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The widespread applications of quantum dots (QDs) have spurred an increasing interest in the study of
their coating ligands, which can not only protect the electronic structures of the central QDs, but also
control their permeability through biological membranes with both size and shape. In this work, we have
used density functional theory (DFT) to systematically investigate the electronic structures of (CdSe);;
passivated by OPMe,(CH,),Me ligands with different lengths and various numbers of branches
(Me=methyl group, n = 0, 1-3) as well as different number of ligands ((CdSe),3+[OPMe,(CH,),Me],, (m
=0, 1, 9, 10)). Our results show that the absorption peak in the ultraviolet-visible (UV-vis) spectra
displays a clear blue-shift, on the scale of ~100 nm, upon the binding of ligands. Once the total number of
ligands bound with (CdSe),3 reached a saturated number (9 or 10), no more blue-shift occurred in the
absorption peak in the UV-vis spectra. On the other hand, the aliphatic chain length of ligands has a
negligible effect on the optical properties of the QD core. Analyses of the bonding characteristics confirm
that optical transitions are dominantly governed by the central QD core rather than the organic
passivation. These findings might provide insights on the material design for the passivation of quantum

dots for biomedical applications.

Introduction

The unique optical properties of quantum dots (QDs) have been
widely applied to the design of functional materials, including
photoenergy converters and nano-sized sensors'”. Their
versatilities are largely originated from QDs’ easy adaptability on
various physicochemical factors such as particle sizes, atomic
compositions, and surface modifications'®!”. More interestingly,
inorganic QDs with comparable sizes to many biomolecules are
recently proposed as potential platform for nanodrug carriers
and/or diagnostic agents'®?’. These advances have raised serious
requirements on a solid premise on the biosafety of QDs in a
highly degradable biological environment.

Biocompatibility is usually achieved by the surface passivation
on QDs with biocompatible organic molecules, so as to secure the
toxic QDs in the core as well as to avoid their direct contacts with
biomolecules®® *. The passivation is also inevitable in stabilizing
and dispersing QDs in an aggregation-prone aqueous medium,
where the organic layer reduces the highly reactive surface

potential®' 3, an intrinsic property of colloidal semiconductor
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nanoparticles due to high curvature
modification is accompanied by its critical influence to the
chemical and electronic structures of QDs'" '®. Recent theoretical
studies show that the passivating ligands can form stable
coordinations on QD surface, sustaining the chemical structure of
the QD**. On the other hand, experimental study (e.g. PbSe
QD) revealed a complex behaviour between the PbSe-QD core
and passivating organic layer in controlling the optical property™.
Thus, it is crucial to understand electrochemical effect of the
passivating ligands on QDs in developing biocompatible and
stable QDs, while simultaneously maintaining their desired
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Fig. 1 Left: The optimized bare (CdSe);;-cage structure with C;
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symmetry ; Right: a single ligand structure: OPMe,(CH,),Me; Middle: the
optimized (CdSe);3-+90PMe,(CH,)Me complex structure with C;
symmetry. The dotted lines indicate the ligand passivated sites. (Cd: faint
yellow, Se: deep yellow, O: red, P: pink, C: gray, and H: white. similarly

hereinafter)

Here, we systematically investigate the ligand effect on the
electronic structure of a typical (CdSe);; quantum dot**°. A bare
CdSe-QD is toxic which can cause massive cell deaths in vivo
tests?® 3°, despite its excellent optical property and promising
potential for biomedical applications. Thus, an effective
passivation would be a critical step for avoiding any detrimental
effect on the host biosystem as well as stabilizing the chemical
and structural integrity of the QD** *!. A spherical structure of
(CdSe),; and a large surface-to-volume ratio facilitate a high
density coating with various organic ligands®?®, Among many
available ligands coupled to CdSe-QDs***’
phosphine (TMPO)

OPMe,(CH,),Me, n=0, 1-3) due to their high ligand exchange

, we selected trimethyl

oxide and its derivatives (i.e,.

