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Abstract
In this paper, density functional theory (DFT) and time-dependent density functional theory (TDDFT) are
used to study the complexation characteristics CdTe quantum dots with four different capping agents, i.e.
: 3-mercaptopropionic acid (MPA), reduced glutathione (GSH), 1-thioglycerol (TG) and 2-
mercaptoethanesulfonate (MES). The properties of these complexes are analyzed by the complexation
energy, bond lengths, electron densities, Mulliken charges and frontier molecular orbitals. In addition, the
UV-Vis absorption spectra of pure CdTe QDs and those stable complexes are calculated. The results
indicate that the four capping agents could form stable complexes with CdTe QDs. However, there are
also some differences. For instance, the complexation between MES and QDs is the most stable and the
electron amount transferred from MES to CdTe QDs is the most while the absorption intensity of UV-
visible light after complexation is the largest. The stability of the complexes are followed by MPA and TG
and the complexation between GSH and QDs is the most unstable, which is accompanied with the
minimal electron transfer amount and the weakest absorption intensity of UV-visible light. The maximum
absorption wavelengths of CdTe QDs are consistent with the experimental observed wavelength, which
explains the experimental phenomena excellently.

Introduction
In the past two decades, semiconductor nanoparticles have attracted great attention due to their unique
optical properties. Quantum dots (QDs) are de�ned as a semiconductor structure with a physical size
smaller than the exciton Bohr radius (the exciton is an electron-hole pair) [1]. When the semiconductor
size is less than 100 nm, the structures of these nanomaterials may have tunable characteristics and
often exhibit strong quantum con�nement effect. This effect leads to excellent size-related optical
properties, which has received much interests in different �elds such as biomarkers, light emitting diodes
and photovoltaic devices [2]. Up till now, quantum dots have been widely used in many �elds of life
science because of long �uorescence lifetime, excellent biocompatibility and strong anti-photobleaching
ability. In addition, the Stokes shift of quantum dots is very large, the excitation spectrum and the
emission spectrum can be clearly separated, it is not easy to overlap, and the in�uence is smaller. [3].

Quantum dots nanocrystals can be synthesized by many methods, such as metal organic synthesis route
[4], but this synthesis method requires severe conditions such as high temperature, toxicity and instability.
Another method is hydrothermal synthesis route [5]. However, this method may lead to a large number of
crystal aggregation and uncontrolled growth to damage the stability of quantum dot nanocrystals and
surface defects to damage the optical properties [6]. Therefore, the addition of various surface ligands as
capping agents plays an important role as stabilizer in the formation of nanocrystals, which can control
the size, shape, growth kinetics, optical properties and surface functionalization of quantum dots [7].
CdTe-thiol systems are one of the most successful cases. The most widely used thiol capping agents are
thioglycolic acid (TGA) [8], 3-mercaptopropionic acid (MPA) [9], reduced glutathione (GSH) [10], L-cysteine
(L-Cys) [11], sodium 2-mercaptoethanesulfonate (MES) [12], and 1-thioglycerol (TG) [13]. For instance,
Zhang et al. used TGA, TG and 2-thioethanolamine as ligands [14] to synthesize stable CdTe
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nanomaterials with one-dimensional structure and controllable aspect ratio. Dong et al. [15] found that
the surface of CdTe QDs combined with MPA can remove some trap sites, make the 'dark' quantum dots
become 'bright' quantum dots since the �uorescence e�ciency of the quantum dots are greatly
enhanced. Borchert et al. [16] found that the high photoluminescence quantum yield is attributed to the
effective passivation of surface defects by Cd-thiol complexes formed on the surface of nanocrystals.
Gong et al. [17] prepared water-soluble CdTe QDs by one-pot method using thioglycolic acid (TGA) as
stabilizer and in the presence of L-cysteine and the �uorescence intensity of CdTe QDs increased 1.3
times in comparison with the uncapped structures.

