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Abstract
Phthalocyanine molecule adsorbed on the (101"0) surface of wurtzite CdSe is theoretically
modeled by DFT method. We have found that linker does not affect substantially redox
properties of phthalocyanine, while saturation of the macrocycle with peripheral substituent
groups causes downward shift in the energy position of its frontier orbitals that can hinder
electron injection to the CdSe surface. Tilting of the phthalocyanine molecule to the surface also
leads to the lowering of its molecular electronic levels relative to the bands of CdSe. At tilting
angle of 30o, the LUMO level of the dye appears to be lower than the conduction band minimum
of cadmium selenide, which makes unfavorable the electron transfer to its hybridized surface. By
contrast, the HOMO level of the phenylbutyric acid linker provides a suitable intermediate
channel for the hole transfer from the valence band of CdSe to the phthalocyanine that points to
the possible acceptor behavior of the phthalocyanine molecule in its hybrids with CdSe
nanostructures.
Introduction
Semiconductor quantum dot (QD)–organic dye hybrids attract significant interest due to their
wide application range in solar energy conversion, photonics, sensors and molecular electronics
[1-4]. The new design paradigm to optoelectronic device engineering is based on photonic
control of the electronic interactions in hybrid nanocomponents. Interest in these researches is
motivated by the possibility to achieve a photoinduced electron transfer in both directions, from
dye to QD and vice versa.
CdSe quantum dots are one of the most well developed and studied nanocomponents, which
were found to act as electron donors in conjunction with acceptor molecules such as fullerene
and viologen [5, 6]. Electron transfer to CdSe QDs was reported for their hybrids with
rhodamine B, bithiophene and porphyrin derivatives [7-9]. Phthalocyanines (Pc) are another
promising class of organic compounds, which possess a high extinction coefficient in the red
spectral region and exhibit high thermal and chemical stabilities [10]. In the meantime, the QD–
Pc hybrids are relatively unexplored due to the difficulties in synthesis of Pc with the adequate
anchoring groups. According to estimations, the conduction band of CdSe QD is well matched to
the lowest unoccupied molecular orbital (LUMO) of Pc [11, 12]. Results of the recent
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investigation, [13] however, do not provide any evidence of electron transfer from the LUMO of
Pc to the CdSe quantum dot. Instead, a hole transfer from the valence band of QD to the highest
occupied molecular orbital (HOMO) of Pc occurs after photo-excitation of the quantum dot.
Apparently the excited state energy of Pc is not sufficiently high for the electron transfer to take
place from the LUMO of Pc to the QD conduction band.
Recent publications report that macrocyclic dyes adsorb on semiconductor surface with a wide
distribution of tilt angles [14, 15]. Since electron transfer reaction is controlled by the QD–dye
distance to a great extent, a detailed understanding of Pc orientation and molecular packing on
the CdSe surface is critical for improving the charge transfer parameters, including the barrier for
through-space charge tunneling. An important tool for analysis of such interfaces is
computational modeling. It can address many aspects of practical importance such as
conformations and arrangements of molecular adsorbates on semiconductor surfaces and the
mutual alignment of their energy levels [16-19].
Herein, we present a computational study of Pc adsorbed on the CdSe (101"0) surface. We have
found that the tilt angle of the dye to the surface has a strong effect on its redox properties and
may be a reason for the unfavorable electron transfer from Pc to QD. On the other hand, a proper
choice of the linker may substantially facilitate the hole transfer from QD to Pc. We also observe
modulation of the redox properties of the phthalocyanine by modifying substituents in the
periphery of the Pc ring. Understanding of the factors controlling Pc–CdSe binding geometry
appears to be a route to engineering hybridized QDs with predictable properties, as well as
provide a testing ground for interfacial electron transfer.
Methods and models
We employ the BAND/ADF software for DFT calculations with a linear combination of atomic
orbitals approach and use a 3D periodic slab for surface modeling [20]. To describe the electron–
electron exchange correlation two different DFT functionals were used: generalized gradient
approximation with PBEsol [21] and the GLLB-SC [22]. The latter is based on the direct
exchange potential approximation with the correlation potential from PBEsol and has been
shown to yield good band gaps for bulk semiconductors [22]. The TZP basis set (a small frozen
core) was chosen for all the types of atoms: H, C (1s), N (1s), O (1s), Se (3p), Cd (3d). The
empirical dispersion correction to take into account the van der Waals interactions between
phthalocyanine and surface was included in the calculations with Grimme DFT-D3 method [23].
The effective mass was obtained by numerical differentiation of the bands at the top of the
valence band for holes and at the bottom of the conduction band for electrons.
The hexagonal wurtzite structure of CdSe is the most common phase under ambient conditions.
The structure consists of tetrahedrally coordinated cadmium cations and selenium anions.
Atomic positions and lattice constants of the cadmium selenide bulk were first fully relaxed for a
supercell built out of 2×2×2 primitive cells of CdSe. The most energetically favorable nonpolar
(101"0) surface has been chosen as our model surface [24]. The vacuum layer along the
nonperiodic direction was 30 Å. The (101"0) surface slabs of 4, 6 and 8 layers were cut from the
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optimized bulk structure and stabilities were assessed by allowing the atomic positions of the
slabs to relax freely, but retaining the lateral lattice constants.
The six-layer slab with a single phthalocyanine molecule adsorbed per surface supercell of 13 Å
×21 Å has been chosen to study the surface–dye interaction. No appreciable differences in
relaxed surface geometry were found in simulations with thicker slab. The surface coverage was
1/3 of monolayer. We chose this coverage to allow the dye to change its orientation and the tilt
angle on the surface. The phthalocyanine molecule was anchored on the surface via a linker with
phenyl and carboxylic acid groups attached onto two cadmium atoms in a bidentate bridging
mode, which ensures a strongest chemical bonding and is predominant according to previous
reports [25]. Hydrogen atom released from the carboxylic acid group was bound to the surface
Se atom near the attached moiety to preserve the charge neutrality of the system. The models
were optimized by allowing both surfaces of the slab, dye and linker, to relax.
Results and discussion
The lattice constants of CdSe bulk structure computationally optimized with PBEsol functional
amount to a = 4.38 Å and c = 7.15 Å and are in agreement with experimentally measured values
(a = 4.38 Å and c = 7.06 Å). The band gaps of cadmium selenide and energies of the frontier
orbitals (HOMO and LUMO) of isolated phthalocyanine are listed in Table 1.
Table 1. Experimental and calculated band gaps of CdSe and frontier orbital energies (eV) of the isolated
phthalocyanine.
CdSe band gaps
PBEsol
GLLB-SC
Exp. [11,12]

