
ФIЗИКА ПОВЕРХНI

62 ISSN 0372-400X. Укр. фiз. журн. 2019. Т. 64, № 1

V.V. GOLOVANOVA,1 B.V. NAZARCHUK,1 O.V. POSTNYI,1 T.T. RANTALA,2

N.V. TKACHENKO,3 V.V. GOLOVANOV 1

1 Center for Innovation Technologies, South-Ukrainian National University
(26, Staroportofrankovskaya Str., Odessa 65020, Ukraine; e-mail: sealolablue@yahoo.com)

2 Department of Physics, Tampere University of Technology
(P.O. Box 692, FI-33101, Tampere, Finland)

3 Laboratory of Chemistry and Bioengineering, Tampere University of Technology
(P.O. Box 541, FI-33101 Tampere, Finland)

PHOTOREACTIONS OF MACROCYCLIC
DYES ON (101̄0) WURTZITE SURFACE – INTERPLAY
BETWEEN CONFORMATION
AND ELECTRONIC EFFECTSUDC 538.9

Macrocyclic dyes such as phthalocyanine and porphyrin molecules are modeled on (101̄0)
wurzite surfaces using the DFT and molecular dynamics approaches. It is found that the sin-
gle dye anchored on the wurtzite surface stabilizes in an inclined geometry with its core facing
the surface at a tilting angle of ca 60∘. The tilting of the dye relative to the crystal surface
has a dual effect on the charge transfer from a chromophore to the semiconductor. Increasing
the tilting angle leads to a stronger coupling between the lowest level of the semiconductor
conduction band and dye’s LUMO, thus raising the tunneling probability of the electron in-
jection. By contrast, the electrostatic interaction between units upon the tilting of macrocycles
results in a lowering of the molecule LUMO level with respect to the conduction band mini-
mum of the wurzite crystal, which may hinder the electron transfer. The type of a linker and
peripheral substituents significantly affect the mutual conformation of the moieties, and their
proper choice can facilitate the photoinduced charge transfer reactions.
K e yw o r d s: macrocyclic dyes, wurzite, electron transfer, DFT.

1. Introduction

Semiconductor nanostructures hybridized with or-
ganic dyes attract significant interest due to their
wide application range in solar energy conversion,
photonics, sensors, and molecular electronics [1–
3]. Among a relatively large choice of metal ox-
ide templates for organic solar cells, ZnO being an
inexpensive and environmentally friendly material
with suitable band gap is considered as a promis-
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ing replacement of TiO2. Furthermore, ZnO nanorods
have advantages both for experimental studies and
the computer modeling due to well-defined wurtzite
single-crystalline surfaces often having lateral planes
with the same crystallographic orientation (101̄0) [4].
CdSe quantum dots are another promising class of na-
nocomponents, which preserve the bulk-like hexago-
nal wurtzite crystal structure with the most abundant
(101̄0) surface under ambient conditions [5, 6].

Ones of the most developed and studied hybrids
based on these nanostructures are their conjuga-
tion with macrocyclic dyes such as porphyrin and
phthalocyanine (Pc) derivatives [7–9]. It should be
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noted, however, that hybrids with phthalocyanines
are relatively unexplored due to the moderate en-
ergy conversion efficiencies achieved so far for Pc-
based dye sensitized solar cells. Probably, the most
common and well-known deactivation pathway is the
aggregation of dyes, which may increase the non-
radiative relaxation rate through intermolecular in-
teractions or other processes sensitive to the aggre-
gation. Reducing the aggregation is crucial for im-
proving the solar cell performance. It has been previ-
ously reported that the aggregation can be reduced
by adding bulky substituents around the macrocyclic
dye core [10, 11]. Employing the different peripheral
substituents may also affect the tilt angles for the ad-
sorbed moieties on the semiconductor surface.

Recent experimental publications provide support
for the inclined geometry of macrocyclic dyes on the
semiconductor surface. Direct transmission electron
microscopy measurements of the porphyrin molecules
anchored on TiO2 nanoparticles give evidence of their
bending on the surface with an average tilt angle be-
tween the plane of the macrocycle and the ZnO sur-
face normal of 53–60∘ [12]. The studies of the orien-
tation for several macrocyclic dyes using X-ray reflec-
tometry determine the binding angle in the range of
50–55∘ [13]. Ye et al. [14] employed surface sensitive
vibrational spectroscopy to investigate the adsorp-
tion geometry of porphyrin derivatives on the TiO2

surface and have established a simple correlation be-
tween the geometry and the concentration of long-
lived electrons in the conduction band of TiO2. Based
on the spectroscopy measurements, the tilting an-
gle of the porphyrin molecules was estimated as 55–
66∘. Since the electron transfer reaction is to a great
extent controlled by the conformations of the chro-
mophores on the semiconductor surface plane, a de-
tailed understanding of their orientation and molec-
ular packing on the surface is critical for improving
the charge transfer parameters.

