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Abstract The structural and electronic properties of the

CdSe nanoclusters, which have been intended to model

quantum dots, have been examined by means of time-

dependent density functional (TDDFT) calculations. The

optical spectra were first simulated using the standard lin-

ear response implementation of the TDDFT (LR-TDDFT)

in a series of calculations performed using different basis

sets and exchange–correlation functionals. In a second

step, the real-time TDDFT implementation (RT-TDDFT)

was used to simulate the optical absorption spectra of the

CdSe nanoclusters, both naked and capped with ligands. In

general, we found that the RT-TDDFT approach success-

fully reproduced the optical spectrum of CdSe clusters

offering a good compromise to render both the optical and

the geometrical properties of the CdSe clusters at lower

computational costs. While for small systems, the standard

TDDFT is better suited, for medium- to large-sized sys-

tems, the real-time TDDFT becomes competitive and more

efficient.

Keywords TDDFT � CdSe � Absorption spectrum �
UV–Vis � Quantum dot � Real-time TDDFT

1 Introduction

The flexibility and variety of structures of quantum-con-

fined, semiconducting clusters nowadays opens a vast field

of applications. These so-called quantum dots (QDs) can be

tuned in size and shape by controlling temperature, sol-

vents, and ligands. For instance, different organic ligand

molecules prefer to bind to different facets of a QD, and

therefore, the nanocluster will grow along specific direc-

tions. Such properties make available the growth of com-

plex nanostructures like tetrapods [1] or hourglass-like

nanoclusters [2]. Most certainly, advances in experimental

and theoretical methodologies will lead to applications and

structures that today just exist in our imagination.

Quantum dots are thought of being artificial atoms since

their electronic wave functions are confined in 3 dimen-

sions. This confinement leads to a quantization of the

electronic states, resulting in localized orbitals rather than

in a band structure description of a bulk semiconductor.

The size of a QD is typically within the range of a few nm,

which is an order of magnitude smaller than the Bohr

exciton radius in the corresponding bulk material. Another

consequence of the small size of the QDs is a high surface-

to-volume relation, which leads to a particular restructuring

of the QD surface. For a CdSe QD, it was shown that the

tendency is such that the Cd surface atoms move into the

cluster while the Se atoms are puckered out [3, 4]. It is

clear that the electronic environment of these surface atoms

is different from bulk atoms. Unsaturated bonds occur on

the surface, they being a source of surface trap states where

electronic charges are trapped. Trap states are responsible

for bleaching, that is, when no more excitons can be gen-

erated due to the large amounts of energy needed to add

another exciton. This process is highly unwanted since

excitons formed upon irradiation should be harvested to,
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for example, produce electricity in solar cells sensitized

with QDs or emit light in a diode. To avoid trap states,

these unsaturated bonds, or dangling bonds, need to be

passivated.

The QD’s popularity comes also from the fact that they

possess a high photostability and, most importantly, their

absorption spectra can be tuned by simply changing their

size. Moreover, the organic capping ligands can easily be

replaced by different ligands that could render the QDs

water soluble, for instance [5]. This, in turn, offers appli-

cations such as bio-labeling material.

Experimentally, there were several attempts to identify

the size of CdSe nanoclusters [6–9]. For instance, the cage/

core clusters containing 13, 33, and 34 CdSe units were

found to be exceptionally stable CdSe clusters by time-of-

flight mass spectroscopy [7]. In the smallest of these so-

called magic-sized clusters (MSC), the core is formed by

one Se atom. A 6-unit cluster just fits nicely inside the

(CdSe)28 cage which results in a higher binding energy per

CdSe unit than for the (CdSe)33 cage/core cluster [4]. The

first absorption peak of 415 nm (2.98 eV) was attributed to

these larger clusters. However, Nguyen et al. [10] found in

their calculations that the experimentally observed

(CdSe)34 cluster is actually the least stable one. Other work

used the cluster model consisting of 33 CdSe units [11–16].

Nguyen et al. correlated their result to the fact that the

clusters observed by Kasuya et al. by laser ablation

experiments might not follow the thermodynamics of

(CdSe)n as they investigated it. Then, Del Ben et al. were

able to assign the excitonic transition between 350 and

360 nm (3.44–3.54 eV) to the (CdSe)13 cluster by com-

paring the experimental spectrum obtained by Kudera et al.