Different capping agents have different binding stability with QDs, and their effects on the optical
properties of QDs are also different. Silva et al. [18] studied the complexation stability of GSH, TGA, MPA
and TG ligands with CdTe QDs, and found that GSH has higher steric hindrance and weaker
complexation, while the other three ligands has stronger complexation with the surface of nanocrystals.
Huang et al. [19] studied the effect of three different capping ligands TGA, MPA and GSH on the
�uorescence intensity of quantum dots and found that MPA-CdTe has the strongest luminescence, which
is followed by GSH-CdTe, while TGA-CdTe has the weakest luminescence, but the differences between the
three capping agents are not obvious. Vale et al. [20] found that TGA, MPA, MES and MPS ligands can
successfully stablize CdTe QDs, and found that the �uorescence lifetime of CdTe/MES QD is higher than
the other three systems. Despite these experimental works, the in�uences of the capping agents to the
properties of quantum dots at atomic level remain to be explored, which need the aid of theoretical
calculations. This paper aims to study the complexation properties of four different capping agents MPA,
GSH, TG and MES with CdTe QDs by theoretical calculation, and explore the complexation stability and
spectral properties of four capping agents on CdTe substrate from the aspects of complexation energies,
bond lengths, frontier molecular orbitals and electronic con�gurations. Based on the obtained results, we
hope to reveal the relationship between the complexation stability and spectral characteristics from
microscopic point of view.

Calculation Methods
The molecular structures are optimized using density functional theory (DFT) [21], with the M05
functional implemented in Gaussian09 [22] Inner core electrons of Cd and Te atoms are treated using
pseudopotentials and outer valence electrons are described with LANL2DZ basis sets [23] while C, H, O, N
and S are described with 6–31 + G* basis sets [24]. Frequency analysises are performed to verify that the
optimized structures are indeed minimum energy structures with no imaginary frequencies. For UV-visible
absorption spectra, the time-dependent density functional theory (TD-DFT) with the same functional and
basis sets [25] is used. Complexation energy is de�ned as:

Eads = Eadsorbate + Ecluster − Eadsorbate/cluster

Eabsorbate is the energy of ligand, Ecluster is the energy of (CdTe)n cluster, Eabsorbate/cluster is the total energy
of the complex. The greater the absolute value of Eads, the higher the complexation energy.
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Results And Discussions

Complexing energy and bond length analysis of stable
complexes
We chose (CdTe)n(n=6,9) clusters as model systems [26] to study the capping effects of 3-
mercaptopropionic acid (MPA), reduced glutathione (GSH), 1-thioglycerol (TG) and 2-
mercaptoethanesulfonate (MES) on CdTe QDs. We tried to use different sites such as points, lines and
planes on (CdTe)n(n=6, 9) to bind different ligands, and obtained a variety of complexes. It is found that
when the four ligands are complexed with (CdTe)6, only one Cd atom on the surface of the six-membered
ring and two Cd atoms on the surface are simultaneously complexed to form a stable complexes. When
complexing with (CdTe)9, in addition to the formation of the same stable complexes as (CdTe)6, it also
combines with Cd atoms at the bridge site of (CdTe)9 to form a stable complexes. The optimized stable
complexes are listed in Fig. 1 and Fig. S1. Complexation energies and some crucial bond lengths are
listed in Table 1. In the diagram, A-MPA, A-GSH, A-TG and A-MES represent stable complexes using 3-
mercaptopropionic acid, reduced glutathione, 1-thioglycerol and 2-mercaptoethanesulfonate as capping
agents and the numbers represent different binding sites (CdTe)n(n=6,9), respectively.

 
Table 1

The complexation energy and bond length of MPA GSH TG and MES on (CdTe)n(n=6,9) respectively

