
UC Merced
UC Merced Previously Published Works

Title
Resonance Raman Investigation of the Interaction between Aromatic Dithiocarbamate 
Ligands and CdSe Quantum Dots

Permalink
https://escholarship.org/uc/item/4nb1x5sg

Journal
The Journal of Physical Chemistry C, 121(12)

ISSN
1932-7447

Authors
Grenland, Jamie J
Lin, Chen
Gong, Ke
et al.

Publication Date
2017-03-30

DOI
10.1021/acs.jpcc.7b01651

Supplemental Material
https://escholarship.org/uc/item/4nb1x5sg#supplemental
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4nb1x5sg
https://escholarship.org/uc/item/4nb1x5sg#author
https://escholarship.org/uc/item/4nb1x5sg#supplemental
https://escholarship.org
http://www.cdlib.org/


1 
 

Resonance Raman Investigation of the Interaction Between Aromatic 

Dithiocarbamate Ligands and CdSe Quantum Dots 

 

 

Jamie J. Grenland, Chen Lin,1 Ke Gong, David F. Kelley, and Anne Myers Kelley* 

 

 

Chemistry and Chemical Biology, University of California, Merced, 5200 North Lake Road, 

Merced, CA  95343 

1Current address: Department of Chemistry, Middle Tennessee State University, 1301 East Main 

Street, Murfreesboro, TN  37132-0001 

*Author to whom inquiries should be addressed; amkelley@ucmerced.edu 

 

 

 

 

 

 

  



2 
 

Abstract 

Ligand exchange with phenyl dithiocarbamates is known to significantly red-shift the lowest 

excitonic transition of CdSe quantum dots.  Here we show that the resonance Raman spectra of 

CdSe quantum dots treated with p-methoxyphenyldithiocarbamate are nearly identical to those of 

CdSe quantum dots to which thin CdS shells have been added by standard synthetic methods.  

We conclude that the dithiocarbamate ligands decompose and react with Cd2+ not fully removed 

following the synthesis to form CdS on the surface of the quantum dots.  This red-shifts the 

absorption spectrum primarily by delocalizing the electron into the CdS shell.  These results are 

consistent with the common use of aliphatic dithiocarbamates as single-source precursors for 

adding ZnS or CdS shells to CdSe quantum dots, and with the recent demonstration through 

NMR that phenyldithiocarbamate ligands decompose during nanocrystal ligand exchange. 

  



3 
 

Introduction 

 Semiconductor quantum dots (QDs) are structures composed of one or more semiconductor 

materials having a nearly spherical geometry and diameters typically in the 1-10 nm range.  In 

smaller QDs a significant fraction of the atoms are at the surface and have a smaller coordination 

number than the atoms in the interior.  Typical synthetic routes using solution-phase colloidal 

methods leave many or most of the surface atoms coordinated to organic or inorganic ligands, 

typically of more than one type.  These “native” ligands may subsequently be either exchanged 

for others or removed entirely.  For most applications, however, some type of ligand coverage is 

desirable.  Ligands serve a number of purposes including passivating surface recombination 

centers, enhancing solubility in particular solvents, preventing aggregation between QDs, and 

protecting the QD against chemical reactions.1   

Usually the ligands are assumed to have little effect on the excitonic transitions that dominate 

the optical spectra of QDs, because the orbital energies are such that transfer of an electron either 

to or from the ligand is energetically unfavorable.  However, the valence band (VB) and 

conduction band (CB) wavefunctions of the QD may involve some small contribution from 

ligand orbitals, and it should be possible to increase this contribution by choosing ligands with 

appropriate orbital energies.  If either the CB or the VB wavefunction extends partially into the 

ligand shell, the effective size of the QD will appear to be larger and the energy of the lowest 

excitonic transition will shift to lower energy.  In addition, such ligands might be used to tune the 

rates of processes that involve transferring charges to or from the QD.2,3   

 Recently, Weiss’s group4-8 and others2,9,10 have shown that exposing CdSe, CdS, or PbS QDs 

to aromatic dithiocarbamates (DTCs) produces a significant red-shift in the energy of the lowest 

excitonic transition and that the extent of this shift can be correlated with calculated orbital 
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energies of the DTCs.  It was argued that the DTCs bind as ligands on the surface Cd atoms and 

their orbitals mix significantly with the semiconductor orbitals making up the VB, thus 

delocalizing the hole into the ligand shell, decreasing the quantum confinement energy of the 

hole, and shifting the excitonic transition to lower energy.  However, the metal salts of simple 

alkyl dithiocarbamates are also used as single component precursors in the synthesis of CdS, 