[8] with that simulated for this specific cluster. Just

recently, an experimental paper was published where the

authors selectively synthesized [(CdSe)13(n-octylamine)13]

and [(CdSe)13(oleylamine)13] nanoclusters [9]. In this

paper, the correctness of the assignation was justified by

presenting elemental analysis and mass spectroscopy. Also,

they used the corresponding spectrum that Del Ben et al.

[11] did present for the (CdSe)13 QD capped with formate/

hydrogen ligand pairs. Both spectra coincide nearly per-

fectly, even though the two groups used different ligands to

obtain their respective spectrum. This is somewhat sur-

prising since Del Ben et al. presented a spectrum for the

(CdSe)33 cluster that has the dangling bonds saturated with

methylamine which is 0.5 eV lower in energy than the QD

saturated with the formate/hydrogen ligand pair.

Typically, organic ligand molecules like phosphines,

phosphine oxides, thiols, and amines are used to cap the

QD, but there are reports that describe the ligation of the

QDs with metal-free inorganic ligands like HS-, S2-,

OH-, and TeS3
2- [17]. Usage of such ligands could

increase the efficiency of QDSSC due to a stronger

electronic QD–QD coupling [18]. However, it provides the

possibility to tune the properties as such as to use QDs as

electronic devices, too. Unfortunately, these ligands are not

easily incorporated in a model system that could be used

for such calculations due to their charged nature.

Albert et al. [15] investigated the dependence of the

electronic structure of the (CdSe)33 cluster on the compu-

tational method and stated that at least a LANL2DZ basis

set is necessary to obtain accurate geometries of the clus-

ters. For organic ligands, they propose to also include

polarization functions in order to calculate correct binding

energies between clusters and ligand molecules. The effect

of the exchange–correlation (xc) functional on the lowest-

energy optical transitions is more pronounced. Generalized

gradient approximation (GGA) functionals underestimate

band gaps and miss relevant excitonic effects in the optical

transitions, whereas hybrid functionals give results that are

more satisfying. On the other hand, they found that solvent

effects have only little influence on the absorption spec-

trum, blue-shifting it by 0.2–0.3 eV. A different study

investigated the influence of amines and phosphine oxides

on the optical spectrum [12]. They also varied the number

of capping ligands in order to observe a change in the

spectra. These hybridized surface states near the band gap

increase the density of electronic states, the effect being

stronger for phosphine oxides than for amines. This

behavior suggests a more likely electron–phonon coupling

with high-frequency vibrations in the ligand, thus provid-

ing a possible explanation of why electron relaxation is

more effective when CdSe QDs are capped with phosphine

oxides than with amines.

Most commonly, to calculate the electronic spectra to

study optical properties of QDs, the linear response time-

dependent density functional theory (LR-TDDFT)

approach [19] is used [6, 15, 20]. Another methodology is

the so-called configuration interaction (CI) [21], applied,

for example, in the work of Isborn et al. [22]. The fre-

quency domain or standard implementation of TDDFT and

CI is, however, demanding for calculations of medium- and

large-sized systems. Recently, it was shown that real-time

TDDFT (RT-TDDFT) is a convenient alternative in the

computation of the absorption spectra of organic dyes used

in solar cells (DSSC) [23–27]. The technique allows for the

simulation of not only the dye, but also a relatively well-

sized [23–25] cluster representing the semiconducting

support. The methodology allows even more elaborate

approaches used to calculate the rate of the photoinduced

electron transfer [28].

In this paper, we report a computational analysis of the

electronic absorption spectra of CdSe QDs by means of

RT-TDDFT using a variety of xc-functionals and basis sets

available in an all-purpose solid-state chemistry code. In

order to facilitate the analysis of the spectra thus obtained,
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several spectra have also been computed applying the LR-

TDDFT approach. Our aim is to benchmark several xc-

functionals and basis sets and to check if and to what extent

such technical details influence geometry and optical

spectrum of the CdSe quantum dots. After that, we calcu-

lated and compared the absorption spectrum of a given

nanocluster where different Cd surface atoms were

saturated.

