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Porphyrin adsorbed on the (10 %10) surface of the
wurtzite structure of ZnO – conformation induced
effects on the electron transfer characteristics†

Mika Niskanen,*a Mikael Kuisma,b Oana Cramariuc,b Viacheslav Golovanov,bc

Terttu I. Hukka,a Nikolai Tkachenkoa and Tapio T. Rantalab

Electron transfer at the adsorbate–surface interface is crucial in many applications but the steps taking

place prior to and during the electron transfer are not always thoroughly understood. In this work a

model system of 4-(porphyrin-5-yl)benzoic acid adsorbed as a corresponding benzoate on the ZnO

wurtzite (10 %10) surface is studied using density functional theory (DFT) and time-dependent DFT.

Emphasis is on the initial photoexcitation of porphyrin and on the strength of coupling between the

porphyrin LUMO or LUMO + 1 and the ZnO conduction band that plays a role in the electron transfer.

Firstly, ZnO wurtzite bulk is optimized to minimum energy geometry and the properties of the isolated

ZnO (10 %10) surface model and the porphyrin model are discussed to gain insight into the combined

system. Secondly, various orientations of the model porphyrin on the ZnO surface are studied: the

porphyrin model standing perpendicularly to the surface and gradually brought close to the surface by

tilting the linker in a few steps. The porphyrin model approaches the surface either sideways with

hydrogen atoms of the porphyrin ring coming down first or twisted in a ca. 451 angle, giving rise to

p-interactions of the porphyrin ring with ZnO. Because porphyrins are closely packed and near the

surface, emerging van der Waals (vdW) interactions are examined using Grimme’s D2 method. While

the orientation affects the initial excitation of porphyrin only slightly, the coupling between the LUMO

and LUMO + 1 of porphyrin and the conduction band of ZnO increases considerably if porphyrin is close

to the surface, especially if the p-electrons are interacting with the surface. Based on the results of

coupling studies, not only the distance between porphyrin and the ZnO surface but also the orientation

of porphyrin can greatly affect the electron transfer.

Introduction

Electron transfer (ET) from molecular adsorbates to semi-
conductor surfaces has been a subject of investigation for a
few decades already but it has attracted even more attention in
recent years.1–3 The reason for the rising interest in this
reaction is its key role in many applications of molecular
electronics and nanoscience including sensors and quantum
dot devices, photocatalytic waste degradation, and solar energy

conversion.4,5 For example, dye sensitized solar cells (DSSCs) utilize
the ET from photoexcited dye molecules to a nanocrystalline
semiconductor, on which the dye is adsorbed for the photocurrent
generation, and emerge as a potential cost efficient alternative to
semiconductor cells.6,7 Power conversion efficiency of a DSSC
consisting of a titanium dioxide nanocrystalline film sensitized
with zinc porphyrin dye recently exceeded 12%.8

The photoinduced ET at the semiconductor organic inter-
face must be fast to be efficient because it competes with other
excitation deactivation processes. The ET of typical interfaces
found in DSSCs, as studied using ultrafast optical spectroscopy
techniques, was found to take place in the subpicosecond–
picosecond time domain and to depend on the type of semi-
conductor and sensitizing dye.2,7,9,10 Although all factors affect-
ing the ET are not yet completely understood, a fairly good ET
description has been developed for the two extreme cases, i.e.
the discrete donor–acceptor pairs and bulk systems, but the
description is in the development stage for the ET phenomena
at hybrid nanoscale interfaces.11–13 An important tool for
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analyzing such interfaces is computational modelling. It can
address many aspects of practical importance which are not
experimentally accessible, such as conformations and arrangements
of molecular adsorbates on semiconductor surfaces, mutual align-
ment of the energy levels of the semiconductor and the organic dye,
electronic coupling between the two, and the rate of ET at different
states of the relaxation of an excitation.3,14,15

Among a relatively large choice of semiconductor surfaces
ZnO has advantages both for experimental studies and computer
modelling. ZnO is an inexpensive and environmentally friendly
material. ZnO nanorods can be grown on different substrates in
water solution and have well defined single-crystalline structures
having wall surfaces with the same crystallographic orientation.16

The latter is an important factor for a quantitative comparison of
the experimental measurements and computer modelling. As a
semiconductor material, ZnO has almost the same band gap as
TiO2, and it is considered as a promising replacement of TiO2 in
DSSC applications17 and a nanoporous template structure for
organic solar cells.18 ZnO has been computationally less studied
than TiO2, but lately, there has been considerable interest in an
accurate description of the bulk and surface properties of ZnO,19–22

as well as in physisorption and adsorption of small molecules on
various ZnO surfaces.23,24 Computational studies of large mole-
cules on ZnO surfaces are still rare but already viable.25–28