An important tool for the analysis of such hybrid
structures is the computational modeling. It can ad-
dress many aspects of practical importance such as
arrangements of molecular adsorbates on semiconduc-
tor surfaces and the mutual alignment of their energy
levels [15–17]. Herein, we present the density func-
tional theory and molecular dynamics computational
modeling of phthalocyanine and porphyrin molecules
equipped with different bulky peripheral groups and
adsorbed on the most energetically favorable (101̄0)

wurtzite surface which can be used to study both
CdSe quantum dot–dye and ZnO nanorods–dye hy-
brids. Further to a theoretical investigation, we have
compared our results with spectroscopic measure-
ments of the differently prepared dyes and discussed
the observed correlations.

2. Models and Methods

The hexagonal wurtzite structure of both ZnO and
CdSe is the most common phase under ambient con-
ditions. The structure consists of tetrahedrally coor-
dinated metal cations and chalcogenide anions. The
(101̄0) surface has been chosen as our model surface,
since, according to numerous studies, it is the most
energetically favorable and, therefore, the most abun-
dant surface for both materials [18, 19]. Furthermore,
the (101̄0) surface is nonpolar, thus allowing the iden-
tical terminations on the top and bottom surfaces of
the slab. The (101̄0) surface slabs of 4, 6, and 8 lay-
ers were cut from the bulk structure with lateral lat-
tice constants preliminarily optimized for a supercell
built out of 2 × 2 × 2 primitive cells of CdSe and
ZnO. The vacuum layer along the nonperiodic direc-
tion was 40 Å.

The six-layer slab has been chosen to study the
surface-dye interaction. Due to the quantum confine-
ment in the slab’s perpendicular direction, our model
is well reproducing the blueshift in energy typical of
the CdSe quantum dots [20]. The dye molecules were
anchored onto a surface via linkers of various lengths
terminated by carboxylic groups attached onto two
surface cations in a bidentate bridging mode, which
ensures a strongest chemical bonding and is predom-
inant according to previous reports [21]. The hydro-
gen atom released from the carboxylic acid group was
bound to the surface anion atom near the attached
moiety to preserve the charge neutrality of the sys-
tem. The single dye was adsorbed per a surface area
of 29 × 31 Å, which corresponds to a surface cover-
age of 1/4 of a monolayer. We chose this coverage to
allow the dye to change its orientation and the tilt
angle on the surface. Different supercells consisting
of 6× 3× 6, 6× 3× 9, and 6× 3× 12 unit cells were
used to test the interaction between the neighboring
dye molecules. The models were optimized by allow-
ing both surfaces of the slab, dye, and linker, to relax.

We employ the ADF/BAND [22] software for DFT
calculations. To describe the electron-electron ex-
change correlation, two different DFT functionals
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Fig. 1. Schemes of the macrocyclic dyes used in modeling. Zinc phthalocyanines with different peripheral groups and linker
lengths (1–4); phthalocyanine molecule with a phenyl and carboxylic acid groups attached via an ether linkage (5); porphyrin
molecule with a benzoic acid linker (6)

were used: generalized gradient approximation with
PBEsol [23] and GLLB-SC [24]. 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 semiconduc-
tors [24]. 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), and Cd (3d). The empirical dispersion
correction accounting for the van der Waals interac-
tions between dye and the surface was included in the
calculations using Grimme’s DFT-D3 method [25].

In order to assess the morphology and confor-
mations of the large chromophore molecules on the
wurtzite surface under real conditions, we have car-
ried out a canonical ensemble-molecular dynamics
simulations at room temperature (298 K) in a con-

stant volume (NVT-MD) using a Nose–Hoover ther-
mostat, as implemented in the Forcite module of Ma-
terials Studio package [26]. The Dreiding force field
[27] was used to evaluate the atomic forces, and the
100-ps trajectories for the studied systems were cal-
culated with a 1-ps time step. The nonbonded elec-
trostatic and van der Waals forces were controlled by
the Ewald and atom-based summation methods with
a cutoff distance of 9.5 Å.