complexes Energy
kcal/mol

bond length r/
Å

complexes energy
kcal/mol

bond length r/Å

A1-MPA 49.88   A1-GSH 34.12  

A2-MPA 57.73 2.524 A2-GSH 46.66 2.560

A3-MPA 65.20   A3-GSH 48.40  

A4-MPA 67.38 2.496 A4-GSH 59.01 2.547

A5-MPA 64.50 2.514 A5-GSH 54.17 2.522

A1-TG 55.08   A1-MES 82.87  

A2-TG 56.22 2.520 A2-MES 84.29 2.461

A3-TG 71.14   A3-MES 103.95  

A4-TG 67.11 2.496 A4-MES 112.68 2.446

A5-TG 67.15 2.492 A5-MES 90.11 2.460

Among the complexes formed by using MPA as capping agent, A2-MPA is the most stable complexes on
(CdTe)6, with the complexation energy of 57.73 kcal/mol and bond length of the formed Cd1-S bond is
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2.524 Å. In the same time, A4-MPA is the most stable complexes on (CdTe)9, with the complexation
energy of 67.38 kcal/mol and bond length of the formed Cd1-S bond is 2.496 Å. When GSH interacts with
(CdTe)6 and (CdTe)9, respectively. A2-GSH is the most stable complexes on (CdTe)6 and A5-GSH is the
most stable complexes on (CdTe)9. Their complexation energies are 54.60 kcal/mol and 59.69 kcal/mol,
respectively. The bond lengths of the formed Cd1-S bonds are 2.570 Å and 2.533 Å. For capping agent
TG, A2-TG and A3-TG are the most stable complexes on (CdTe)6 and (CdTe)9, respectively. The
complexation energy of A3-TG is higher than A2-TG. The complexation energy of A3-TG is 71.14 kcal/mol
while A2-TG is 56.22 kcal/mol. In addition, the bond lengths of the formed Cd1-S bonds is 2.520 Å. As the
last capping agent MES, A2-MES is the most stable complexes on (CdTe)6. It’s complexation energy and
bond length of Cd1-S are 84.29 kcal/mol and 2.461 Å, respectively. When MES interacts with (CdTe)9. A4-
MES is the most stable complexes, with the complexation energy of 112.68 kcal/mol and bond length of
Cd1-S 2.446 Å. Based on these result, we can �nd that the complexes formed using capping agents MPA,
GSH, TG and MES with (CdTe)9 is more stable than that those formed by (CdTe)6. Table 1 shows that the
complexation energies using capping agents MES on (CdTe)n(n=6,9) are signi�cantly greater than other
three capping agents at the corresponding site of the substrate, and the bond lengths are also shorter
than that of the other three capping agents, indicating that the complexes using the capping agent MES
on (CdTe)n(n=6,9) are relatively stable. For the other three capping agents, the complexation energies of
GSH with (CdTe)n(n=6,9) QDs is signi�cantly smaller than that of MPA and TG, indicating that the
complexation of GSH with (CdTe)n(n=6,9) QDs are the most unstable complexes, which is consistent with
the experimental results of silva et al. [18].

Energy level analysis of the stable complexes
In order to compare the complexation abilities of these four ligands on (CdTe)n(n=6,9) QDs, we calculated
the frontier molecular orbital energies of (CdTe)n(n=6,9) QDs and ligands before complexing, as shown in
Fig. 2. The frontier molecular orbitals energies of stable complexes are shown in Table 2.
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Table 2
HOMO(eV) LUMO(eV) and △Eq(eV) of (CdTe)n(n=6,9) before adsorption and stable

structures after adsorption
complexes HOMO LUMO △Eq complexes HOMO LUMO △Eq

6*6 6.28 2.49 3.79 9*9 6.07 2.58 3.49

A1-MPA 2.73 -0.29 3.02 A1-GSH 2.98 -0.03 3.01

A2-MPA 3.06 -0.25 3.31 A2-GSH 3.50 -0.20 3.70

A3-MPA 2.96 0.22 2.74 A3-GSH 3.47 0.28 3.19

A4-MPA 3.45 0.14 3.31 A4-GSH 3.61 0.14 3.47

A5-MPA 3.41 0.17 3.24 A5-GSH 3.76 0.47 3.29

A1-TG 2.58 -0.59 3.17 A1-MES 0.99 -1.78 2.77

A2-TG 3.06 -0.21 3.27 A2-MES 1.04 -2.02 3.06

A3-TG 3.24 0.20 3.04 A3-MES 1.47 -1.40 2.87

A4-TG 3.52 0.23 3.29 A4-MES 1.21 -1.31 2.52

A5-TG 3.42 0.30 3.12 A5-MES 1.03 -1.35 2.38

It can be seen from Fig. 2 that before the complexation, the HOMO and LUMO values of (CdTe)6 QDs are
‒6.28 and ‒2.49 eV, respectively. The HOMO and LUMO values of (CdTe)9 QDs are ‒6.07 eV and ‒2.58
eV, respectively. The HOMO and LUMO values of the capping agent MPA are ‒0.14 eV and 2.64 eV,
respectively. The HOMO and LUMO values of the capping agent GSH are ‒1.31 eV and 1.44 eV,
respectively. The HOMO and LUMO values of the capping agent TG are ‒0.25 eV and 3.16 eV,
respectively. The HOMO and LUMO values of the capping agent MES are 2.61 eV and 6.97 eV,
respectively. From the above data, we can see that the HOMO energies of the four capping agents are
higher than the LUMO energies of the both (CdTe)6 and (CdTe)9 QDs, thus the charge transfer from the
four capping agent to (CdTe)n(n=6,9) should be quite easy, indicating that they can be used as excellent
ligands for CdTe QDs. In comparison, the HOMO energy level of the capping agent MES is higher than the
other three capping agents, and it is easiest to transfer electrons to CdTe QDs. The HOMO energy level of
the capping agent GSH is the lowest, indicating that the electron transfer of the capping agent GSH to
CdTe QDs is the weakest, and the stability of GSH-(CdTe)n(n=6,9) is therefore relatively weaker.