Porphyrin is used as the adsorbate molecule in this study. So
far, porphyrin derivatives have yielded the highest energy
conversion efficiencies in DSSCs.8 Moreover, they have been
actively employed in both the complete device design29 and the
time-resolved ET studies in interface model systems.10 Porphyrin-
based nano-structures used in molecular electronics applications
have been recently reviewed in a number of publications.30–32

These highlight not only the particular electrochemical and
photophysical properties of porphyrins but also how their perfor-
mance is affected by surface chemistry, attachment and orienta-
tion. The structure–function relationship of porphyrins and their
derivatives has also been investigated. Active research on this
subject has been pursued since 1975 up to the present time.33–37

The first studies based on the post Hartree–Fock correlated
methods were followed by density functional theory (DFT) calcu-
lations which allowed the modelling of both static and time-
dependent properties of large porphyrin derivatives and assem-
blies. For a general review on applications of DFT on porphyrin–
fullerene systems, see ref. 34. More recently, computational
investigations of the porphyrin-based adsorbates on various
materials have been reported in the context of molecular
electronics. Many of these studies, in particular those involving
porphyrins on metal oxide surfaces, draw their conclusions
from comparing the electronic structure of isolated compounds
without considering the organic–metal oxide interface. An over-
view of several aspects, such as intramolecular conformation,
supramolecular ordering, electronic interaction, and the surface
chemistry of tetrapyrroles on metal oxide substrates and ligand-
related effects, is presented in ref. 38.

Herein, we present a computational study of 4-(porphyrin-5-yl)-
benzoic acid adsorbed on the ZnO (10%10) surface. Our interest has
been in the assessment of the coupling strengths of the porphyrin

LUMO and LUMO + 1 bands with the ZnO conduction band using
various porphyrin to surface distances and orientations. We first
test our methodologies with the ZnO bulk, followed by calcula-
tions and a relevant discussion about the isolated ZnO (10%10)
surface and porphyrin. We then optimize a ZnO surface that is 1/
3-filled with porphyrins standing at an angle of ca. 80 degrees with
respect to the ZnO surface. Subsequently, we calculate a few
porphyrin structures tilted towards the surface, with angles
ranging from 80 degrees to all the way down to 20 degrees. Of
these structures we calculate the coupling between the porphyrin
LUMO or LUMO + 1 and the ZnO conduction band. We suggest
that in the studied case, band coupling can predict the ET rate
from porphyrin unoccupied orbitals to the ZnO conduction band.
In addition, we study the effect of various orientations of
porphyrin on the initial excitation of porphyrin adsorbed on the
ZnO surface.

Computational methods and models
Software and methodology

We employ the CRYSTAL0939,40 and GPAW41,42 software for
DFT and use a slab model for the surface. Using two different
computational codes allows us to exploit the strengths of both
the codes and achieve a method-independent understanding of
the structure and properties of ZnO. The CRYSTAL software
uses a linear combination of atomic orbitals (LCAO) approach,
and allows efficient use of hybrid density functionals for
calculations with periodic boundary conditions. With GPAW
we use the real space grid to describe wave functions with the
help of the Projector Augmented Wave (PAW) method.43 The
PBE functional44,45 and the PBE0 hybrid functional,44–46 which
incorporate 25% of exact Hartree–Fock exchange, are used in
calculations done with CRYSTAL. With GPAW the PBE func-
tional and the GLLB-SC potential, which have been shown to
yield good band gaps for bulk semiconductors, are used.47

GLLB-SC is based on the direct exchange potential approxi-
mation by Gritsenko et al.48 called GLLB, but with the correla-
tion potential from PBEsol (SC stands for solid correlation). The
potential is appealing, because it is almost as fast as GGA, but
allows evaluation of the derivate discontinuity contribution to
the Kohn–Sham band gap. This has been shown to be an
important fraction of the total band gap.49 We calculate the
TD-DFT excitations with Casida’s linear response equation50

with GPAW TD-DFT implementation51 by using GLLB-SC wave
functions and eigenvalues. The time dependent exchange
correlation effects are taken into account by using adiabatic
local density approximation (ALDA) fxc kernel. Grimme’s
empirical DFT-D2 dispersion correction scheme52 is used in
CRYSTAL to take into account the van der Waals interactions.
Chemcraft is used for visualization of the structures.53