3. Results and Discussion

3.1. Coupling effects

Chemical structures of porphyrin and phthalocyanine
derivatives used in this study are shown in Fig. 1. The
synthetic details of the compounds differing by the
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Table 1. Coupling strengths of porphyrin and a ZnO slab (eV) at different tilting angles

Tilting angle, ∘ 10 20 30 40 50 60

Coupling strength, eV 0.01 0.01 0.03 0.07 0.08 0.09

bulky peripheral groups and the length of a linker
together with the routine of their spectroscopic mea-
surements were described elsewhere [7]. The role of
the linker on the electron transfer occurring in hy-
brid systems has been the subject of intense investi-
gations for the past few decades [28, 29]. In a simpli-
fied model, the charge transfer occurs through space,
rather than through the bridge connecting the dye
to the surface [14], and the corresponding electron
tunneling mechanism is described by the exponen-
tial distance dependence. Besides the effect of sol-
vent [12, 14], the linker to a great extend determines
the distance between the dye and surface and their
mutual orientation, which affects the electronic cou-
pling between the two units. Accordingly, we have
calculated porphyrin structures without peripheral
substituents (compound 6 ) bound to the zinc ox-
ide surface via the phenylbutyric acid spacer with
angles ranging from 10∘ to 70∘. When porphyrin is
tilted and twisted with its core facing the surface,
the energies of its LUMO and HOMO decrease due
to the attractive porphyrin-surface interactions until
the energy minimum is reached at a tilting angle of
ca. 60∘. The latter value is in good agreement with
the experimental estimations mentioned above. The
main cause for a downshift of the frontier orbitals
of porphyrin is the larger interaction of the 𝜋-orbital
of dye’s core with orbitals at the semiconductor sur-
face. This conclusion is supported by the observed
broadening (ca. 0.02 eV) of the frontier orbitals of a
chromophore at the tilting.

In perturbation theory, the coupling between the
orbitals results in the removal of a degeneracy at the
crossing point of the corresponding levels. According-
ly, we estimated the coupling strength between the
lowest level of the ZnO conduction band and the por-
phyrin LUMO level as the vertical distance between
them at avoided crossing area. These data are taken
from the DFT band structure calculations and listed
in Tabl. 1 for different tilt angles. It was found that
the coupling strength between the orbitals increases
at the tilting of the dye.

3.2. Effects of morphology
Since the electron density of an excited molecular
orbital is distributed over the conjugated 𝜋-system
of a macrocycle, the distance from the ring edge to
the semiconductor surface is one of the key param-
eters to compare the rates of photoinduced electron
transfer for different dyes. Due to the expected ex-
ponential distance dependence of the electron trans-
fer dynamics, even a modest change of the angle
(and thus, the distance) may have a substantial im-
pact on the transfer rate. Furthermore, equipping
a molecule with bulky peripheral groups may af-
fect the tilting angle due to steric restrictions. We
chose compounds 1–4 from Fig. 1 to investigate
the role of the linker length and different peripheral
groups. The electron injection time constants mea-
sured by the transient absorption spectroscopy and
the corresponding distances between the ZnO (101̄0)
surface plane and the nearest edge of the macro-
cycle core calculated by DFT for relaxed arrange-
ments of the dye molecules on the semiconductor
surface are listed in Tabl. 2. Results of DFT mod-
eling are in good agreement with the ones obtained
by molecular dynamics simulations performed in the
previous study [7]. Out of the four phthalocyanines
presented in Tabl. 2, the slowest electron injection
is observed for compounds 1 and 2 that have the
most bulky peripheral groups. These two phthalocya-
nines are the most restricted when approaching the
ZnO surface. The specific structure of 3 and 4 al-
lows their macrocycle cores to appear closer to the
surface. Since modeled molecules with shortest edge-
to-surface distances exhibit the fastest electron injec-
tion times observed experimentally, we can deduce
that the electron transfer reactions are largely con-
trolled by the distance between the dye and the semi-
conductor surface plane. As noted previously [7], the
electron injection time does not correlate with the
length of the linker connecting the Pc to ZnO. In-
deed, the electron injection time constants for 1 and
2 are practically the same, even though 2 has a longer
linker, and one would expect a longer distance be-

ISSN 0372-400X. Укр. фiз. журн. 2019. Т. 64, № 1 65



V.V. Golovanova, B.V. Nazarchuk, O.V. Postnyi et al.