ZnS, and CdSe/CdS core-shell QDs.11-14  The alkyl dithiocarbamates are more stable than the 

aromatic analogs and the decomposition reaction used in CdS and ZnS shelling syntheses 

proceeds quickly only at slightly elevated temperatures (100 – 150°C).  It has also recently been 

shown by NMR that aromatic DTCs decompose at room temperature during ligand exchange 

with CdSe QDs to form a mixture of products.15  These observations suggest that the primary 

role of the aromatic DTCs may be to decompose and react with any surface adsorbed cadmium 

to form a thin shell of CdS on the surface of the QD.  CdS has a larger band gap than CdSe 

(2.485 eV vs. 1.75 eV16) with the CdS conduction band being only slightly higher than that of 

CdSe.17-19  Most of the difference in the band gaps is in the valence band offset – CdSe/CdS 

forms a quasi-type-II system.12,20,21  The presence of the CdS shell increases the effective radius 

of the QD and red-shift the electronic spectra, primarily by delocalizing the electron, not the 

hole, into the shell. 

 In this paper, we use resonance Raman spectroscopy to elucidate the role of DTCs on CdSe 

QDs.  Resonance Raman (RR) spectroscopy is a powerful technique for probing the orbitals 

involved in an electronic transition.22,23  The vibrational modes that appear with intensity in a RR 

spectrum correspond to those motions along which there is a change in geometry upon 

excitation.  RR spectroscopy has been widely applied to QDs carrying the usual types of ligands, 

but such spectra do not show features attributable to ligand vibrations or even to the 



5 
 

semiconductor-ligand bond stretch.  This result is not surprising for typical ligands that are not 

expected to participate significantly in the excitonic transition.  However, if aromatic DTCs do 

red-shift the absorption spectra by delocalizing the hole into the ligand, vibrations of these 

ligands should show up in the RR spectra, although perhaps with low intensity.  If, alternatively, 

the red-shift is caused by ligand decomposition resulting in the deposition of a CdS shell, the 

well-known longitudinal optical (LO) phonon of CdS should appear in the spectra.  RR 

spectroscopy thereby provides an excellent way to distinguish between these two mechanisms. 

 

Experimental Methods 

 CdSe QDs (wurtzite crystal structure, cadmium-rich surface) were synthesized as described 

previously24 and detailed in the Supporting Information.  Their diameter was estimated from the 

position and width of the first excitonic maximum25 as 3.2 ± 0.3 nm.  The standard synthetic 

method employed typically produces approximately stoichiometric surfaces.26  This was 

followed by purification and subsequent reaction with a cadmium precursor (cadmium acetate) at 

180 °C to ensure a cadmium rich surface.26     

 These CdSe QDs with a Cd-rich surface were purified, dissolved in chloroform, deposited 

onto glass coverslips by drop-casting, dried under nitrogen, and then subjected to several 

different treatments.  One batch of these particles was treated with the DTC ligand.  The ligand 

used in this study was p-methoxyphenyldithiocarbamate 

(MPDTC, Structure 1), which was synthesized as its 

ammonium salt using a slight variation of the methods 

described in the literature5,27 and detailed in the 

Supporting Information.  The MPDTC was dissolved in 

O

H
N S

SH
 

 
Structure 1 
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dried MeOH at a concentration of about 10 mM and the QD-coated coverslips were soaked in 

this solution for one to two days in the dark at room temperature (~20 °C).  Other batches were 

treated with MPDTC in the same manner but with varying concentrations of cadmium acetate 

added to provide a source of additional cadmium.  As a control, QD-coated slides were also 

soaked in dried MeOH without ligand for the same period of time.   

