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Abstract

In this report, we present a new path to the control of quantum dot surface chemistry that can lead 

to a better understanding of nano-scale interfaces and the development of improved photocatalysts. 

Control of the synthetic methodology leads to QDs that are concomitantly ligated by crystal-bound 

organics at the surface anion sites and small X-type ligands on the surface cation sites.

Semiconducting nanocrystals, also known as quantum dots (QDs), are a hybrid material 

consisting of an inorganic semiconductor core and capping ligands.1 The capping ligands are 

vital to the colloidal stability of the QDs, and the interface between the semiconductor core 

and the ligands has a significant effect on the opto-electronic properties of the QDs through 

the passivation or creation of surface trap states. Understanding and controlling the interface 

between the capping ligands and the core facilitates the targeted implementation of QDs in 

catalytic, biomedical, and electronic applications.2

The colloidal methods used to synthesize the QDs are typically performed in organic 

solvents yielding a layer of native capping ligands with polar head groups and long alkyl 

chains. These long-chain ligands coordinate to the particle surfaces, decreasing the surface 

energy of the QD during synthesis, and allowing for control of size, crystalline structure, 

shape, and colloidal stability.3,4 Typically, organic capping ligands passivate the surface 
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atoms by coordination through either a dative bond (L-type) or an anionic ligand (X-type) to 

surface metal cations.2,5,6 The long alkyl chains of the organic capping ligands prevent 

solubility of the particles in polar media and are insulating to charge transfer. This ligand 

corona needs to be removed, exchanged, or modified for applications in photovoltaics, 

photocatalysis, and biological systems to impart solubility in different media, improve 

charge transfer, or allow for functionalization.

Recently, we characterized a novel binding mode for organic capping ligands on QDs that 

we termed crystal-bound ligands, where the thiol ligands occupy high coordination sites,7 

results in increased ligand stability such as resistance to ligand exchange and 

photooxidation,8 and therefore is a promising new ligand type for many applications.

Crystal-bound ligands inherently passivate the surface sulfur sites with alkyl groups. 

Passivation of anion sites has been studied previously with cationic organometallic 

complexes such as cadmium oleate. The anionic organic tail is lost to maintain charge 

balance when small, X-type, anionic ligands are introduced to passivate the surface metal 

sites of the quantum dot.9 In contrast, passivation of the anion sites with crystal-bound 

ligands should allow for simultaneous passivation of the surface metal sites with small, X-

type, anionic ligands10 without the removal of the alkyl chains, but has yet to be 

experimentally demonstrated. Similarly, metal chalcogenide–thiol clusters show highly 

bridged thiols,11 which are reminiscent of the high coordination number of the crystal-bound 

binding mode. Due to the shape of the clusters, exposed cations only occur at the apices and 

can be passivated by other ligands. In quasi-spherical QD, we expect a greater diversity in 

surfaces and a much greater mixture of cation and anion exposure.

It is not known how this dual-mode passivation, and in particular, the crystal-bound 

component operates to modify the opto-electronic properties of quantum dots. In this paper, 

we demonstrate the role that the dual-mode crystal-bound and X-type passivation of QDs 

can play on the optical properties. Furthermore, we show the potential for improving the 

catalytic function of QDs through this controlled dual-mode coordination by comparing 

them to QDs with a similar surface-bound capping mode in a photocatalytic reaction.

Crystal-bound ligands occur on QDs when a primary thiol is used as the sulfur source in the 

synthesis of a metal sulfide. The metal–thiolate complex decomposes producing the 

nanocrystal.12 At lower temperatures, the final layer of organics is not thermally cleaved.13 

Previously, we demonstrated crystal-bound ligands on Cu2S and CuInS2 nanocrystals.7 Here 

we extended this work to the synthesis of a ZnS shell around CdSe with crystal-bound 

ligands. CdSe seeds were synthesized14 (d = 2.8 ± 0.2 nm, n = 125, QY = 26%) and shelled 

by ZnS (d = 3.2 ± 0.2 nm, n = 127, QY = 50%)15 following literature procedures. To 

synthesize a secondary shell with crystal-bound ligands, the premade core/shells were 

injected with dodecanethiol (DDT) into a solution of Zn(OAc)2 in oleic acid and 

trioctylamine at 150 1C for 1 h.16 The resulting QDs increased in size to 3.9 ± 0.3 nm n = 