2 Models and computational details

Three differently sized CdSe clusters and its ligated vari-

ants were employed in this work. The smallest cluster

consists of 6 units of CdSe (Fig. 1a, b). It is the smallest

possible cluster that still reproduces the wurtzite structure

of bulk CdSe. The bond distances d1 are determined as the

Cd–Se bond within the 6-membered ring, whereas d2 is the

bond between a Cd and Se atom located in two adjacent

rings. The bond angle a1 is calculated as the bond angle

including Se–Cd–Se, all of them form part of the hexa-

meric ring. Finally, a2 is the bond angle that includes again

Se–Cd–Se but one Se atom is in the other ring. To saturate

the Cd atoms, we used 6 molecules of methylamine (MA)

(Fig. 1c, d). Yang et al. [29] reported that even for the

small (CdSe)6 cluster, the 2-coordinated Cd atoms are not

saturated with two ligand molecules; therefore, we will not

employ such model systems for ligated clusters. We

employed these clusters to simulate the absorption spectra

based upon both LR-TDDFT frequency domain calcula-

tions and real-time propagation of the wave function in the

time domain (RT-TDDFT). Following this procedure, we

are able to benchmark the spectra obtained with RT-

TDDFT against the LR-TDDFT methodology. Addition-

ally, modeled after the cage/core clusters reported by

Kasuya et al. [7], we employed here the (CdSe)13 and the

(CdSe)34 clusters. The medium-sized (CdSe)13 cluster

consists of a 1 Se atom core as represented in Fig. 2a, b.

The saturated cluster, (CdSe)13(MA)9, is sketched in

Fig. 2c, d. This is somewhat different to the model

employed by Yang et al. [29] where they use 10 ligand

molecules. Here, we find that one Cd atom indeed forms

bonds to 4 adjacent Se atoms; therefore, we see no need for

it to be saturated with a ligand molecule. Finally, the

largest cluster, which we have considered for this work,

consists of a cage of 28 CdSe units into which a (CdSe)6

core is introduced, cf. Fig. 3a, b. From the 28 surface Cd

atoms, six are 4-coordinated. The remaining 22 surface Cd

atoms are all 3-coordinated and, consequently, are satu-

rated with one MA molecule (Fig. 3c, d).

From a computational point of view, this work consists

of two parts. The first part includes LR-TDDFT calcula-

tions, which were performed using the GAUSSIAN 03

program suite [30]. In order to simulate the absorption

spectra, over 400 singlet transitions were employed in

selected calculations. Four different density functionals and

a large number of different basis sets were employed as to

investigate the influence of them on the spectra. The basis

sets used were LANL2DZ, cc-pVDZ, def2-SVP, and def2-

TZVP for both Cd and Se. Effective core potentials (ECP)

were employed to describe the core region. For the

LANL2DZ basis set, the valence electron density is defined

by the 4d105s2 electrons of each Cd and the 4s2p4 electrons

for the Se atoms. The valence region described with the cc-

pVDZ basis set contains the 4s2p6d105s2 electrons for Cd

and for Se the 3s2p64s2p4 electrons. The def2-SVP and

def2-TZVP basis sets include the same valence for Cd as

for the cc-pVDZ basis set, while for Se it is an all-electron

basis set. When the (CdSe)6 cluster is ligated with

methylamine, then the 6-31G(d) basis set was applied to C,

N, and H. The xc-functionals were represented by the GGA

density functionals PBE [31] and BLYP [32, 33], and two

hybrid functionals, PBE0 [34–37] and B3LYP [33, 38].

Since the B3LYP functional was parameterized against the

G1 database of Pople et al. [39], for which it gives excel-

lent results, its performance might differ when a system is

investigated that contains heavier atoms, as it is the case for

semiconductors. It is worth noting that the combination

LANL2DZ/B3LYP was reported to reproduce adequately

the electronic properties of CdSe systems [40]. The PBE0

hybrid functional, on the other hand, is known to overes-

timate the band gaps of semiconducting material. The

(CdSe)6(MA)6 system was only calculated with PBE. We

did not introduce a solvent model in the calculations as it

was shown that the effect on the spectrum is not significant

[15].