We use both the all-electron (AE) and pseudopotential (PP)
Gaussian basis sets for Zn and O in the case of the bulk ZnO
wurtzite and the ZnO (10%10) surface slab in calculations done
with CRYSTAL.54 The contractions of the Zn and O all electron
basis sets are (864111/64111/41) and (8411/411/1), respectively,
and for the pseudopotential basis sets large core Hay and Wadt
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pseudopotentials55–57 with contractions (111/111/41) are used for
Zn and Durand and Barthelat large core pseudopotentials58–60

with (31/31) contractions for O. All electron basis sets are used
for the porphyrin adsorbate.54,61,62 The contractions are (8411/
411/1), (621/21/1), (621/21/1) and (511/1) for O, N, C and H,
respectively. The PAW method employed with GPAW provides
one-to-one mapping between the smooth wave functions repre-
sented in real space grids and rapidly varying all-electron wave
functions with the help of atom centered augmentation spheres.
Therefore, it can be considered an all-electron method, up to the
frozen core approximation. The complete CRYSTAL basis sets
and more detailed calculation options and parameters are given
in the ESI.†

Bulk and surface models

The hexagonal wurtzite structure of ZnO is the most common
phase under ambient conditions and its space group is P63mc.
The structure consists of tetrahedrally coordinated zinc cations
and oxygen anions (Fig. 1). Atomic positions and lattice con-
stants of the ZnO bulk were fully relaxed.

Usually the ZnO nanorods grow fastest in polar directions,
such as h0001i, which means that the non-polar faces, i.e. either
{10%10} or {11%20}, form most of the surface area of the nanorod
arrays.63–65 Therefore, the nonpolar (10%10) surface has been
chosen as our model surface. The (10%10) surface slabs of 4, 8
and 16 layers were cut from the optimized bulk structure and
the stabilities were assessed by allowing the atomic positions
and the lattice constants of the slabs to relax freely. In order to
create a surface with a bulk-like core structure for adsorption
studies, we relaxed the top three layers of the slabs of 8 layers
while freezing the atomic positions of the two innermost layers
and the lattice constants at the bulk values. The slab calcula-
tions were done with CRYSTAL only.

Model of the adsorbate on the ZnO surface

To study the adsorption, the slabs with relaxed surfaces were used
to generate the (10%10) surface (2 � 3) supercells of ca. 7 Å � 16 Å,
on which a single porphyrin was adsorbed. The surface coverage
was 1/3. We chose this coverage to allow the adsorbate to change
its orientation and the tilt angle on the surface. The various
substituents of the porphyrin ring present in real dyes similarly
affect the orientation and the tilting angle, although it is very
hard to determine the exact dye geometries experimentally.
Additionally, the surface coverages of 1/2 and 1/6 and their

effects have been considered as presented in the ESI.† In the
studies54,66 where carboxylic acids have been adsorbed on the
ZnO (10%10) surface it has been concluded that the bidentate
bridging (BB) adsorption of COO� (the deprotonated COOH)
onto two Zn sites results in the strongest chemical bonding and
is predominant if not all of the surface sites are filled. Thus, we
have considered this adsorption model in our studies. We first
studied the linker and porphyrin at the upright position on the
ZnO surface. The models were optimized by allowing the adsorbate
and the top two surface layers to relax.

Next, we tilted porphyrin and the linker closer to the surface.
We used two different models: porphyrin tilted towards the
surface either (i) sideways with H atoms facing the surface
(Fig. 2a), i.e. untwisted, or (ii) with twisting and p-electrons
partially facing the surface (Fig. 2b), i.e. twisted. Because a
porphyrin molecule is wide, interactions and steric repulsion
arise between the twisted porphyrins, which prevent porphyrins
from facing the surface horizontally. The tilted models were
optimized by allowing the top two surface layers and the linker
to relax. Additionally, an optimization was done where the
twisted adsorbate and top two surface layers were fully relaxed.
The optimizations were done with CRYSTAL and the properties
were calculated with both CRYSTAL and GPAW using the
optimized geometries.

Results and discussion
ZnO wurtzite bulk

The lattice constants a and c, the c/a ratio, and the internal
parameter u of the computationally optimized and the experi-
mentally measured bulk structure are listed in Table 1. The
basis set and the functional affect the results only slightly. The
PBE0 functional combined with the all-electron basis set gives
the best match with the experimental results. The pure PBE
functional gives slightly larger lattice constants a and c than its
hybrid counterpart, but the c/a ratio and the internal parameter
are unchanged. The basis set affects the lattice constants more
than the functional. With the pseudopotential basis set theFig. 1 Unit cell of the wurtzite structure of ZnO.

Fig. 2 Porphyrin tilted on the ZnO surface (a) sideways and (b) with twisting.
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lattice constant a increases and the lattice constant c decreases,
leading to a smaller c/a ratio compared to the all-electron,
GPAW and experimental results. The internal parameter u
increases as well.