133 and the quantum yield to 80% (Fig. 1). We considered the possibility that the differences 

in behavior (vide infra) are a result of differing surface densities of ligands resulting from 

the differing synthetic routes. However, the ligand density was determined by 1H NMR and 

was found to be similar for the crystal-bound DDT QDs (3.9 ligands per nm2) and the 
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CdSe@ZnS seeds that had undergone a room temperature ligand exchange to DDT (3.6 

ligands per nm2). The peak of the S 2p XPS spectra of QDs with crystal-bound thiols is 

shifted towards a lower binding energy than QDs with surface-bound thiols (ESI†). The 

decreased high binding energy component for QDs with crystal-bound thiols is consistent 

with a lack of low binding-energy surface thiolates, as we reported previously for crystal-

bound ligands on Cu2S.7

IR spectroscopy of the QDs capped with crystal-bound DDT shows vibrational modes at 

1560 cm−1 and 1379 cm−1, which can be assigned to X-type coordination of acetate to the 

surface Zn sites (Fig. 2B).17 While oleic acid is also part of the synthesis, the absence of 

signals due to the double bond by IR and NMR suggest that acetate causes the observed C–

O stretching modes rather than oleate (ESI†).

1H NMR was used to show increased stability of the organic chain for QDs with crystal-

bound ligands over QDs with surface-bound ligands when undergoing ligand exchange at 

the cation sites. The as-synthesized QDs with crystal-bound and surface-bound DDT were 

suspended in THF and exposed to aqueous base to facilitate a ligand exchange at the cation 

sites to X-type ligand, OH−.18 No additional free thiol ligands were added. Quadripolar 

effects of the metal atoms of the QD quench the signals of protons close to the QD,19 

therefore an increase in the –CH2– peak is evidence of an increase in the free ligand 

concentration as thiol ligands are removed from the QD surfaces (Fig. 2C). Such an increase 

in free ligand was observed for the particles capped with surface-bound DDT, indicating the 

exchange of X-type dodecanethiolate by OH−. No change in solubility was observed for the 

crystal-bound case, indicating the crystal-bound ligands are more robustly attached to the 

particle surfaces.

Despite the 1H NMR evidence that CdSe@ZnScapped with crystal-bound DDT did not 

undergo loss of the organic ligands, the QDs underwent a near immediate quench and red-

shift in the photo-luminescence (PL) upon exposure to base (Fig. 2D). This observation 

hinted that the crystal-bound ligand binding mode provides new optoelectronic properties; 

however, further study of this phenomenon and comparison to the surface-bound ligand 

binding mode became challenging because the QDs with surface bound thiols quickly 

precipitated from solution after the base exposure. As a result, we changed to our system to 

study the effects of our surface chemistry in aqueous phase catalysis, compared to traditional 

surface-bound ligands.

To allow for phase transfer of the crystal-bound capped CdSe@ZnS into an aqueous 

environment, dodecyl-3-mercaptopropionate (D3MP) was used in place of DDT in the 

synthesis.7 D3MP replaces DDT in the crystal-bound shell synthesis yielding similar 

particles as the DDT sample, where the particle size increased to 3.9 ± 0.3 nm n = 121 as did 

the quantum yield to 83%. A base hydrolysis was used to cleave the ester rendering the QDs 

water soluble (ESI†). After the hydrolysis the particles maintained their size and shape (3.9 

± 0.3 nm n = 146). The PL was shifted to lower energies and quenched to 6% (Fig. 2).

†Electronic supplementary information (ESI) available: Additional synthetic details, characterization of materials, and discussion of 
ligand stability.
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When the size of the CdSe core was changed, so too was the magnitude of the fluorescence 

red shift. Larger CdSe cores resulted in a smaller shift (4.06 nm, −0.025 eV) and smaller 

cores resulted in a greater shift (2.65 nm, −0.068 eV) (ESI†). In contrast, when native 

ligands on the CdSe@ZnS were exchanged to give surface-bound mercaptopropionic acid 

(MPA), no significant shift was observed in the fluorescence spectrum (ESI†). Two non-

mutually-exclusive hypotheses emerged regarding atomistic origin of the red shift in the QD 

PL spectrum for crystal-bound thiols upon hydrolysis. The first hypothesis is that the 

addition of base alters the coordination of the surface Zn from acetate to hydroxide, as small 

anions are known to charge balance the surface of QDs.10 This change in surface cation 

chemistry alters the electron wavefunction since the conduction band is dominated by the 

orbitals of the cations.20 The second possibility is that the hydrolysis of the ester causes a 

shift in the band gap. Crystal-bound thiols are part of the anion sublattice of the QD, which 

dominates the orbital make-up of the valence band in CdSe and ZnS.20 As a result, the hole 

wavefunction may be perturbed by energetic subtleties between ester and carboxylate groups 

on the crystal-bound ligands.21

Density functional theory (DFT) was used to investigate the change in the QD band gap for 

different surface terminations providing an atomistic origin of the red shift upon hydrolysis. 