The second part consists of the calculation of absorption

spectra in the time domain using the CP2K/QUICKSTEP pro-

gram [41, 42], which uses a hybrid Gaussian and plane-

wave basis set based on DFT. Here, the PBE and the hybrid

PBE0 functionals were considered together with norm-

conserving Goedecker–Teter–Hutter (GTH) pseudopoten-

tials [43–45]. For both Cd and Se, the short range,

molecularly optimized double-f single-polarized basis set

(m-SR-DZVP) was applied [46]. For Cd, the 4d105s2

valence electrons are included and for Se the 4s2p4 elec-

trons. It was reported that increasing the basis set for Cd

and Se to triple-f quality does not result in relevant dif-

ferences [11]. The m-DZVP basis set is applied on the

ligand atoms only. It contains more diffuse functions [46],

which is in spirit with Albert et al. [15] who proposed to

use polarizable functions at least on the ligand atoms. The

geometries were optimized until the gradients were smaller

than 0.01 eV/Å and the cutoff for the SCF procedure was

set to 10-7. The box length of the simulation cell was set as

such that in each direction at least 15 Å of vacuum is
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introduced. The absorption spectra were calculated using

the RT-TDDFT methodology introduced by Chen et al.

[27]. Shortly, this method consists in applying an ultra-

short electromagnetic pulse on the ground-state electronic

wave function. It follows the propagation of the perturbed

wave function during which the dipole moment for each

time step was calculated. Through a Fourier transformation

of the induced dipole moment, the absorption cross section

will be obtained. Similar to their work, we set a stepwise

electric field pulse with duration of 0.0121 fs and a mag-

nitude of 0.5 V/Å. The excited wave function was propa-

gated during 4000 steps, using the ETRS propagator [47],

with a time step of 0.0121 fs.

3 Results

First, we look at the geometrical properties of the bare

cluster. We observe that the performance of the different

basis sets changes. Larger basis sets give better geometries

than the smaller ones [15]. In Table 1 are the geometrical

parameters tabulated that define the bare cluster. At the

B3LYP/LANL2DZ level of theory, the same geometry was

reported earlier in literature [6, 10]. The bond lengths

obtained with the PBE functional and the m-SR-DZVP

basis set almost exactly reproduced the bond lengths

obtained when the def2-TZVP basis set is used, indicating

a very nice performance of these basis sets in terms of

geometrical properties. Again, going along with the find-

ings of Albert et al. [15], we observe that the geometry is

quite basis set dependent.

Now, we turn our attention to the optical absorption

spectra. In a first step, we quantify the blue-shift induced

by saturating the dangling bonds on the Cd atoms by

comparing the absorption spectra of (CdSe)6 and the liga-

ted cluster. The spectra computed with the LANL2DZ

basis set and the PBE functional, within the LR-TDDFT

approach, are represented in Fig. 4. In the bare cluster, the

transition occurs at a first absorption peak maximum of

2.68 eV. The excitation takes place between the HOMO-2,

which is composed by a large part of 4p Se orbitals, and the

LUMO, which mainly consists of the 5s orbitals on the Cd

atoms. This can be rationalized by taking into account the

symmetry of the involved MOs. The (CdSe)6 cluster

belongs to the D3d point group, and its HOMO-2 has A2u

symmetry and its LUMO A1g. The HOMO-1 and the

HOMO have Eg symmetry; therefore, the transition

between these two MOs and the LUMO is symmetry-for-

bidden. The first absorption peak maximum for

(CdSe)6(MA)6 is found at 3.08 eV, in very good agreement

with the experimental value of 3.14 eV obtained in a TOP/

TOPO solvent mixture [6]. The excitonic transition at

Fig. 1 Sketch of the (CdSe)6

cluster. The top view and side
view of the bare cluster are

represented in a and b, and for

the ligated cluster, they are

sketched in c and d. In a, the

bond distance d1 and the bond

angle a1 are indicated, whereas

in b, d2 and a2 are shown. See

the main text for details. Cd

atoms are represented in green,

Se in yellow, N in blue, C in

black, and H in white
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3.08 eV includes the HOMO-2, HOMO-1, and HOMO

orbitals and excites an electron into the LUMO. The two-

fold degeneracy of the HOMO-1 and HOMO must have

been broken due to the presence of ligand molecules. We

also calculated the spectra for bare cluster where the cc-

pVDZ, def2-SVP, and the def2-TZVP basis sets were

applied in combination with the PBE functional. We find

that these larger basis sets shift the spectrum to the red,

which is not desirable in this context.