Two other batches of the original Cd-rich CdSe QDs were not exposed to MPDTC but were 

subjected to other treatments, performed in solution prior to drop-casting the QDs onto 

coverslips.  One was treated with 0.1 mmol sulfur dissolved in 1 mL octadecene (ODE) at 170 

°C under N2 flow in order to add a small amount of sulfur to the existing Cd-rich surface.  The 

reaction was quenched and lowered to room temperature when the lowest exciton peak had 

shifted to the red by ~5 nm.  Another was heated to 170 °C under N2 and treated alternately with 

the sulfur precursor (0.1 mmol sulfur in 1 mL ODE) and the cadmium precursor (0.1 mmol 

cadmium acetate in 0.2 mL oleylamine and 0.8 mL ODE) to grow a thin shell of CdS through the 

traditional SILAR method.  The reaction was stopped when the lowest exciton peak of the 

CdSe/CdS QDs had shifted ~13 nm.   

Absorption spectra were obtained on a Cary 50 UV-VIS spectrophotometer.  Resonance 

Raman spectra of the QD-coated slides were obtained using 457.9 nm excitation from a Coherent 

Innova 90C-5 argon-ion laser.  The excitation and detection system was a Jobin-Yvon T64000 

Raman microscope system consisting of a 0.64-m triple spectrograph coupled to a confocal 

Raman microprobe with a 10X objective and a UV coated, back illuminated, liquid nitrogen 

cooled CCD detector.  Spectral resolution was about 7 cm-1 with the 200 μm slit width 

employed.  The power at the sample was about 0.5 mW, giving an intensity at the focus of about 

104 W/cm2 with our 10x objective.  The sample was moved continuously under the laser with a 
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motorized translation stage to prevent local heating or other photoinduced changes.  Typically 

signal was integrated on the detector for 60-120 s before being read out and 5-10 such reads were 

averaged to give the final spectrum. 

 

Results 

 Exposure of CdSe QDs to the MPDTC 

solution consistently produced a small red-

shift of the absorption spectrum.  The 

shifts varied somewhat from batch to 

batch but were typically 5-7 nm for QDs 

initially absorbing near 550 nm.  This shift 

is considerably smaller than the 20 nm 

reported for this ligand in ref. 5.  

Representative absorption spectra are 

shown in Figure 1.   

 The resonance Raman spectrum of the MPDTC-treated QDs (Figure 2) shows the expected 

strong peak from the CdSe longitudinal optical (LO) phonon at 208 cm-1 and weaker bands from 

the first and second overtones of the LO phonon at about 414 cm-1 and 620 cm-1, respectively.  In 

addition, the spectrum has well-defined peaks around 273 cm-1 and 477 cm-1, corresponding to 

features previously reported in the Raman spectra of CdSe/CdS core-shell QDs and assigned as 

the CdS LO phonon and the combination band between the CdSe and CdS LO phonons, 

respectively.28,29  (The LO phonon is characteristically the principal feature observed in the 

Raman spectra of II-VI semiconductor nanocrystals.)  The 273 cm-1 peak cannot be the ligand or 

Figure 1.  Absorption spectra of CdSe QDs after 
soaking for two days in a 10 mM solution of 
MPDTC ligand in methanol (black) and after 
soaking in methanol only (red).  Both spectra are 
of thin films deposited on glass. 
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the ligand bound to cadmium.  We find that the cadmium salt of MPDTC is too unstable for us to 

obtain its Raman spectrum.  However, the Raman spectrum of the more stable cadmium salt of 

diethyl-DTC (see Supporting Information) shows prominent peaks at 213, 434 and 566 cm-1, and 

nothing in the 270 cm-1 region, in agreement with the literature.30  Similarly, the Raman 

spectrum of MPDTC (see Supporting Information) shows only a weak, sharp peak at 270 cm-1 

and much more prominent peaks at 387, 658, 1318, and 1604 cm-1.  These characteristic lines are 

absent in figure 2, with only the CdSe, CdS and combination bands appearing. 

 

 Figure 3 compares the low-frequency Raman spectra of the original CdSe QDs, the sample 

treated with the MPDTC ligand, and three other samples.  The original CdSe QDs show no 

Raman activity in the 250-300 cm-1 region, as expected.  CdSe QDs on which a very thin CdS 

shell has been grown using standard techniques show an absorption red-shift of about 13 nm and 

broad but clearly defined Raman bands at ~280 cm-1 and ~482 cm-1.  As discussed above, the 

CdSe QDs treated with DTC have an absorption maximum shifted 5-7 nm to the red and exhibit 

 
Figure 2.  Resonance Raman spectrum of CdSe QDs 
after soaking in 10 mM MPDTC ligand in methanol for 
two days.   
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additional broad but well-defined Raman peaks at about 273 cm-1 and 477 cm-1.  The spectra of 

the MPDTC-treated QDs and the spectra of the thin-shell CdSe/CdS QDs are extremely similar.  