Band structures and densities of states (DOS) were calculated
to examine the accuracy of the methods further. Shapes of the
calculated bands were almost identical regardless of the method
and are given as ESI.† The main differences in DOS are in the
widths of the bands and band gaps, which are listed in Table 2.
The DOS plots obtained with the PBE functional are shown in
Fig. 3. The DOS plots calculated with GPAW/GLLB-SC and with
CRYSTAL/PBE0 are given as ESI.†

The band gap is underestimated by the pure PBE functional
and somewhat overestimated with the hybrid PBE0 functional.
GPAW/PBE predicts a smaller band gap than CRYSTAL/PBE. A
likely reason for this is a better relaxation of the conduction
bands when the GPAW grids are used compared to the relaxa-
tion when the valence based basis sets are employed in CRYS-
TAL. More importantly, CRYSTAL/PBE and GPAW give similar
valence band structures (Fig. 3) with only slight differences
meaning that the methods have comparable accuracy. GPAW/
PBE has no separation between the Zn 3d band and the first
valence band, whereas CRYSTAL/PBE/AE has a very small and
PBE0/AE a bit larger separation (Table 2). Use of the pseudo-
potential basis set leads to a wide separation between the 1st
valence band and the Zn 3d band. The PBE/AE, PBE0/AE and
GPAW/PBE methods yield similar widths for the Zn 3d band

that is split into two distinct parts. The PP basis set narrows the
band, but it still consists of two parts. However, the parts are no
longer distinctly separated (Fig. 3).

Compared to the O 2p peaks from the experimental resonant
X-ray emission spectroscopy (RXES)68,69 the 1st valence band
calculated with the pure PBE functional and with PBE0 are both
too narrow, though the PBE0 functional predicts a width that is
in better agreement with the experiment. The position of the Zn
3d band depends strongly on the representation of the electron
structure: the AE and GPAW/PBE methods yield too high and
the PP methods too low energies. The orbital contributions to
the peaks agree with the experimental assignments of O 2p: the
first strong peak in the 1st valence band has mostly the O 2p
and Zn 4p contributions and the second peak the O 2p and Zn
4s contributions while the first part of the Zn 3d band consists
solely of the Zn 3d contributions and the second part consists
of both the O 2p and Zn 3d contributions (Table 2 and Fig. 3).68

Using GLLB-SC improves the band positions in the GPAW
calculations. This has been also observed with the Ag 3d band
energies.70 GLLB-SC gives B0.6 eV lower Zn 3d band energies
than PBE, improving the description, but still leaves the bands
somewhat above the experimental values. Additionally, the
band gap is better than with PBE but it is still too low compared
to the experiment and a small band separation between the
valence band and the Zn 3d band appears (Table 2). GPAW/PBE
lattice constants were used in the GPAW/GLLB-SC calculation.

Overall, CRYSTAL PBE0/AE results match the experimental
values best, although the band gap is slightly overestimated,
the first valence band is a bit too narrow and the Zn 3d band
position is B1 eV too high in energy. However, all methods
yield good qualitative results.

ZnO (10%10) surface

The effect of the thickness of the ZnO slab model on the
optimized lattice constants is demonstrated in Table 3. The
lattice constants approach the bulk values when the slab
thickness increases and are in a rather good agreement in the
model of 16 layers. The band gap values decrease below the
bulk band gaps, as expected from the fully relaxed models with
bulk-like core structures and relaxed top and bottom surfaces.

Table 1 The calculated and experimental lattice constants a and c, their ratio
c/a, and the internal parameter u of the hexagonal wurtzite ZnO lattice

a/Å c/Å ca.�1 ua

CRYSTAL PBE/AE 3.27 5.28 1.61 0.379
CRYSTAL PBE/PP 3.37 5.25 1.56 0.391
CRYSTAL PBE0/AE 3.25 5.23 1.61 0.380
CRYSTAL PBE0/PP 3.33 5.19 1.56 0.390
GPAW PBE 3.29 5.32 1.62 0.378
Experimental67 3.25 5.20 1.60 0.382

a The internal parameter u indicates the Zn–O displacement along the
lattice constant c. In wurtzite structure the idealized value for u is 3/8.