Table 2. Time constants for the electron injection and electron transfer (ps), distance
between the ZnO (101̄0) surface plane and the macrocycle edge (Å) in tilted alignments of the dye
after the relaxation for different compounds, their tilting angles (∘), and characteristic MD motion times (ps)

Compound Electron Electron Distance, Tilting MD characteristic
injection, 𝜏in, ps transfer, 𝜏ET, ps Å angle, ∘ motion time, 𝜏rel, ps

1 5.0± 0.6 85± 27 3.05 62.9 60
2 5.7± 0.7 125± 20 3.61 31.6 85
3 0.7± 0.2 82± 5 2.85 45.0 55
4 1.4± 0.4 120± 35 2.94 18.6 75

tween the Pc core and the ZnO surface, leading to
a slower injection. Modeling provides insight on the
observed discrepancy indicating that a longer linker
ensures a high flexibility for the anchored molecule. In
particular, compound 2 with a longer linker strongly
tilts toward the surface. Thus, the difference in the
edge-to-surface distances for compounds 1 and 2 is
vanishing that eventually results in comparable injec-
tion time constants for these two Pcs.

3.3. Aggregation effects

One of the goals in sensitizing semiconductors with
organic dye molecules is to make the dye monolayer
as dense as possible. Unfortunately, the higher the
monolayer density, the higher the aggregation of dyes,
which introduces alternative channels for the relax-
ation of excited states and reduces the efficiency of
the electron injection. A common practice to mini-
mize the undesirable effects caused by aggregation is
to equip the molecule with bulky peripheral groups
that do not allow two dye molecules to stack together,
but have no effect on the photophysical properties of
the chromophores. Figure 2 illustrates relaxed geome-
tries of the unmodified Pc molecule (compound 5 )
and Pcs decorated with various aggregation-reducing
groups (compounds 3 and 4 ) at different surface cov-
erages. The lonely stayed unmodified molecules tend
to tilt on the surface. While, in a dense monolayer,
they form a serpentine-like structure, pointing out on
the strong intermolecular interactions between the ag-
gregated phthalocyanines. An important outcome of
the modeling is that the closely packed bulky dyes
stay more upright at the separation length compara-
ble with their spread size due to the interaction be-
tween the extended peripheral groups of the neighbor-
ing Pcs. Out of compounds 1–4, compound 3 is the
least protected from intermolecular interactions and,

therefore, is the most aggregated one. This is corrob-
orated by the time resolved spectroscopy measure-
ments [7], which exhibit the appearance of a sharp
transient absorption band at 995 nm for ZnO samples
modified with compound 3. This band corresponds
to the Pc anion and is not observed for other sam-
ples. The most reasonable cause for the anion forma-
tion is the intermolecular charge separation in the Pc
aggregates. This process can compete with the elec-
tron injection into ZnO and may reduce the efficiency
of the system.

It is worth noticing that the characteristic time
of the Pc motion on the ZnO surface estimated by
molecular modeling is in the range 50–100 ps, 𝜏rel in
Tabl. 2. In the samples additionally covered by Spiro-
OMeTAD, a hole-transporting material, the primary
charge separation is shifted to Pc | Spiro-OMeTAD
interface generating a Pc anion. Then the anion in-
jects an electron to ZnO with the time constant listed
in Tabl. 2 as 𝜏ET. The values of 𝜏rel and 𝜏ET are close
to each other, indicating that the molecular motion
can be in control over the electron transfer at few tens
of ps or longer time. However, this motion does not
affect the electron injection of the excited Pc, which
is much faster (<15 ps).

3.4. Electronic effects

Though the simplified model considering the distance
between the moieties as a key factor, which deter-
mines the electron transfer reaction, is applicable in
many cases, the charge transfer in hybrids is a com-
plex process controlled by the interplay between con-
formation and electron-induced effects at the inter-
face. We studied this effect on the Pc molecule with-
out peripheral substituents, e.g., compound 5.

In particular, we found that the tilting of a Pc
molecule toward the surface leads to a lowering of its
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Fig. 2. Effect of the surface density of phthapocyanine molecules unmodified (compound 5 ) and modified
with bulky peripheral groups (compounds 4 and 3 ) on their tilting angle on the ZnO (101̄0) surface.
Distance between the centers of macrocycle cores is denoted as 𝑑

frontier orbitals relative to the lowest level of the con-
duction band of the semiconductor, see Fig. 3. Cal-
culations of the tilted molecule using the GLLB-SC
functional resulted in a configuration, where the en-
ergy level of the dye’s LUMO becomes lower than the
conduction band minimum of the CdSe slab. Thus, in
spite of shortening the distance between the substrate
and the sensitizing dye, the tilting of the molecule
may inhibit an electron transfer reaction in the sys-
tem. The obtained results are consistent with the re-
cently reported lack of electron transfer from the
LUMO of Pc to CdSe quantum dots [20]. Another
factor that makes charge transfer from a macrocy-