QDs treated with the MPDTC ligand plus varying concentrations of cadmium acetate show 

variable absorption red-shifts, up to about 16 nm, and in the samples showing the largest red-

shift the CdS-like Raman peak becomes slightly stronger develops a shoulder at higher 

frequency.  Treating the CdSe QDs with elemental S alone also red-shifts the absorption 

maximum by about 5 nm but produces only barely discernible additional intensity in the 250-300 

cm-1 region of the Raman spectrum.  Results from a similar experiment starting with larger QDs 

are shown in the Supporting Information. 
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Discussion 

 The results in figures 2 and 3 can be understood in terms of thin layers of CdS being 

deposited on the CdSe QDs.  CdSe QDs exposed to a methanol solution of p-methoxyphenyl-

DTC for two days at room temperature show absorption spectral shifts and resonance Raman 

spectra that are nearly identical to that of CdSe QDs on which a very thin (< 1 monolayer) layer 

of CdS has been grown through standard SILAR techniques, using cadmium acetate and 

elemental sulfur.  These results are consistent with reactivity studies of phenyldithiocarbamates, 
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Figure 3.  Resonance Raman spectra of bare, Cd-rich surface 
CdSe QDs, CdSe QDs plus elemental S, CdSe QDs with a thin 
shell of CdS, CdSe QDs exposed to the MPDTC ligand with 
additional Cd2+, and QDs exposed to MPDTC alone.  Spectra 
have been scaled to a common maximum and displaced 
vertically. 
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which have been shown by NMR to decompose to a mixture of products under the conditions of 

ligand exchange with CdSe QDs.15  Consistent with these results, our NMR spectra of the 

MPDTC ligand in methanol (Supporting Information) also show that the ligand decomposes 

within one day to form both the starting materials (carbon disulfide and p-anisidine) and other 

products.  We also note that cadmium salts of alkyl dithiocarbamates are increasingly used as a 

single-source precursor in synthetic methods for CdS.  The alkyl groups are much less electron 

donating than the methoxyphenyl group and as such, the diethyl-DTC is more stable than the p-

methoxyphenyl-DTC.  As a result, the synthetic methods using metal diethyldithiocarbamate 

salts also use the higher temperatures (100 – 150°C) that are required to make these more stable 

DTC ligands decompose.12-14,31  These pieces of evidence indicate that some or all of the p-

methoxyphenyl-DTC ligand is decomposing at room temperature to leave S atoms on the Cd-

rich surface, effectively producing a thin shell of CdS on the CdSe QDs.  Adding a small amount 

of Cd2+ to the MPDTC increases the intensity of the CdS-like peaks in the Raman spectrum and 

increases the absorption red-shift to a value close to that reported in refs. 5-7  We note that 

cadmium stearate was used as the cadmium source in the synthesis in refs. 5-7 and the synthesis 

reaction was run under cadmium-rich conditions.  It is notoriously difficult to remove cadmium 

stearate completely from QD preparations synthesized in this way,32 and this is particularly true 

when the purification is done by precipitation by the addition of methanol, as was done in refs. 5-

7.  Ref. 32 shows that the stearates tend to precipitate with the CdSe QDs and that five cycles of 

this purification removes less than 20% of the excess cadmium stearate.  We therefore suggest 

that under the conditions of those experiments a small amount of unreacted cadmium stearate 

was still present when the DTC ligand was added, allowing the deposition of a small amount of 

additional cadmium as well as sulfur onto the CdSe surface.  We also note that the exact 
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frequency of the CdS “LO phonon” in CdSe/CdS core-shell structures varies by as much as 25 

cm-1 from very thin to very thick shells, and also depends on excitation wavelength.28,29,33  The 

rather low frequencies we observe, 273-280 cm-1, indicate a thin CdS shell.   