Isolated Pc molecule

Bulk

6-layers slab

8-layers slab

HOMO

LUMO

HOMO/LUMO gap

1.18
1.76
1.74

1.56
2.06
--

1.47
1.97
--

-5.06
-6.12
-5.71

-3.64
-4.84
-3.96

1.42
1.28
1.75

The band gap of CdSe bulk is underestimated by the PBEsol functional, whereas GLLB-SC
improves the band gap of CdSe up to the experimental value. When slab thickness decreases, the
band gap of CdSe increases above the bulk values. Taking into account the blueshift of the band
gap energy for CdSe quantum dots due to the quantum confinement, we chose the six-layer slab
with the band gap of 2.06 eV for further simulation of the CdSe QD–Pc interface phenomena as
a compromise between accuracy and computational cost.
The change in atomic coordinates due to surface relaxation is in good agreement with prior
studies of (101"0) surface of wurtzite structures [26]. With all the methods the relaxation is
strongest for the surface Cd ion. During relaxation the surface Cd ions move toward the bulk and
closer to the nearby surface selenium atoms. The surface Se atoms tend to move outward,
resulting in a tilting of the surface CdSe bond relative to the horizontal plane. This relaxation
behavior can be understood in terms of the transfer of electron density from the Cd atoms to the
more electronegative Se atoms at the surface. The cadmium atoms at (101"0) surface donate their
unshared electrons to the surface Se atoms, resulting in a more planar three-fold configuration
around them accompanied by inward movement of surface cations.
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The charge carrier effective masses calculated with PBEsol in CdSe bulk are me=0.11 and
mh=2.66 for electrons and holes, respectively. In the slab the electron effective mass increases up
to me=0.18, while the effective mass for holes decreases down to mh=0.27.
To study the effect of linker between the Pc and QD on the redox properties of Pc moiety we
created models with phenylbutyric acid linker connected to the dye either directly or through the
ether linkage as it has been reported elsewhere [27, 28]. The corresponding schemes are
represented in Figure 1(a, b).

Figure 1. Scheme of the phthalocyanine molecules with phenylbutyric acid linker attached to the macrocycle a)
directly and b) via oxygen atom. c) Functionalized phthalocyanine molecule with eight peripheral carboxyl
containing linkers.