capacity on the CdSe surface®. Despite several studies on this

1734 48 there are still quite a few

important ligand coating
interesting questions remaining, such as what kind of length
effect the ligand might have, whether the number of branches
matter, and how sensitive the coating is to the number of ligands.
In this study, we used the first-principal density functional theory
(DFT) to systematically study these important effects, which has
been proven as a useful methodology for similar systems of
molecular adsorption'” 3133 452 We investigated the optical
property changes of the (CdSe);; core, including electronic
spectra, electron transfer and density of state, binding energy with

varying surface capping density and alkyl chain length of the

passivation ligands.

Computational Methods

The structure of the bare (CdSe);; QD was revealed from
mass spectrometry, which could exist as a stable cage structure®’.
Cadmium ions were determined as the primary cause of
cytotoxicity in their applications in vivo®®. The passivated
structures have thus been generated with TMPO on top of the
toxic Cd atoms™. In order to study the capping density effect, we
prepared three different systems depending on numbers of
TMPOs (i.e., 1, 9 and 10; Supporting Information Part 1). The
ligands were firstly set to coordinate the unsaturated Cd atoms for
cases of 1 and 9 TMPOs. The last ligand with 10 TMPOs was
placed on the saturated Cd atom (i.e., Cd (2) in Fig 1), which was
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located on the axis of the 3-fold symmetry of the (CdSe),;-cage.
For the effect of alkyl chain lengths of the passivated ligands, we
also varied the chain length of one of the methyl groups of TMPO
from methyl to butyl (i.e., OPMe,-(CH,),Me, n =0, 1-3).
Previous study have shown that the hybrid exchange
correlation functional B3LYP*"* of DFT with LANL2DZ basis
set is appropriate for describing electronic properties of CdSe
QDs, Whether it is pure theory or the combination of the
theoretical and experimental work*® 3> %% And the organic
passivation undergoes with a weakly-coupled interaction which is
based on electrostatic interaction formation™, rather than the
weak van der Waals interaction between molecules. Thus the
results of the DFT-B3LYP method without the empirical
dispersion term have been gived in the text, and a compare with
the results including the empirical dispersion contribution (using
the B3LYP-D3 method) was performed in the Supporting
Information part 2. Accordingly, the B3LYP method was
employed to optimize all geometric structures'’. Considering that
the molecular passivation may create atypical bonds, we added d
polarization functions for all the C, O, and P atoms, and also
added p polarization functions for all the H atoms by using
double-¢ basis set ¢ for the ligands. We also examined the
symmetry effect on the molecular geometry and electronic
structures by imposing the systems with C; symmetry®’. The
vibrational frequencies were calculated at the same level of
theory to verify the minima of the corresponding structures
(Supporting Information part 3). In addition, the time-dependent
density functional theory® (TD-DFT) was also used to study UV-
vis absorption spectra. Previous research has shown the solvent
effect is not significant on UV-vis spectra of passivated CdSe QD
system®, therefore it will not be introduced in the calculation.
All the calculations were performed with the Gaussian 09

program package®.

RESULTS and DISCUSSION
UV-vis absorption spectra of QD
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CdSe+90PMe,(CH,),
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Fig. 2 The UV-vis absorption spectra of (CdSe);s+[OPMe,-
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(CHz):Me]m (m =0, 1, 9, 10). Different colors represent different QD
complex structures. Dash-dot lines represent the corresponding
structure with C3 symmetry. The numbers indicate the wavelengths of

electronic absorption peaks.