 We carried out the experiment multiple times with different batches of QDs and always 

obtained qualitatively the same results, although the magnitude of the absorption red-shift and 

the intensity of the CdS Raman peak varied slightly from batch to batch.  Because of the 

difficulty of removing excess cadmium stearate precursor, the CdSe QDs used in these 

experiments were synthesized using cadmium oleate and cadmium acetate as the precursors (see 

Supporting Information).  Oleates are more easily removed in the purification process.  Under 

these conditions, the small variations in the intensity of the CdS Raman peak are due to 

variations in the extent to which excess cadmium remains on the QD surface following 

purification.  We also carried out the same experiment using larger QDs (λmax = 601 nm, r ~ 4.7 

nm; see Supporting Information) and obtained a smaller absorption red-shift as expected, but the 

Raman spectrum showed a comparable CdS LO phonon. 

 CdSe/CdS is a “type 1 ½” or “quasi-type II” heterostructure: the hole is largely localized to 

the CdSe core, but the electron is delocalized over both core and shell because of the very small 

offset between the conduction band energies of the two materials.  Growing a thin shell of CdS 

onto a CdSe core thus has very little effect on the hole wavefunction, but slightly increases the 

effective radius of the electron wavefunction, decreasing its quantum confinement and shifting 

the exciton to a lower energy.  Since the electron has a much smaller effective mass than the 

hole, its quantum confinement energy in the original CdSe core is much greater than that of the 

hole and a much smaller increase in the effective radius of the electron is required to achieve a 

given shift in the energy of the lowest excitonic transition.  The exciton wavelength maps in refs. 
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12 and 34 show that adding a CdS shell of average thickness 0.1 nm shifts the first excitonic 

absorption of a 3.2 nm diameter CdSe QD from 550 to 560 nm, while a 0.2 nm shell shifts it to 

567 nm.  Both of these maps show that it takes very little added CdS (less than half a monolayer, 

on average) to produce the observed spectral shifts.  The present results show that this amount of 

CdS is readily observable in the Raman spectrum.   

 The interpretation put forward in ref. 5 is that the aromatic DTC ligands bind intact to surface 

Cd atoms and cause the red-shift by delocalizing the hole wavefunction into the conjugated 

system of the ligand.  Several other aspects of the spectroscopy are inconsistent with this 

interpretation, but are consistent with there being a thin CdS shell formed by DTC addition.  A 

shift of the magnitude reported there (20 nm) would be very difficult to achieve by delocalizing 

the hole alone.  The original QDs used in that study absorb at 542 nm, 0.55 eV above the bulk 

band gap.  Since the ratio of electron to hole effective masses is roughly 1:4, the hole accounts 

for only about 20% of this confinement energy, or about 0.11 eV.  The measured spectral shift 

caused by adding the ligand is 20 nm or 0.08 eV, implying that adding the ligand has reduced the 

hole quantum confinement energy by nearly a factor of four.  This means that the effective radius 

of the hole would have to increase by a factor of about 1.9 (E ~ 1/r2), or by about 15 Å.  This is 

larger than the maximum extent of the aromatic DTC ligands (see structure 1), which makes this 

assignment untenable.  The electron, on the other hand, starts out with about 0.44 eV of 

confinement energy, so the observed red-shift would require a reduction in its confinement 

energy by only about 20%.  This corresponds to an increase in the radius of about 10%, or 

somewhat less than half of a CdS monolayer.  

 A second difficulty with the attribution of the red-shift to hole delocalization is the nearly 

constant separation between the two lowest-energy excitonic transitions as the spectrum shifts.  
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The first two excitonic transitions are assigned as 1Se1S3/2 and 1Se2S3/2, respectively; they 

involve the same electron state but different hole states.35  Their energy separation decreases as 

the overall size of a CdSe QD increases, and should also decrease if the effective radius for the 

hole wavefunction is increased by another mechanism, e.g. delocalization into the ligands.  This 

energy difference is observed to remain essentially constant in the spectra in ref. 12 and in many 

other papers on CdSe/CdS core/shell QDs.  The 1Se2S3/2 transition is weak and not well resolved 

in our optical spectra or those of ref. 5, but it is clearly resolved in Fig. 1B of ref. 8, in which the 

ligand is the unsubstituted phenyl-DTC.  Addition of phenyl-DTC causes the strong 1Se1S3/2 and 

weaker 1Se2S3/2 transitions shift to the red by essentially identical amounts.  This shows that it is 

primarily the electron energies, not the hole energies, that are changed by adding the DTC.  The 

increased absorbance below 400 nm in the solution phase spectra in Fig. 1 of ref. 7 is also 

consistent with the growth of a CdS shell on the CdSe QDs. 