Let us now compare the spectra obtained with the dif-

ferent xc-functionals. The spectra computed using the

LANL2DZ basis set for both Cd and Se are reported in

Fig. 5. Clearly, the BLYP functional does not account

satisfactorily for the position of the first absorption maxi-

mum; it underestimates it by roughly 0.6 eV. On the other

extreme, the PBE0 hybrid functional does suffer from its

known limitations: it overestimates the first absorption

peak by almost 0.4 eV. The B3LYP functional performs

much better as it gives a value that is only slightly below

the PBE/LANL2DZ result, the difference being as small as

0.06 eV.

We now compare the spectra obtained with RT-TDDFT

to the ones simulated with LR-TDDFT methodology. The

spectra for the bare and ligated (CdSe)6 clusters are plotted

in the top panel of Fig. 6. Compared to the PBE/

LANL2DZ spectra of the bare cluster, we observe a red

shift of 0.3 eV. This energy is equivalent to a difference of

0.6 eV compared to literature values [4, 22]. When the

dangling bonds on Cd are saturated, the performance is

slightly better but the energy of the first peak is still

underestimated by *0.14 eV compared to the experi-

mental value [6], and 0.08 eV below the PBE/LANL2DZ

value. We think that this is an acceptable deviation since

this method allows for the simulation of much larger sys-

tems for which LR-TDDFT would be too cumbersome.

The blue-shift when the (CdSe)6 is completely ligated,

compared to the bare cluster, is found to be 0.6 eV. Sur-

prisingly, the band edge absorption for the bare (CdSe)6

and (CdSe)13 clusters nearly coincides. In principle, the

band edge for the bare (CdSe)13 cluster should be red-

shifted due to its larger diameter. For the fully saturated

(CdSe)13(MA)9 cluster, the expected red shift is observed

again, it being 0.5 eV. For the largest bare cluster (CdSe)34,

represented in Fig. 3, the first absorption peak is located at

1.86 eV which agrees quite well with results reported

earlier in literature [11, 15], the differences being of only

0.1 eV. It should be noted that the herein presented values

are not shifted by the difference between the band gap of

the bulk material and the theoretical band gap as it was

done in Ref. [11]. Our spectrum of the (CdSe)34 cluster

Fig. 2 Sketch of the (CdSe)13

cluster. The top view and side
view of the bare cluster are

represented in a and b, and for

the ligated cluster, they are

sketched in c and d. There are

four 4-coordinated Cd atoms in

this cluster. Therefore, only 9

molecules of MA are necessary

to saturate the under-

coordinated Cd atoms. Cd atoms

are represented in green, Se in

yellow, N in blue, C in black,

and H in white
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nicely reproduces the one obtained by Del Ben et al. in that

their spectrum of the bare (CdSe)33 cluster also shows two

peaks next to the first absorption peak, located at 1.76 eV,

at 1.96 and 2.09 eV (these values are obtained by sub-

tracting 0.43 eV from their results). This is nearly identical

to the triple peak in the lowest panel shown in Fig. 6,

which shows up at slightly higher energies: 1.86, 2.02, and

2.16 eV, respectively. However, the second peak here is

the most intense out of the three peaks while in Ref. [11] it

is the least intense one. This could be explained by the

orientation of the ligands. Depending on their orientation,

the symmetry of the cluster’s MOs would be broken in a

way that favors a given transition while a different orien-

tation of ligands will favor a different one.

