCUSSION

Our experimental results show several important pieces of
information. First, the data demonstrate successful in situ
formation of dithiocarbamate ligands on CdSe-TiO2 hetero-
structures, and that contrary to prior studies on gold29 the best
layers are obtained without addition of a base. Second, the
para-substituents on the DTC molecule have a large influence
on the water photostability of CdSe QDs, with electron-
donating substituents providing higher stability. Finally, a
comparison of thiol and DTC binding groups yielded higher
stability with the DTC group.
We first address the role of the TEA base on DTC

functionalization to CdSe surfaces. The synthesis of DTC
molecules is typically done in the presence of base as the
proton acceptor because the DTC formation reaction R-NH2 +
CS2 → R-NHCS2

‑ + H+ (where “R” represents an aliphatic or
aromatic group) produces H+ as a product, and the presence of
a base to sequester the H+ shifts the equilibrium toward the
right.23,42 However, our results show that formation of DTC
complexes on CdSe QDs is facile without added base, and that
the addition of TEA even inhibits the surface functionalization.
We attribute the deleterious effect of TEA to the fact that
amines are known to bind onto CdSe QDs.59−62 Consequently,
when TEA is used, the TEA competes with the DTC ligands
for the available surface sites. Although TEA may assist in the
formation of the dithiocarbamate complex in solution, our
results show that it inhibits binding of the complexes to the
CdSe surface.
The stability of the ligand-modified nanoparticles is

controlled by both thermodynamics and by kinetic processes
such as desorption and the penetration of water to the ligand−
nanoparticle interface.21,63 In the absence of photochemical
processes, molecules bearing multiple independent binding
groups are generally expected to exhibit greater stability relative
to molecules bearing only a single binding group because
entropy disfavors the simultaneous breaking of multiple
molecule−surface bonds.63,64 However, because stability in
water is likely controlled by penetration of water to the ligand−
nanoparticle interface,21 the remainder of the ligand also plays a
critical role. Stability in aqueous media is best under conditions
where the ligands can pack tightly on the surface, thereby
limiting diffusion of water to the nanoparticle-ligand.21 These
factors suggest that highest stability can likely be achieved using
ligands with small, tightly binding surface-binding groups that
can provide a combination of high binding strength and high
molecular packing density. Temperature-programmed desorp-
tion studies in ultrahigh vacuum found that dithiocarbamates
required a higher temperature to desorb compared with simpler
thiols,65 indicating that dithiocarbamates are bound more
strongly than thiols.
The photostability of ligand-modified QDs is complex

because there are multiple mechanisms for degradation.
Previous studies have shown that under conditions where a
CdSe QD injects an electron into an adjacent medium (such as
TiO2), the stability of the ligand-QD adduct is controlled by the
fact that the hole remaining on the QD can oxidize surface
selenium atoms or surface-binding groups of the ligand (such as
thiols).21,51 Both processes can lead to removal of the surface
ligands, leaving the QD more susceptible to attack. In our
previous study, we showed that adsorption of aromatic thiols
bearing electron-donating substituent groups greatly enhanced
the photostability of CdSe QD-TiO2 adducts compared with

Figure 5. (a) Water photostability of the MeO-Ph-DTC versus MeO-
Ph-SH. The graph shows A/A0 values as a function of exposure time,
up to 20 min. (b) Ligand desorption studies in the dark. FTIR spectra
of the DTC and the SH binding group at 0 min and after 20 min of
exposure to water, showing no significant change in the absence of
illumination.
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simple alkanethiol ligands.19 We further showed that in such
adducts the positive charge of the CdSe-ligand adduct (to
simulate stability under conditions where excited electrons are
injected into TiO2) is extensively delocalized onto the aromatic
ring of the ligand molecule, thereby preventing oxidation of the
thiol linkage.19 Our current work extends these findings to
include DTC linkages, as we observe that the DTC linkage,
especially when coupled to an aromatic ring and electron-
donating ligands, can be highly effective at stabilizing the CdSe
QDs.
The ability to delocalize the charge is controlled in part by

the surface binding group. Prior studies of conductivity through
conjugated molecules on Au65,66 and CdSe46 surfaces reported
that DTC linkages provided higher conductivity than thiol
groups. The higher conductivity when using the DTC linker
was attributed to increased delocalization of the molecular
orbital between the junction and the Au or CdSe material.
Our data suggest that the electronic structure of the molecule

plays a dominant role in controlling photostability of DTC-
CdSe-TiO2 adducts. Consistent with our previous work, our
present study shows that the CdSe-DTC photostability is
strongly dependent on the ability of the ligand molecules to
delocalize the positive charge that is left after excitation and
electron injection from the CdSe into the TiO2. The para-
substituent of phenyl DTCs with a more negative σp (more
electron-donating) substituent led to the greater stability. Our
measurements and calculations have some significant differ-
ences with recent work by Frederick et al.27 They performed
density functional calculations of the electronic structure of
different para-substituted phenyl dithiocarbamates linked to
Cd5Se4 clusters and concluded that the exciton state that is
formed upon excitation is more effectively delocalized onto the
ligands when the ligands had electron-withdrawing substituents.
This apparent inconsistency with our results can be resolved by
noting that the exciton state has a very short lifetime, and that
under conditions relevant for most applications (such as QD-
sensitized solar cells) the exciton injects electrons into an
adjacent electron-accepting material (such as TiO2), leaving the
QD and the ligand with a net positive charge. This net positive
charge is ultimately responsible for the photodegradation of the
QDs. Thus, instead of calculating the distribution of charges in
the neutral (exciton) state, our calculations focused on the
spatial distribution of charge after electron emission, when the
DTC-CdSe adduct has a net positive charge. Our density
functional calculations of the charge distribution in this cationic
state clearly show that the net positive charge is more
extensively delocalized onto the ligand when bearing electron-
donating ligands, in agreement with our experimental results of
increased photostabilty. Thus, the spatial distribution of the
initially excited exciton state is less important than the
distribution of positive charge remaining after electron
injection. Ultimately, our experimental and computational
work suggests that the electronic structure of the linker and
the ligand itself are both very important.

■ CONCLUSIONS
Our studies show that aromatic dithiocarbamates can be very
effective at enhancing photochemical stability of CdSe QDs in
water, with greatest stability achieved when the aromatic ring is
functionalized with electron-donating substituents. The surface
binding group also plays a small role, as DTC-functionalized
QDs showed slightly improved stability compared with the
aromatic thiols investigated earlier,19 while XPS measurements

show similar packing densities for molecules bearing DTC and
thiol linkages. Our current study, like our previous investigation
using thiols, shows that the ability of the ligand to delocalize the
positive charge onto the ligand, away from the QD core and the
surface linking group, plays a central role in the ability of
ligands to stabilize CdSe against photodegradation.
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