cle to the semiconductor surface unfavorable is in-
creasing the number of peripheral groups around the
dye, which leads to a lowering in the energy of the
HOMO/LUMO system of a chromophore. Earlier,
we have found that the saturation of Pc with eight
phenylbutyric acid linkers attached to the macrocy-
cle via an oxygen atom (as in compound 5, Fig. 1)
causes a significant downward shift (0.1–0.3 eV) in
frontier orbital energies [8]. The linker can also play
a substantial role in electron transfer by providing
the through-bond electron tunneling mediated by a
bridge. In the latter case, the presence of electronic
states in a linker close in energy to those involved in
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Fig. 3. Shifting the bands of a CdSe slab and an anchored phthalocyanine molecule at the tilting of the
dye with respect to the surface. HOMO and LUMO correspond to the phthalocyanine highest occupied and
lowest unoccupied orbitals, VBM and CBM – valence band maximum and conduction band minimum of the
CdSe slab, and Linker reflects the energy position of the phenyl group orbital of the bridge

the electron transfer reaction may strongly alter the
rate of charge transfer, also in cases where the elec-
tron is never localized in the bridge. Accordingly, we
have found that the occupied energy state associated
with the phenyl group of the linker is located between
the valence band maximum of CdSe and the HOMO
of Pc (Fig. 3), which ensures a suitable wiring path-
way or virtual states for the hole transfer from cad-
mium selenide to Pc in their hybrid structures. The
enhanced bridge conjugation serves as a better hole-
tunneling channel, by pointing to the possible elec-
tron donor behavior of a phthalocyanine molecule in
its hybrids with CdSe nanostructures.

4. Conclusions

The single macrocyclic dye anchored on the wurtzite
surface via a phenylbutyric linker stabilizes in inclined
geometry with its core facing the surface at a tilting
angle of ca. 60∘, while the closely packed bulky dyes
stay in a more upright position due to the interac-
tion with their neighbors. The proper choice of the
peripheral substituents strongly affects the structure
of the organic layer and opens opportunities for both
reducing the aggregation of chromophores and the fa-
cilitation of the electron transfer reaction.

The tilting of dyes has a dual effect on the photoin-
duced charge transfer as a result of the interplay be-
tween the conformational and electronic effects. Ob-
viously, shortening the distance between moieties en-
hances the tunneling probability for the electrons. On
the other hand, the unfavorable relative position of
the bands induced by a strengthening of the elec-
tronic interactions at the tilting may inhibit the elec-
tron transfer reaction between the dyes and the sur-
face. Furthermore, we have found that a phenylbu-
tyric linker may also have a twofold effect on the
charge transfer by mediating the mutual conforma-
tion of the moieties and providing a suitable interme-
diate state for the hole transfer from the valence band
of the semiconductor to a dye.
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project NANEOS, Grant No. 985043. Computational
resources were provided by the CSC–IT Center for
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ФОТОРЕАКЦIЇ МАКРОЦИКЛIЧНИХ
СПОЛУК НА ПОВЕРХНI ВЮРЦИТУ (101̄0) –
ВЗАЄМОВПЛИВ КОНФОРМАЦIЇ
ТА ЕЛЕКТРОННИХ ЕФЕКТIВ

Р е з ю м е

Макроциклiчнi сполуки, такi як фталоцiанiн та порфiрин
було змодельовано за допомогою методiв функцiонала еле-
ктронної густини та молекулярної динамiки на поверхнi
вюрциту (101̄0). Було виявлено, що окрема молекула на по-
верхнi вюрциту стабiлiзується у нахиленому станi пiд кутом
60∘мiж її кiльцем та поверхнею. Нахил молекули вiдносно

поверхнi кристала двояко впливає на перенос заряду з хро-
мофора до напiвпровiдника. Збiльшення кута нахилу при-
зводить до бiльш сильної взаємодiї мiж нижчим рiвнем зо-
ни провiдностi напiвпровiдника та LUMO молекули, таким
чином пiдвищуючи ймовiрнiсть тунелювання електрона та
його iнжекцiї. З iншого боку, при нахилi макроциклу зро-
стає електростатична взаємодiя мiж молекулою та поверх-
нею кристала, що призводить до зниження LUMO молекули
по вiдношенню до мiнiмуму зони провiдностi вюрциту, що,
в свою чергу, може перешкоджати переносу електрона. Тип
лiнкера та периферiйнi групи можуть значно впливати на
взаємне розташування фрагментiв системи, та їх правиль-
ний вибiр може сприяти фотоiндукованим реакцiям пере-
носу заряду.
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