Fig. 3 Illustration of the

(CdSe)34 cluster. The top view

and side view of the bare cluster

are represented in a and b, and

for the ligated cluster, they are

sketched in c and d. Each Se

atom of the (CdSe)6 core forms

one bond with a Cd atom in the

cage. This leads to six

4-coordinated Cd surface atoms,

and therefore, 28 MA molecules

bound to the remaining under-

coordinated Cd atoms. Cd atoms

are represented in green, Se in

yellow, N in blue, C in black,

and H in white

Table 1 Bond lengths, bond angles, and optical band gaps for the

bare (CdSe)6 cluster

d1 d2 a1 a2 Eabs

PBE, LANL2DZ 2.71 2.87 141.0 100.8 2.68

PBE0, LANL2DZ 2.66 2.82 140.7 100.7 3.03

BLYP, LANL2DZ 2.75 2.91 139.9 100.5 2.08

B3LYP, LANL2DZ 2.70 2.86 139.9 100.4 2.63

PBE, cc-pVDZ 2.60 2.83 145.7 100.7 2.03

PBE0, cc-pVDZ 2.58 2.79 144.6 100.6 –

PBE, def2-SVP 2.61 2.83 145.3 100.4 2.12

PBE, def2-TZVP 2.60 2.83 145.4 100.5 2.11

PBE, m-SR-DZVP 2.61 2.83 145.3 100.3 2.38

PBE0, m-SR-DZVP 2.56 2.80 145.9 100.2 3.41

The distances d1 and d2 and the angles a1 and a2 are defined in Fig. 1.

Distances are in (Å), angles in (�), and the first absorption maximum,

Eabs, in (eV)

Fig. 4 Optical absorption spectra obtained for the (CdSe)6 and

(CdSe)6(MA)6 clusters. Yellow lines correspond to the bare cluster’s

spectrum, and black lines to the caped cluster
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123 Reprinted from the journal208



For the saturated (CdSe)34(MA)22 cluster, we find

Eabs = 1.98 eV, an underestimation compared to theoreti-

cal literature values by approximately 0.16 eV [11] and

1.0 eV when compared to experiment where the CdSe

clusters are dissolved in toluene [7]. From this discussion,

the disadvantage of the RT-TDDFT methodology emerges.

It is very difficult to assign the absorption features in the

spectrum and compare them to other experimental and

theoretical work because no information about the MOs

involved in the excitation is available.

We now analyze the effect of a different number of

ligands on the spectrum. The side view in Fig. 7 shows

Fig. 5 Absorption spectra of the bare (CdSe)6 cluster obtained with

different xc-functional as indicated within each panel

Fig. 6 Absorption spectra calculated with the RT-TDDFT method-

ology. All spectra were obtained using the PBE functional. In the top
panel are the spectra of the bare and ligated (CdSe)6 cluster plotted. In

the middle panel, the corresponding spectra that represent the

(CdSe)13 and (CdSe)13(MA)9 clusters. In the lowest panel are the

spectra of (CdSe)34 and (CdSe)34MA22 plotted. Red lines correspond

to the bare clusters, and black lines to the saturated ones

Fig. 7 Represented are the three planes that each consists of 3 Cd

atoms that have a similar bonding environment. In plane u, the

geometry resembles to the 6-membered ring in (CdSe)6. The Cd

atoms in plane v have a similar bond order than those in plane

u. Finally, in plane w, the Cd atoms are only 2-coordinated

Fig. 8 Illustrated is a series of spectra obtained from the (CdSe)13

and (CdSe)13(MA)n clusters, each having different Cd surface atoms

saturated. See the main text for details. The spectra are ordered in

ascending order with respect to the first absorption peak

Theor Chem Acc (2013) 132:1342
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how the (CdSe)13 cluster is divided into three planes u, v,

and w, respectively. Each plane consists of 3 Cd atoms that

mainly differ in their coordination number. In the planes

u and v, each Cd atom is 3-coordinated while in plane

w they are only 2-coordinated. The difference between the

Cd atoms in plane u and v is the charge that they carry in

the bare cluster which we estimate to be 0.340 e in plane

u and 0.346 e in planes v and w [48]. From these differ-

ences, it might be possible that the optical absorption

spectrum will be different, too. To investigate the influence

of each ligand plane on the absorption spectrum, we

modeled in total 4 cluster–ligand systems: (CdSe)13(MA)n
with n = 3, 6, 9. We label them in the following manner.

The Cd atoms of each plane are saturated with at most

three ligands, or they are not saturated at all. We did not

consider adding only one or two MAs. Therefore, the fully

saturated cluster will be labeled as (333), while the bare

cluster is labeled (000), the labels referring to the planes u,

v, and w, respectively. The following cluster–ligand sys-

tems were employed: (003), (300), (033), and (333), plus

the bare cluster: (000). The corresponding spectra are

plotted in Fig. 8. The plots are ordered with respect to their

first absorption maximum feature. Their values are tabu-

lated in Table 2. We observe that the largest blue-shift

compared to the bare cluster is induced by the (033) model

(Eabs = 2.57 eV), followed by the (003) cluster. Between

the two extremes, we find the fully saturated cluster, (333),

with an Eabs = 2.49 eV. The second (CdSe)13(MA)3 clus-

ter/ligand system, where the u plane Cd atoms are satu-

rated, hardly shows a shift in the first absorption peak

maximum. Obviously, it is not the (333) system that

experiences the largest blue-shift but the one where the Cd

atoms in the two lowest planes v and w are saturated, (033).