The calculations were performed for slab models of the (110) surface, which is the lowest 

energy surface of zinc blende ZnS and likely to dominate faceting of the cubic crystal-

structured QDs.22 HR TEM of D3MP capped core–shell QDs before and after hydrolysis 

showed lattice fringing consistent with CdSe throughout, indicating ZnS is strained to match 

the CdSe lattice. Therefore, the calculations used CdSe lattice parameters for CdSe for the 

strained ZnS shell (ESI†).

Two sets of slab models were constructed to simulate quantum confinement of two QD 

sizes. The thicker slab model consists of 11 layers of CdSe and 2 layers of ZnS (one on each 

side), emulating the larger nanoparticles. The thinner slab model consists of 5 layers of CdSe 

and 2 layers of ZnS, emulating the smaller QDs. The confinement energies (Econfinement) 

from the models are shown in Table 1, along with the experimental data showing that the 

two are within reasonable agreement. Details of calculations are in ESI.†

Fig. 3A–C shows the three types of surface terminations of the CdSe@ZnSconsidered in the 

calculations. Model A represents the state of QD surface before hydrolysis, when the Zn site 

is terminated by acetate. Models B and C represent two possible models of the surface after 

hydrolysis. In Model B, hydrolysis only happens at the ester ligand leaving crystal-bound 

MPA, while in Model C the hydrolysis occurs on both the ester and the Zn site to give Zn–

OH cation termination.

The calculated shift (Eshift) in the band gap of the CdSe@ZnSupon hydrolysis of the dual-

mode crystal-bound/surface-bound capping ligands are shown in Table 1. The hydrolysis of 

D3MP ligand in Model B introduces very small increase in the band gap of 13 meV for the 

thicker slab and 3 meV for the thin slab. Therefore, the large experimentally observed 

redshift cannot be explained by hydrolysis of the D3MP ligands alone. Instead, additional 

surface contributions must be considered. Combining the hydrolysis of D3MP ligand with a 

change of Zn termination from Zn–acetate to Zn–OH results in a reduction of the band gaps: 
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−42 meV for the thicker slab and −164 meV for the thinner slab. Both results are of the same 

order of magnitude as the experimental data (−25 to −68 meV for large and small QDs, 

respectively). The small discrepancies between the theoretical and experimental redshifts are 

likely due to the use of slab models that are confined in 1-dimension to simulate the 

confinement energy of nanoparticles that are confined in 3-dimensions, an oversimplification 

of the exposed ZnS crystallographic surfaces, and tensile strain on the ZnS shell.

The DFT calculations show that the band gap in the dual mode capping is altered mostly by 

the change in Zn termination from Zn–acetate to Zn–OH and not by the hydrolysis of the 

ester of crystal-bound D3MP. The calculations show strong confinement of the hole 

wavefunction by the ZnS layer (Fig. 3D), but the electron wavefunction penetrates the ZnS 

shell and contains contributions from the absorbent on the Zn site (Fig. 3E). Therefore, the 

conduction band minimum (CBM) is sensitive to the change of the Zn site passivation. 

Indeed, after the change in Zn passivation from acetate to hydroxide there is an increased 

contribution in the electron wavefunction from the hydroxide (Fig. 3D and F). The greater 

extension of the electron wavefunction in the Zn–OH surface indicates that the quantum 

confinement effect on electron is weaker than in the Zn–acetate surface and thus the band 

gap is smaller, consistent with the observed redshift after hydrolysis. It should be noted that 

although one would expect good confinement of electrons in CdSe@ZnS core–shell 

structure23 from the bulk band alignment, the ZnS layer is highly strained on CdSe,24 which 

alters the band positions in ZnS by lowering the conduction band.

Red shifts in the band gap of QDs have been associated with the extension of the exciton 

wavefunction into organo-sulfur ligands such as dithiocarbamates and thiols.21 However, our 

calculations suggest that for the crystal-bound thiols, the organic ligands bound to the anion 

sublattice are electronically benign and therefore solely provide colloidal stability. It is the 

change in inorganic surface cation ligand that causes the modification of the band gap. These 

calculations explain our initial observation that QDs with crystal-bound DDT undergo shifts 

in the fluorescence spectrum upon exposure to base without loss of the organic ligands (Fig. 

1).