The effects of differently anchored linker and relative orientation of phenyl and Pc rings on the
energies of HOMO and LUMO orbitals of the chromophore are listed in Table 2. It can be
concluded that attachment of a single linker does not affect substantially positions of HOMO and
LUMO orbitals, though linker connected via oxygen atom causes a slight (0.05 eV) upward shift
in energy of the frontier orbitals of Pc. The most energetically favorable orthogonal orientation
of the macrocycle plane with respect to phenyl ring of the linker results in slight separation
between HOMO and LUMO orbitals of Pc.
Table 2. Calculated HOMO/LUMO energies (eV) of free phthalocyanine, Pc saturated with eight peripheral
carboxyl groups (Fig.1c) and phthalocyanine molecule with C–C and C–O–C bond linkers (Fig.1a and Fig.1b,
respectively).
Linker type
HOMO
LUMO
HOMO/LUMO gap

Free Pc
PBEsol
-5.06
-3.64
1.42

GLLB
-6.12
-4.84
1.28

C–C bond linker
PBEsol
-5.05
-3.64
1.41

GLLB
-6.12
-4.84
1.28

C–O–C bond
linker
PBEsol
GLLB
-5.01
-6.10
-3.61
-4.83
1.40
1.27

Pc with eight
peripheral groups
PBEsol
GLLB
-5.16
-6.41
-3.82
-5.18
1.34
1.23

It is known that Pcs have a tendency to form aggregates owing to their planar aromatic structure
that inhibit their properties at the molecular level [28]. One of the strategies employed to prevent
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the formation of Pc aggregates is the functionalization of these compounds with peripheral
groups as it is shown in Figure 1c. We have found (Table 2) that contrary to the effect of single
linker, the saturation of Pc with peripheral groups attached via ether linkage causes significant
downward shift in frontier orbital energies. This may hinder the electron injection to CdSe
quantum dot in the combined system QD–Pc, since such functionalization may lead to lowering
of the energy of the LUMO level with respect to the conduction band of CdSe QD.
Based on the experimental measurements of recombination kinetics for porphyrin–TiO2 system,
Imahori et al. [15] suggested heterogeneous geometry where the dye molecules are attached to
the surface with distribution of tilt angles. By contrast, computations constrained by the
experimentally measured dye layer thickness using X-ray reflectometry [29], points to a narrow
distribution of the individual dye orientations for close packed monolayers with tilt angle of 35o
– 40o. According to Ye et al. [14], the charge transfer occurs by tunneling through space, rather
than through the spacer connecting the macrocycle core and anchoring carboxyl group.

Figure 2. Relaxed geometries of the phthalocyanine molecule adsorbed on the (101"0) surface of CdSe in upright (a)
(ca. 80o) and titled (b) (ca. 30o) positions along the [0001"] (left) and [1210] (right) directions. Inset depicts HOMO
orbital of the phenyl ring in the linker.
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Since the tilt angle determines the dye–semiconductor electron transfer distance and due to the
expected exponential distance dependence of electron transfer dynamics even a modest change
of distance (and thus, the angle) may have a drastic impact on the transfer rate.
In order to clarify the effect of the conjugated linker and dye binding geometries on the
electronic levels of the combined hybrid CdSe–Pc system, we have performed calculations of the
phthalocyanine molecule bound to the CdSe surface via phenylbutyric acid linker with angles
ranging from almost upright position on the surface at ca. 80o to all the way down to ca. 30o, see
Figure 2. The model geometries were optimized by allowing the adsorbate and the surface layers
to relax including twisting of the Pc molecule where π-electrons of the core are facing the
surface (Figure 2b). From these structures we calculated relative positions of the HOMO/LUMO
levels of the phthalocyanine molecule and the CdSe energy bands.
The distance between the core of Pc and the surface for differently tilted molecule geometries
varies from 16 Å to 9 Å (Figure 2a and 2b, respectively). The most pronounced surface
relaxation upon adsorption of Pc with linker is observed at the adsorption sites for surface Cd
ions that move upwards and retain the more bulk-like positions, while the nearest to Pc Se atom
shifts inwards, closer to the second layer. This relaxation can be understood in terms of charge
redistribution from Se anions to more electronegative oxygen atoms of binding moiety on top of
the Cd cations.
The adsorption energies of the differently tilted Pc models from Figure 2 are represented in
Table 3. The adsorption energy (𝐸%&' ) of the phthalocyanine molecule on the CdSe surface is
calculated from the following equation:
𝐸%&' = 𝐸*+,- − 𝐸/* − 𝐸'0%- − (𝐸2345 − 𝐸645 ),
where 𝐸*+,- is the calculated formation energy of the combined CdSe–Pc system, 𝐸/* and 𝐸'0%are these of the isolated Pc and CdSe slab, respectively, and 𝐸2345 and 𝐸645 are energies of Se–
H and O–H bonds. The value of 𝐸2345 has been obtained as difference in formation energies of
the CdSe slab with and without hydrogen atom adsorbed on top of the surface Se anion. The
value of 𝐸645 was calculated as 1/2 formation energy of the H2O molecule.
When the phthalocyanine molecule is twisted and tilted towards the surface its adsorption energy
increases due to attractive porphyrin–surface interactions until the energy minimum is reached
close to the surface (at a ca. 30o tilting angle).
Table 3. Calculated adsorption energies (eV) of the Pc molecule adsorbed on CdSe surface with carboxyl linker with
PBEsol functional and Grimme D3 dispersion correction.
PBEsol
Tilting angle
Eads