It is well established that CdSe-QD has unique optical
properties. In this work, we first focus on the significant
absorption peak with the maximum excitation wavelength, which
is contribution by valence orbital transitions, and the calculated
is

results comparable with previous

UV-vis

reports  (Supporting

Information part 4).The absorption spectra are
dramatically shifted upon passivation, where the peak is blue-
shifted by ~95 nm from 487 nm of the bare QD core (Fig 2a).
However, it seems converged to ~395 nm after 9 ligands,
whereafter the peak moves only 3 nm to the blue (i.e., 392 nm)
with 10 ligands. On the contrary, the UV-vis spectra are not
sensitive to the allipatic chain length of the coordinated ligands
(Fig 2b). Our result clearly indicates that the organic passivation
has a significant effect on electronic absorption bands of the
CdSe core. Similar blue-shift effect is consistent with recent
study on UV-vis spectra of (CdSe); passivated by methylamine

ligands™®. And then, we also considered the effect of dispersion

=2

40

interaction between QD and ligands on the UV-vis spectra using
the B3LYP-D3 method and found that the max absorption peak
has only a little blue-shift (about 10 nm) compared with the result
above (Supporting Information Part 2).

In order to further validate our current theoretical approach,
we compared our findings with available data from previous
studies. There are several previous studies with both theoretical
and experimental methods on the UV-vis spectra of CdSe QDs**
% Table SI (Supporting Information Part 4) summarizes UV-vis
spectra observed for various sizes of QDs saturated in TOPO
solvent. It is clear that the maximum excitation wavelength
decreases from 550 nm to 415 nm as with decrease of particle
size 3.1 nm to 1.2 nm. Since the experimental results are all for
QD nanostructures of larger than our system of ~0.9 nm, it is
difficult to directly compare®”. Nonetheless, the trend seems
reasonable to be extrapolated to our calculated excitation
wavelength 400 nm. In other words, with the decrease of the size
of the center quantum particles, the excitation wavelength
displays a clear blue-shift. In this work, the diameter of the bare
(CdSe)3-cage is 0.9 nm, so it can be inferred from Table S1 that
the maximum excitation wavelength should be less than 415 nm,

which agrees well with our result of about 400 nm.

Table 1 The excitation energies (E in eV), excitation wavelength (A in nm), oscillator strengths (£>0), and excited-state composition with

contribution percentages [similar statistical methods have been reported *°] of the two kinds of asymmetrical structure.

structure E A f Transition
(CdSe);3 2.52 493 0.032 49% HOMO-2 [Cd 5p 5%, Se 4p 95%]
—LUMO [Cd 55 70%, Se 4p 30%]
2.56 485 0.030 1% HOMO-1 [Cd 5p 8%, Se 4p 92%]
—LUMO
47% HOMO [Cd 5p 8%, Se 4p 92%]
—LUMO
2.56 485 0.030 47% HOMO-1-LUMO
1% HOMO—LUMO
(CdSe);3+90PMey(CHy),Me  3.02 411 0.085 49% HOMO [Cd 5p 6%, Se 4p 94%]
—LUMO [Cd 55 68%, Se 4p 32%]
3.13 396 0.096 48% HOMO-1 [Cd 5p 7%, Se 4p 93%]
—LUMO
3.23 384 0.125 2% HOMO-3 [Cd 5p 9%, Se 4p 91%]

—LUMO

46% HOMO-2 [Cd 5p 8%, Se 4p 92%]
—LUMO
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On the other hand, Table S2 (Supporting Information Part 4)
shows the peak positions of the 0.9 nm (CdSe)5-cage depending
on degree of passivation. They ranges from 487 nm in bare

(CdSe),; to 400 nm in (CdSe);3+90PMe,(CH,)y, 1.3Me-symmetry

©w

passivation. As shown above, passivation obviously induced
significant blue-shift in the excitation wavelength, consistent with
previous findings’!. These comparisons confirmed that our
current approach is reliable.
10 We then computed the detailed excitation transition
energies, oscillator strengths, and related molecular orbital
composition, to further understand the origin of the electronic
absorption peak (Table 1 and Supporting Information Part 5).
Electronic transitions mostly occurred in four highly occupied
molecular orbitals (i.e., HOMO-3 to HOMO). For example,

(CdSe),3+90PMe,(CH,),Me shows the electronic transition from

3

the first four front occupied orbitals to LUMO, where the
symmetry constraint only causes a few nanometer shift of the

absorption peaks. It is noteworthy that all the -electronic

53

transitions are only originated from the central QDs, independent
of ligands. The orbital localization is depicted in Table 2 and S4
(Supporting Information Part 6), where HOMO and LUMO are
dominantly created in the CdSe-core regardless of the ligands.
The vibration spectra clearly show that there is no collaborative
»s vibration between central (CdSe);; and ligands (Supporting

Information Part 2).