The changes in fluorescence and colloidal stability of the QDs with surface-bound DDT 

after exposure to base suggests that hydroxide removes surface-bound DDT to expose cation 

sites and change their termination to Zn–OH. The removal of the aliphatic ligands harms the 

colloidal stability in organic solvents. In contrast, the organic component in the crystal-

bound surface allows for organic–inorganic capping. The organic ligand corona is not 

disturbed by the hydroxide treatment changing the cation termination to Zn–OH and the 

colloidal stability is maintained.

This dual-mode ligand structure has important implications for QDs used in applications 

where charge transport and transfer is crucial, such as solution-based water reduction 

catalysts that rely on QD photosensitizers.25 The organic crystal-bound ligands provide 

solubility of the QDs in desired media and enhanced ligand stability under light exposure.7 

The exposed cation sites can be used to modify the electronic properties as evident by the 

increased leakage of the electron wavefunction to the surface upon cation OH− termination 

in the DFT calculations (Fig. 3F). While the DFT calculations do not show the production of 
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mid-gap states upon surface hydroxylation, the increased contribution of the surface atoms 

to the wavefunction causes the exciton to be more prone to collisional recombination. In 

addition to the observed fluorescence quench, the QDs are correspondingly more efficient at 

electron transfer to solution species, aiding in photocatalysis.

As a demonstration of the improved charge transfer possible for this dual-mode crystal-

bound and X-type ligand QD capping over more standard surface-bound ligand systems, the 

photodegradation of methylene blue in aqueous solution was perfomed.26 The change in the 

absorbance of the dye was monitored in the presence of CdSe@ZnS nanocrystals capped 

with traditional surface-bound MPA and CdSe@ZnS nanocrystals capped with crystal-

bound MPA and –OH anion terminating (Fig. 4). After 1 h of irradiation by visible light, the 

hybrid ligand capped QDs facilitated a 40% degradation of the methylene blue, whereas the 

QDs with traditional surface-bound organic passivation provided only 17% degradation. The 

improved photocatalytic degradation of methylene blue shows the dual passivation results in 

improved photoinduced charge transfer to solution based species.

In this dual-mode capping system, the organic capping component controls the colloidal 

stability. Crystal-bound thiols, which terminate the anion sites, are not displaced under base 

exposure. The use of the ester containing D3MP as a thiol ligand provides a route to modify 

the solubility of particles in polar and nonpolar media as well as provides a chemical handle 

for later surface functionalization. In essence, the organic ligand corona is robust and can be 

tailored to give solubility in water or organic solvents. Concomitantly, the inorganic 

component modifies the surface cation chemistry and influences the electronic properties in 

CdSe@ZnS quantum dots, improving catalytic activity.
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Fig. 1. 
TEM of CdSe@ZnS core/shell nanocrystals with crystal-bound DDT (A) and IR (B). 1H 

NMR of CdSe@ZnS with crystal-bound (top) and surface-bound (bottom) DDT in D8-THF, 

initial (black), after the addition of base (red) and after 10 s of sonication (blue) (C). 

Absorbance and PL of CdSe@ZnS core@shell nanocrystals with crystal-bound DDT of 

CdSe (red) and after (black) (D).
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Fig. 2. 
TEM of CdSe@ZnS with crystal-bound D3MP before (A) and after (B) hydrolysis. 

Absorbance and PL spectra of CdSe@ZnS with crystal-bound D3MP (black) and MPA (red) 

(C). D3MP capped CdSe@ZnS before and after hydrolysis (D).
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Fig. 3. 
Models of the CdSe@ZnS core shell surface used in calculations (A–C). (D) The hole 

wavefunction (VBM) in Model A for thick slab of CdSe/ZnS core shell. (E) The electron 

wavefunction (CBM). (F) The electron wavefunction (CBM) of Model C.

Turo et al. Page 10

Chem Commun (Camb). Author manuscript; available in PMC 2017 July 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
The change in absorbance of methylene blue at 666 nm with CdSe@ZnS photocatalysts with 

crystal-bound ligands (blue), surface bound ligands (red) and no QDs (green).
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Table 1

Experimental and computational redshifts

Experiment

Econfinement (eV) Eshift (eV)

Large QDs (4.06 nm) 0.372 −0.025

Medium QDs (3.04 nm) 0.432 −0.036

Small QDs (2.65 nm) 0.523 −0.068

DFT (Fig. 3)

Model A Model B Model C

Econfinement (eV) Eshift (eV) Eshift (eV)

Thick slab 0.259 0.013 −0.042

Thin slab 0.616 0.003 −0.164
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