It can be seen from Table 2 that the HOMO and LUMO energy levels of the stable complexes are greatly
reduced, and the energy gap value (△Eq) is also signi�cantly reduced. The △Eq of (CdTe)6 decreases
from 3.79 eV before the complexing to 3.02 eV and 3.31 eV after complexation MAP, and (CdTe)9

decreases from 3.49 eV to 2.74 eV, 3.31 eV and 3.24 eV. The △Eq of (CdTe)6 decreases from 3.79 eV
before complexing to 3.01 eV and 3.70 eV after complexing GSH, and (CdTe)9 decreases from 3.49 eV to
3.19 eV, 3.47 eV and 3.29 eV. The △Eq of (CdTe)6 decreases from 3.79 eV before complexing to 3.17 eV
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and 3.27 eV after complexing TG, and (CdTe)9 decreases from 3.49 eV to 3.04 eV, 3.29 eV and 3.12 eV.
The △Eq of (CdTe)6 decreases from 3.79 eV before complexation to 2.77 eV and 3.06 eV after
complexating MES, and (CdTe)9 decreases from 3.49 eV to 2.87 eV, 2.52 eV and 2.38 eV. Comparing the
calculation results of four kinds of capping agents with CdTe QDs, the HOMO level and LUMO level of the
stable con�guration formed by the capping agent MES complex on (CdTe)n(n=6,9) are reduced more, and
the △Eq is also reduced more, indicating that the capping agent MES can produce more dispersed
electron transferring to CdTe QDs to form a more stable complex, and △Eq of the complex is smaller,
which is bene�cial to the electron excitation inside the complex, so it is easier to absorb light energy and
produce molecular �uorescence. The HOMO energy level and LUMO energy level of the stable
con�guration formed by the complexation of GSH with (CdTe)n(n=6,9) decreases the least, and the △Eq
also decreases the least, indicating that the electron transfer between GSH and (CdTe)n(n=6,9) is the
weakest among the four kinds of capping agents, and the complexation is also the most unstable, which
is consistent with the previous analysis.

Frontier molecular orbital and electronic structure analysis
of stable complexes
Figure 3 depicts the frontier molecular orbitals of (CdTe)n(n=6,9), MPA, GSH, TG and MES before
complexation, including the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). It can be seen that the HOMO orbital of (CdTe)n(n=6,9) before the complexation
is mainly localized on the Te atoms, and the LUMO orbital are mainly localized on the Cd atoms,
indicating that Te atom possesses the ability to provide electrons and the Cd atom possesses the ability
to accept electrons in (CdTe)n(n=6,9). The HOMO orbitals of MPA, GSH, TG and MES molecules are mainly
localized on the S atoms which are located on the end of the molecules and the LUMO orbitals are mainly
located on the other end. Such results indicate that the ability to provide electrons in these four capping
agents are dependent on the S atom. Due to the energy of HOMO orbital of S atom in capping agents is
higher than that of LUMO of Cd atom in (CdTe)n(n=6,9). The S atom with charge-donating properties in the
capping agents MPA, GSH, TG and MES molecules is easy to transfer electrons to Cd atom with electron-
accepting ability in (CdTe)n(n=6,9). The complexation process is realized by transferring the lone pair
electrons of S atom to the empty orbital of Cd atom. From the complexation con�guration diagram in
Fig. 1, we can also see that all the complexation mode of the capping agents MPA, GSH, TG and MES
with (CdTe)n(n=6,9) can be attributed to the interactions between the S atom of the capping agents and the
Cd atom of the quantum dots, and the complexation energies are very large and thus the complexes are
stable.