 FTIR spectra of CdSe QDs treated with aromatic DTC ligands show vibrational lines 

attributable to aromatic groups.9  That result is not inconsistent with our conclusion, nor with the 

result of Munro et al. that the aniline decomposition product binds to the QD surface.15   

Resonance Raman spectroscopy is uniquely sensitive to only those groups that undergo a change 

in charge density upon absorption of light at the resonant wavelength.22,23  Ligands on QDs are 

normally not observed in resonance Raman spectra because they do not couple to the excitonic 

transitions and their ordinary, unenhanced Raman spectra are many orders of magnitude weaker 

than the resonance enhanced spectra of the QDs.  The aromatic DTCs and/or their decomposition 

products evidently fall into this category.  We cannot determine whether intact DTC ligands or 

their organic decomposition products remain on the surface, but if they do, their aromatic groups 

do not substantially participate in the excitonic transition.  We conclude that the spectral red-shift 
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may be assigned to increased delocalization of the electron into a very thin, and necessarily 

irregular, layer of CdS on the surface. 

 

Conclusions 

Aromatic dithiocarbamates, under conditions used for room-temperature ligand exchange with 

CdSe QDs, decompose to form a thin layer of CdS on the surface of the QD.  The thickness of 

the shell varies with the amount of Cd2+ on the particle surfaces and free Cd2+ not fully removed 

following the CdSe QD synthesis.  The observed red-shift of the lowest excitonic absorption 

following treatment of CdSe QDs with aromatic DTCs results primarily from delocalization of 

the electron into the CdS shell, rather than delocalization of the hole into intact DTC ligands on 

the surface. 

 

Supporting Information Available.  Synthetic methods, experimental details, Raman and NMR 

characterization of the MPDTC ligand and its decomposition, and several control experiments 

are given in the Supporting Information.  This information is available free of charge via the 

Internet at http://pubs.acs.org. 

 

Acknowledgments 

This work was supported by NSF grants #CHE-1112192 and CHE-1506803.  We thank Dr. 

David Russell for his assistance with the NMR experiments described in the Supporting 

Information. 

 

 



16 
 

References 

(1)  Green, M.  The Nature of Quantum Dot Capping Ligands.  J. Mater. Chem. 2010, 20, 5797–

5809. 

(2)  Azzaro, M. S.; Babin, M. C.; Stauffer, S. K.; Henkelman, G.; Roberts, S. T.  Can Exciton-

Delocalizing Ligands Facilitate Hot Hole Transfer from Semiconductor Nanocrystals?  J. Phys. 

Chem. C 2016, 120, 28224−28234. 

(3)  Jin, S.; Tagliazucchi, M.; Son, H.-J.; Harris, R. D.; Aruda, K. O.; Weinberg, D. J.; 

Nepomnyashchii, A. B.; Farha, O. K.; Hupp, J. T.; Weiss, E. A.  Enhancement of the Yield of 

Photoinduced Charge Separation in Zinc Porphyrin−Quantum Dot Complexes by a 

Bis(Dithiocarbamate) Linkage.  J. Phys. Chem. C 2015, 119, 5195−5202. 

(4)  Frederick, M. T.; Amin, V. A.; Weiss, E. A.  Optical Properties of Strongly Coupled 

Quantum Dot−Ligand Systems.  J. Phys. Chem. Lett. 2013, 4, 634−640. 

(5)  Frederick, M. T.; Amin, V. A.; Swenson, N. K.; Ho, A. Y.; Weiss, E. A.  Control of Exciton 

Confinement in Quantum Dot−Organic Complexes through Energetic Alignment of Interfacial 

Orbitals.  Nano Lett. 2013, 13, 287−292. 

(6)  Frederick, M. T.; Amin, V. A.; Cass, L. C.; Weiss, E. A.  A Molecule to Detect and Perturb 

the Confinement of Charge Carriers in Quantum Dots.  Nano Lett. 2011, 11, 5455–5460. 