Table 2 The highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of bare (CdSe);3 cage

30 asymmetrical structure, (CdSe);3+90PMe,(CH,),Me asymmetrical
structure and (CdSe);3+100PMe,(CH;),Me structure.

MO (CdSe)13 (CdSe)13+ (CdSe)13+
90PMe,(CH,) 100PMe,(CH
zMe 2)2Me
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Mulliken charge populations for CdSe

In addition, the charge delocalization can be assessed by the
35 extent of charge transfer, which is found to be relatively small
overall. Using the case of (CdSe);3+90PMe,(CH,),Me (n=0, 1-3)
as an example, Mulliken charge populations are varied by less
than 0.1 e for the representative core atoms (i.e., Se(1), Cd(2),
Cd4), Cd(5), Cd(6)) from the various passivation. Also,
40 compared to the bare system (Cdi3Sej3), QDs with surface
passivation are slightly easier to lose and obtain electrons for Cd
and Se atoms, respectively. Nevertheless, the net charge transfer
in (CdSe);3+90PMe,(CH,);Me (from the ligands to the core) is
only about 0.156 e per ligand.
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Fig. 3 Mulliken partial charge populations for surface Se and Cd
atoms. The positions of these atoms are shown in Fig 1(left) in which
the numbers are corresponding to the position of Se and Cd. The
so abscissa I, II, III, and IV represents bare (CdSe)i3-cage symmetrical
structures and (CdSe);3+90PMe,(CHz),Me (n=0, 1-3) symmetrical

structures, respectively.

The chain length has a negligible effect on the charge

ss distribution, which is particularly obvious for atoms Cd(2) and
Cd(3) due to no dangling bonds for passivating ligands. It is also
non-sensitive with the symmetry constraint (see red and blue
curves in Fig 3). This indicates that there is no obvious chemical
bonding between QD and ligands (Supporting Information Part 7),
0 but only partial charge polarization. Our results support that the
CdSe-QD is kept stable even with TMPO saturated on the surface,
which would be important for QD to properly serve as an optical
probe in the highly degradable biological media, although the

optical properties are tuned by the degree of passivation.
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DOSs of the system
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We calculated the density of states (DOSs) of the system.
The DOS varies sensitively depending on the degree of
passivation (Fig 4a). The Fermi level is shifted up to ~2.5 eV.
The HOMO-LUMO gap increased from 3.0 eV to 3.6 eV for the
bare and the passivated systems (Supporting Information Part 4),
respectively, further confirming the significant blue-shifts in
aforementioned UV-vis spectra. This is also qualitatively
consistent with recent experiment with (CdSe)s passivated by
OPH;’%. Especially, DOS are highly fluctuating between -10.0
and -16.0 eV with the increase of passivation. These fluctuations
are mainly contributed by ligands. From orbital component
analysis we found that these ligand molecular orbitals (MOs) are
mostly localized on the 2p orbitals of C atoms, 2p orbitals of O
atoms, and 3p orbitals of P atoms. On the other hand, the
fluctuations in DOS from -6.5 and -10 eV are from MOs of Se
and Cd atoms, which are strongly localized on the 4p orbitals and
5s orbitals for Se and Cd respectively. There are also some hybrid
orbitals between QD and ligands. DOSs becomes stable once
ligands are saturated (after nine ligands). On the contrary, DOSs
are relatively less sensitive to the symmetry constraints and the
chain length variation (Fig 4b). The shift is only about 10 eV for
Fermi levels of QDs with different chain lengths. Interestingly,
the density of states (DOS) share similar characteristics as
vibrational spectra (Supporting Information Part 3), even though
there is no coordination vibration mode between the ligands and
the central QD. Therefore, we conclude that the increase of the
chain length of ligands would not significantly affect the energy

level position of the QD.