Figure S2 shows the electron density maps of the stable con�gurations of the four capping agents MPA,
GSH, TG and MES on the substrate (CdTe)n(n=6,9), which is useful to determine whether the capping
agents are complexed with (CdTe)6 and (CdTe)9. It can be seen from Figure S2, four kinds of capping
agents and CdTe QDs have obvious overlap of electron cloud, indicating that there are electronic
interactions between the CdTe QDs and the capping agents.
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In order to quantitatively analyze the electronic interaction between the four capping agents MPA, GSH,
TG and MES and the substrate (CdTe)n(n=6,9), we have also listed the Mulliken charge values of Cd and Te
atoms on (CdTe)n(n=6,9) and S atom of the four capping agents before the complexation and the
corresponding atoms in the stable con�gurations after the complexation, which are listed in Table S1. It
can be seen from the results that among all the corresponding con�gurations, the charge transferred
from the capping agent MES to CdTe QDs is the most, followed by MPA and TG, and the least is GSH.
This is consistent with the stability order of the complexes formed by MPA, GSH, TG and MES with CdTe
quantum dots. The coordination of functional groups in organic molecules with metal ions on the surface
of quantum dots will change the surface state of quantum dots, affect the luminescence process, and
lead to changes in the �uorescence lifetime of quantum dots [27]. The in�uence of different organic
ligands on the �uorescence properties of quantum dots is mainly related to the electron-donating or
electron-absorbing properties of coordination groups [28]. When the surface ligands with electron-
donating groups are coordinated with the surface of quantum dots, the surface defects of quantum dots
can be effectively removed, resulting in �uorescence enhancement [29]. The above analysis of charge
transfer ability may explain the phenomenon that the �uorescence intensity of MPA-capped QDs reported
in the experiment is slightly larger than that of GSH-capped QDs [19].

3.4 Analysis of UV-Vis absorption spectra of coordination con�guration

It is pointed out that the change of �uorescence signal caused by the surface effect of quantum dots is
due to the formation of ground state complexes between the organic functional groups on the surface of
quantum dots and metal ions, which changes the surface state of quantum dots and tends to cause
signi�cant changes in the UV-Vis absorption intensity [30]. Therefore, we calculated the UV-Vis absorption
spectra of CdTe QDs, as shown in Fig. 4(a); And the UV-Vis absorption spectra of stable complexes
formed between capping agents MPA, GSH, TG and MES and (CdTe)n(n=6,9) are shown in Fig. 4(b), 4(c),
4(d) and 4(e). It can be seen from Fig. 4(a) that the maximum absorption wavelengths of (CdTe)6 and
(CdTe)9 are located around 400 nm. The maximum absorption wavelength range of CdTe QDs obtained
in the experiment is 400–500 nm [31–32], which is in good agreement with our calculation results.
Comparing Figs. 4(a), 4(b), 4(c), 4(d) and 4(e), it can be seen that the UV-visible absorption intensity of
CdTe QDs is signi�cantly enhanced after the addition of capping agents MPA, GSH, TG and MES.
According to the analysis by Zhu et al. [29], MPA, GSH, TG and MES have strong coordination with QDs,
which changes the surface state of QDs and causes the change of UV-Vis absorption intensity of CdTe
QDs. However, compared with Fig. 4(b), 4(c), 4(d) and 4(e), it can be seen that the UV-visible absorption
intensity of the QDs coordinated by MES is the largest, followed by MPA and TG, and GSH is the smallest.
It indicates that among the four ligands, the coordination between the capping agent MES and CdTe QDs
is the strongest, followed by MPA and TG, and GSH is the weakest. This is consistent with the previous
analysis.

Conclusions
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In this paper, the density functional theory and time-dependent density functional theory are used to study
the complex characteristics between the capping agents MPA, GSH, TG, MES and CdTe QDs, respectively.
The results indicate that MPA, GSH, TG and MES have strong interaction with CdTe QDs through the
analysis of complexation energies, bond lengths, electron densities, Mulliken charges and frontier
molecular orbitals. Among them, MES-CdTe complexes are the most stable complexes after
complexation, which is also accompanied with the largest electrons transfers from MES to CdTe QDs, the
strongest interaction energy between MES and CdTe QDs. The complexation energies are followed by
MPA and TG while GSH is the weakest when forming complexes. In addition, the UV-Vis absorption
spectra of each stable complexes are calculated. The maximum absorption wavelength of CdTe QDs is
within the wavelength range measured in the experiment, indicating that the models and theoretical
methods are reliable. The UV-Vis absorption intensity of MES-coordinated QDs is the strongest, which is
followed by MPA and TG while GSH is the weakest. This indicates that the absorption intensity is closely
related with the complexation energies between four capping agents and CdTe QDs, which might �nally
have some in�uences on their �uorescence Our research can provide theoretical support for the
experimental use of MPA, GSH, TG and MES as capping agents for CdTe QDs.
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Figures

Figure 1

The stable complexes of MPA on (CdTe)n(n=6,9) respectively
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Figure 2

The HOMO levels and LUMO levels of MPA GSH TG MES and (CdTe)n(n=6,9) before complexation

Figure 3
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The frontier molecular orbitals diagram of MPA GSH TG and MES before and after complexation on
(CdTe)n(n=6,9)

Figure 4

UV-Vis absorption spectrum of bare CdTe QDs (a) and stable complexes of MPA(b) GSH(c) TG(d) and
MES(e) after complexation
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