ca. 80o
4.43

ca. 30o
5.17

PBEsol + Grimme D3 correction
ca. 80o
ca. 30o
4.78
5.76

The energies are then corrected by including the empirical dispersion correction to take into
account the van der Waals interactions between phthalocyanine and surface and between the
neighboring phthalocyanine rings. We note that the dispersion correction stabilizes the twisted
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and tilted porphyrin model more than the upright model. The main reason for this is larger
interaction of the π-orbital of the dye’s core with the CdSe surface, which is supported by the
slight broadening (ca. 0.02 eV) of the frontier orbitals of Pc upon tilting. Indeed, moving the
phthalocyanine closer to the surface strongly affects its frontier orbital energies and modifies
their position relative to the bands of CdSe, see Figure 3.

Figure 3. Energy diagram of the phthalocyanine molecule adsorbed at different tilt angles via carboxyl linker on the
(101"0) CdSe surface.

Tilting of the Pc towards the surface leads to a lowering of the dye’s LUMO and HOMO relative
to the bands of CdSe. Calculations of the tilted molecule with GLLB-SC potential resulted in
configuration, where energy level of the dye’s LUMO becomes lower than conduction band
minimum of the slab. Thus, tilting of the molecule inhibits an electron transfer from
phthalocyanine to CdSe surface. On the other hand, the occupied energy state associated with
phenyl group of the linker is located between the valence band maximum of CdSe and HOMO of
Pc that ensures a suitable wiring pathway for the hole transfer from a cadmium selenide to Pc in
their hybrids structures. The LUMO of the phenyl group is found high in energy (ca. 4.2 eV
above its HOMO) that rules out its contribution to the Pc–CdSe electron transfer.
It is worth noting, that quantum confinement increases the band gap of QDs compared to that of
bulk material. For smaller QDs the energy of the conduction band will be higher, thus the
electron transfer form an excited Pc will be energetically less favorable. However, the energy of
the valence band will be lower and smaller QDs are expected to be better hole donors. From this
view point, our results are consistent with findings of Arvani et al. [13], where experimental
evidences of the hole transfer from CdSe quantum dots to phthalocyanine molecules have been
observed using time resolved spectroscopic methods.
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We have found that the linker can play a substantial role in charge transfer dynamics for
phthalocyanine–CdSe hybrid nanostructures. The binding surface geometry can be considered as
one of the key factors in attempts to achieve an efficient electron transfer from the Pc to the
CdSe quantum dots. Our calculations indicate that the increasing number of peripheral ether
groups in phthalocyanine molecule makes unfavorable an electron transfer from Pc to cadmium
selenide QD due to lowering of the HOMO/LUMO system of the chromophore.
Our next goal is to examine important question not yet considered in this study. In practice, the
QDs are capped with shield molecules that protect QDs from aggregation and degradation. The
dyes are equipped by stronger anchoring groups that replace the capping molecules on the
surface of QDs. However, the environment of dyes can be enriched by capping molecules that
may restrict orientational flexibility of Pc in real conditions.
Conclusions
A model system constructed for phthalocyanine molecule attached to (101"0) CdSe surface in
various orientations through the linker consisting of phenyl and carboxyl groups is studied with
the focus on the relative position of the electronic levels of dye and CdSe bands. The energy of
the phthalocyanine LUMO level becomes lower than that of the CdSe conduction band minimum
upon tilting of the molecule at ca. 30o that makes unfavorable an electron transfer from Pc to
CdSe. This can be explained by stabilization of dye with CdSe, when the π-electrons face the
surface of semiconductor. The obtained results are consistent with recently reported lack of an
electron transfer from LUMO of Pc to CdSe quantum dot [13].
The calculated charge carrier effective masses indicates, that surface conductivity sufficiently
increases for holes and decreases for electrons relative to the bulk conductivity. The HOMO
level of the linker consisting of phenyl groups may provide a suitable intermediate state to
accelerate the hole transfer from the valence band of CdSe to the Pc, that points to the possible
acceptor behavior of the phthalocyanine molecule in its hybrids with CdSe nanostructures.
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