Clearly, the impact on the spectrum is largest if the

2-coordinated Cd atoms are saturated, while the influence

of saturating 3-coordinated Cd atoms in plane v is smaller

and it is nearly inexistent when ligands are bound to the

u plane Cd atoms. The small impact of the u plane ligands

on the spectrum can be rationalized by analyzing

the binding energies of the 3 ligands to the cluster,

Ebind = 0.5 eV, the smallest energy among the systems

where only 3 ligands are bound. Yet, the Cd–N bond dis-

tance is similar in all three cases. In addition, when no ligands

are added, the average charge is not as positive on thew plane

Cd atoms than on the u and v plane cadmiums (0.340 e vs.

0.346 e). For comparison, the average charge is most positive

on the 4-coordinated Cd atoms (0.362 e). Obviously, the

need for saturation of the Cd atoms is smaller in plane u than

on other surface Cd atoms in the planes v and w.

When it comes to the PBE0 functional, we find that it

overestimates the first absorption peak significantly, both

for the (CdSe)6 and the (CdSe)13 bare clusters. In the latter,

the blue-shift is even more pronounced. While for the

smaller QD the difference between the first absorption

peaks is 1.0 eV, it increases to 1.3 eV when 13 CdSe units

form the QD. Albert et al. [15] reported that one should

employ an asymptotically corrected functional like the LC-

xPBE to calculate the energy of the lowest transition closer

to experiments.

4 Conclusion

Concerning the geometrical properties of the CdSe clusters,

we find that the m-SR-DZVP basis set and the PBE xc-

functional give results that are close to results obtained

with larger basis sets like def2-TZVP or cc-pVDZ. When

the PBE functional is used together with the LANL2DZ

basis set, the bond lengths are overestimated compared to

the large basis sets.

We also find that the optical properties of CdSe QDs can

be successfully reproduced with the RT-TDDFT method

using the m-SR-DZVP basis sets and the PBE GGA xc-

functional. Therefore, this level of theory offers a good

compromise to calculate both geometries and spectra. The

PBE0 functional is not recommended for the calculation of

optical properties of CdSe clusters since the optical band

gap is severely overestimated while B3LYP would be a

better choice.

For the (CdSe)13 cluster, we find that the absorption

spectrum depends on which Cd surface atoms the

methylamine ligands are adsorbed to. In particular, when

planes v and w are saturated, the cluster/ligand system

shows the strongest blue-shift in the optical spectrum.

Moreover, compared to clusters with fewer capping

ligands, the fully saturated cluster (9 ligand molecules)

shows lower excitation energies.

In summary, the comparison of the conventional LR-

TDDFT approach with the less conventional but still

already mature RT-TDDFT shows the latter competitive

Table 2 First absorption peak maximum, binding energies of the

ligands and bond Cd–N bond lengths for the different ligand/cluster

models

Eabs Ebind dCd–N, u dCd–N, v dCd–N, w

(000) 2.39 - - - -

(300) 2.39 0.50 2.46 - -

(333) 2.49 0.45 2.51 2.50 2.47

(003) 2.54 0.60 - - 2.45

(033) 2.58 0.52 - 2.47 2.48

(030) - 0.57 - 2.44 -

The bond lengths are given for each plane as they are defined in

Fig. 7. The (030) cluster is tabulated for the sake of completeness; no

spectrum was calculated for it. Eabs and Ebind are given both in (eV);

all bond lengths are given in (Å)

Theor Chem Acc (2013) 132:1342
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for large systems, but in contrast, it is not able to give the

assignment of the spectral feature. This is an important

limitation of RT-TDDFT, which is very stimulating for

new theoretical research to overcome or, on the other hand,

to improve the LR-TDDFT algorithm in order to become

more efficient in large systems but keeping the possibility

to give an assignment to the spectral feature, which is a

crucial point for the merit of a computational method.
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