(7)  Jin, S.; Harris, R. D.; Lau, B.; Aruda, K. O.; Amin, V. A.; Weiss, E. A.  Enhanced Rate of 

Radiative Decay in CdSe Quantum Dots Upon Adsorption of an Exciton-Delocalizing Ligand.  

Nano Lett. 2014, 14, 5323−5328. 

(8)  Frederick, M. T.; Weiss, E. A.  Relaxation of Exciton Confinement in CdSe Quantum Dots 

by Modification with a Conjugated Dithiocarbamate Ligand.  ACS Nano 2010, 4, 3195–3200. 



17 
 

(9)  Tan, Y.; Jin, S.; Hamers, R. J.  Photostability of CdSe Quantum Dots Functionalized with 

Aromatic Dithiocarbamate Ligands.  ACS Appl. Mater. Inter. 2013, 5, 12975−12983. 

(10)  Teunis, M. B.; Dolai, S.; Sardar, R.  Effects of Surface-Passivating Ligands and Ultrasmall 

CdSe Nanocrystal Size on the Delocalization of Exciton Confinement.  Langmuir 2014, 30, 

7851−7858. 

(11)  Dethlefsen, J. R.; Dossing, A.  Preparation of a ZnS Shell on CdSe Quantum Dots Using a 

Single-Molecular ZnS Precursor.  Nano Lett. 2011, 11, 1964-1969. 

(12)  Gong, K.; Martin, J. E.; Shea-Rohwer, L. E.; Lu, P.; Kelley, D. F.  Radiative Lifetimes of 

Zincblende CdSe/CdS Quantum Dots.  J. Phys. Chem. C 2015, 119, 2231-2238. 

(13)  Nan, W.; Niu, Y.; Qin, H.; Cui, F.; Yang, Y.; Lai, R.; Lin, W.; Peng, X.  Crystal Structure 

Control of Zinc-Blende CdSe/CdS Core/Shell Nanocrystals: Synthesis and Structure-Dependent 

Optical Properties.  J. Am. Chem. Soc. 2012, 134, 19685-19693. 

(14)  Pu, C.; Peng, X.  To Battle Surface Traps on CdSe/CdS Core/Shell Nanocrystals: Shell 

Isolation Versus Surface Treatment.  J. Am. Chem. Soc. 2016, 138, 8134-8142. 

(15)  Munro, A. M.; Chandler, C.; Garling, M.; Chai, D.; Popovich, V.; Lystrom, L.; Kilina, S.  

Phenyldithiocarbamate Ligands Decompose During Nanocrystal Ligand Exchange.  J. Phys. 

Chem. C 2016, 120, 29455−29462. 

(16)  Yu, P. Y.; Cardona, M. Fundamentals of Semiconductors, Third ed.; Springer-Verlag: 

Berlin Heidelberg New York, 2001. 

(17)  Talapin, D. V.; Koeppe, R.; Gtzinger, S.; Kornowski, A.; Lupton, J. M.; Rogach, A. L.; 

Benson, O.; Feldmann, J.; Weller, H.  Highly Emissive Colloidal CdSe/CdS Heterostructures of 

Mixed Dimensionality.  Nano Letters 2003, 3, 1677. 



18 
 

(18)  Wu, K.; Rodrıguez-Cordoba, W. E.; Liu, Z.; Zhu, H.; Lian, T.  Beyond Band Alignment: 

Hole Localization Driven Formation of Three Spatially Separated Long-Lived Exciton States in 

CdSe/CdS Nanorods.  ACS Nano 2013, 7, 7173-7185. 

(19)  Steiner, D.; Dorfs, D.; Banin, U.; Della Sala, F.; Manna, L.; Millo, O.  Determination of 

Band Offsets in Heterostructured Colloidal Nanorods Using Scanning Tunneling Spectroscopy.  

Nano Lett. 2008, 8, 2954-2958. 

(20)  Wu, K.; Hill, L. J.; Chen, J.; McBride, J. R.; Pavlopolous, N. G.; Richey, N. E.; Pyun, J.; 

Lian, T.  Universal Length Dependence of Rod-to-Seed Exciton Localization Efficiency in Type 

I and Quasi-Type II CdSe@CdS Nanorods.  ACS Nano 2015, 9, 4591-4599. 