(b)
== CdSe+30PMe,(CH,) Mo
== CaSe+30PMe,(CH,) M
== CdS0+30PMa,(CH Me
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Fig. 4 The different QD structures of DOSs. The dash-dot and solid
lines represent symmetry and asymmetry, respectively. The arrows
represent the position of HOMOs and LUMOs in different structures

and the vertical dotted lines indicate the Fermi level.

The stability of the ligand coating on the (CdSe),; surface is
further studied. We calculated the average binding energy E
per each ligand molecule between the ligand and the (CdSe),;

cluster. Ey, is defined as

40
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1 (CdSe)13

= Ligands
E b = n (E (CdSe)13 +Ligands ~ (E relaxed

relaxed

+E )]

where E (CdSe)13 +Ligands is the total energy of the ligands coating

. (CdSe)13 Ligands
on the (CdSe),3 surface, while E '\~ and E /. represent

the total energies of (CdSe),; and ligands in its relaxed geometry,

respectively, with both the (CdSe);; and ligands being in the

s same atomic configurations as in the relaxed (CdSe);+ligands

system.

Our calculations show the binding energy E | is -1.15 eV
for each OPMe,(CH,),Me when absorbing onto the (CdSe)s
surface, which is comparable to a recent theoretical study, -1.08
eV/ligand for (CdSe)s passivated by OPMe;>’. We also calculated
the average binding energy E for (CdSe),3+ 9OPMe,(CH,),Me
(n=0, 1-3) structures, and the resulting binding energies are 0.88
eV, 0.89 eV, 0.89 eV and 0.89 eV respectively for n=0, 1-3
(Supporting Information Part 8), which suggests the chain length
has only minor effect on the binding energy, consistent with
above electronic structure analyses. These binding energies also
the (CdSe)3
OPMe,(CH,),Me ligands are quite stable. Furthermore, the IR

suggest clusters passivated by various
vibrational spectra data also support that the QD is stable with
only relatively weak coupling to the passivation organic

molecules (Supporting Information part 3).
Conclusions

In this work, we systematically studied the electronic
structures of (CdSe),; nanocluster passivated TMPO ligands, with
different chain lengths, different number of branches, and
different number of ligands. Our calculations indicate that the
coating ligands can significantly blue-shift the position of the
absorption peaks of UV-vis spectra (on the scale of 95 nm). Once
the passivation is saturated on the surface of (CdSe);; (i.e., 9
ligands in this case), the absorption peaks in the UV-vis spectra
tend to be stabilized. The analyses of valence MOs of passivated
QD structures indicate that the active orbital regions are localized
in the center of (CdSe);3 QD. Moreover, from the UV-vis spectra
of (CdSe),; coated with 9-ligands, we find that (CdSe);3 QD is
insensitive to the branch length of ligands. Similar conclusion is
also reflected in the binding energy, DOS spectra and vibration

spectra.

Since CdSe QDs are widely used in many applications

including biomedical ones, it is critical to fully understand their
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electronic structures as well as effects from coating ligands. Our

current extensive study clearly shows that the optical
characteristics of QD will not change much even in the saturated
passivation as well as the length variation of ligand alipathic
chains. Even though our current findings are based on (CdSe),s,
we believe these conclusions can be applied to other QDs of
different sizes, and provide new insight on  biomedical

applications of QDs.
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The absorption peak displays a clear blue-shift on the scale of 95 nm for quantum dots (CdSe);3
s passivated by OPMe,(CH;),Me ligands in the ultraviolet-visible (UV-vis) spectra.
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