(21)  Pinchetti, V.; Meinardi, F.; Camellini, A.; Sirigu, G.; Christodoulou, S.; Bae, W. K.; De 

Donato, F.; Manna, L.; Zavelani-Rossi, M.; Moreels, I.; Klimov, V. I.; Brovelli, S.  Effect of 

Core/Shell Interface on Carrier Dynamics and Optical Gain Properties of Dual-Color Emitting 

CdSe/CdS Nanocrystals.  ACS Nano 2016, 10, 6877−6887. 

(22)  Kelley, A. M.  Resonance Raman Intensity Analysis of Vibrational and Solvent 

Reorganization in Photoinduced Charge Transfer.  J. Phys. Chem. A 1999, 103, 6891-6903. 

(23)  Myers, A. B.  Resonance Raman Intensity Analysis of Excited-State Dynamics.  Acc. 

Chem. Res. 1997, 30, 519-527. 

(24)  Gong, K.; Zeng, Y.; Kelley, D. F.  Extinction Coefficients, Oscillator Strengths, and 

Radiative Lifetimes of CdSe, CdTe, and CdTe/CdSe Nanocrystals.  J. Phys. Chem. C 2013, 117, 

20268-20279. 

(25)  Jasieniak, J.; Smith, L.; van Embden, J.; Mulvaney, P.; Califano, M.  Re-Examination of 

the Size-Dependent Absorption Properties of CdSe Quantum Dots.  J. Phys. Chem. C 2009, 113, 

19468-19474. 



19 
 

(26)  Jasieniak, J.; Mulvaney, P.  From Cd-Rich to Se-Rich - the Manipulation of CdSe 

Nanocrystal Surface Stoichiometry.  J. Am. Chem. Soc. 2007, 129, 2841-2848. 

(27)  Humeres, E.; Debacher, N. A.; Dimas Franco, J.; Lee, B. S.; Martendal, A.  Mechanisms of 

Acid Decomposition of Dithiocarbamates. 3. Aryldithiocarbamates and the Torsional Effect.  J. 

Org. Chem. 2002, 67, 3662-3667. 

(28)  Tschirner, N.; Lange, H.; Schliwa, A.; Biermann, A.; Thomsen, C.; Lambert, K.; Gomes, 

R.; Hens, Z.  Interfacial Alloying in CdSe/CdS Heteronanocrystals: A Raman Spectroscopy 

Analysis.  Chem. Mater. 2012, 24, 311-318. 

(29)  Lin, C.; Gong, K.; Kelley, D. F.; Kelley, A. M.  Electron-Phonon Coupling in CdSe/CdS 

Core-Shell Quantum Dots.  ACS Nano 2015, 9, 8131-8141. 

(30)  Bauer, G.; Nikolov, G. S.; Trendafilova, N.  Molecular Structure and Vibrational Spectra of 

Bis-N,N’-Diethyldithiocarbamate Compounds with Closed-Shell Metal Ions.  J. Mol. Struct. 

1997, 415, 123-234. 

(31)  Malik, M. A.; Revaprasadu, N.; O’Brien, P.  Air-Stable Single-Source Precursors for the 

Synthesis of Chalcogenide Semiconductor Nanoparticles.  Chem. Mater. 2001, 13, 913-920. 

(32)  Yang, Y.; Li, J.; Lin, L.; Peng, X.  An Efficient and Surface-Benign Purification Scheme 

for Colloidal Nanocrystals Based on Quantitative Assessment.  Nano Res. 2015, 8, 3353-3364. 

(33)  Lu, L.; Xu, X.-L.; Liang, W.-T.; Lu, H.-F.  Raman Analysis of CdSe/CdS Core-Shell 

Quantum Dots with Different CdS Shell Thickness.  J. Phys. Condens. Matt. 2007, 19, 406221. 

(34)  van Embden, J.; Jasieniak, J.; Mulvaney, P.  Mapping the Optical Properties of CdSe/CdS 

Heterostructure Nanocrystals: The Effects of Core Size and Shell Thickness.  J. Am. Chem. Soc. 

2009, 131, 14299-24309. 



20 
 

(35)  Norris, D. J.; Bawendi, M. G.  Measurement and Assignment of the Size-Dependent 

Optical Spectrum in CdSe Quantum Dots.  Phys. Rev. B 1996, 53, 16338-16346. 

 

 

  



21 
 

TOC graphic 

 

 