Table 2 Calculated and experimental band gaps, the valence and Zn 3d band
positions, and their band separations

Band
gap/eV

1st Valence
band/eV

Band
separation/eV

Zn 3d
band/eV

CRYSTAL
PBE/AE

1.46 0 2 �3.98 0.10 �4.08 2 �5.90

CRYSTAL
PBE/PP

1.74 0 2 �3.92 3.55 �7.47 2 �8.29

CRYSTAL
PBE0/AE

3.92 0 2 �4.80 0.55 �5.34 2 �6.93

CRYSTAL
PBE0/PP

3.94 0 2 �4.54 3.48 �8.01 2 �9.00

GPAW PBE 0.77 0 2 �3.96 0.00 �3.98 2 �6.00
GPAW GLLB-SC 2.18 0 2 �4.12 0.36 �4.57 2 �6.54
Experimental71 3.37–3.44
Experimentala 68 0 2 �5.4 1.0 �6.4 2 �8.2
Experimentala 69 0 2 �5.7 0.8 �6.5 2 �8.1

a Estimates from XES figures in ref. 68 and 69.

Fig. 3 Densities of states calculated with GPAW and CRYSTAL using the PBE
functional. Energy of the valence band maximum (EVBM) has been set to 0 eV.
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The PP basis set reconstructed the wurtzite structure in the
slabs of 4 layers into two layers of ions in a trigonal planar
structure, which explains why the slab parameter a increased
considerably compared to the AE basis set which did not cause
reconstruction.

After the initial assessment, we chose the slab of 8 layers for
modelling the surface as a compromise between accuracy and
computational cost. The top three surface layers on both sides
of the slab were allowed to relax while the atomic positions of
the two innermost layers and the lattice constants were frozen
at the bulk values. We also studied the surface relaxation briefly
with this model, noting that the position of the Zn atom on
both surfaces changes somewhat when the PP basis set is used
and even more when the AE basis set is used, see Fig. 4.
The numerical values describing the surface relaxation are
given as ESI.†

Porphyrin

Porphyrin compounds have typically a very strong absorption
band in the near UV region, called the Soret band, and four

weak bands in the visible region, called the Q bands. Out of the
latter, two peaks are attributed to pure electronic transitions
while the other two are interpreted in terms of vibrational
contributions.72,73 Upon interaction with other molecular com-
pounds or substrates, the positions of both the Soret and Q
bands shift and the spacing between the peaks within the Q
band changes. These modifications, which depend on the
orientation and distance of the porphyrin ring with respect
to the interacting moiety, originate mainly from the energy
variation of the molecular orbitals involved in the electronic
transitions.35–37 In this respect, computational studies have
identified only few frontier molecular orbitals of porphyrin,
i.e. HOMO, HOMO � 1, LUMO and LUMO + 1, to be truly
relevant for the Q bands. The Q bands are also the most
important regarding the electron transfer from porphyrin to
surface in DSSC applications.

To obtain the orbital energies of 4-(porphyrin-5-yl)benzoic
acid, we use a slab model constructed of only a single porphyrin
in a ca. 7 Å � 16 Å unit cell in a similar fashion to when
porphyrin is adsorbed on the ZnO surface. The relevant energy
levels of porphyrin are listed in Table 4. The calculated energies
can be compared to the energies of porphine, the simplest
porphyrin, and 4-(10,15,20-triphenylporphyrin-5-yl)benzoic
acid, both of which have a Soret band absorption peak at
ca. 3.0 eV and Q-band absorption peaks in the range of
2.4–1.9 eV.74,75 The PBE frontier orbital energies are in a range
that is comparable to the experimental excitation energies but
in the case of the PBE0 functional the TD formalism would be
needed for obtaining the correct excitation energy.

Porphyrin adsorbed via the COO� anchor group on the ZnO
(10%10) surface

The optimizations with the PBE/AE, PBE0/AE and PBE0/PP
methods gave similar porphyrin orientations, where porphyrin

Table 3 Lattice constants (a and b) and the band gaps of the ZnO slab models
of various thicknesses optimized with CRYSTAL

PBE/AE PBE/PP

a/Å b/Å Band gap/eV a/Å b/Å Band gap/eV

4 Layers 3.38 5.39 2.24 3.79 5.24 2.31
8 Layers 3.33 5.31 1.62 3.44 5.29 1.70
8 Layersa 3.27 5.28 1.56 3.37 5.25 1.76
16 Layers 3.31 5.29 1.32 3.41 5.27 1.57
Bulk 3.27 5.28 1.46 3.37 5.25 1.74

PBE0/AE PBE0/PP

a/Å b/Å Band gap/eV a/Å b/Å Band gap/eV

4 Layers 3.37 5.33 4.77 3.74 5.16 4.57
8 Layers 3.31 5.25 4.03 3.40 5.22 3.95
8 Layersa 3.25 5.23 3.97 3.33 5.19 3.86
16 Layers 3.29 5.23 3.73 3.37 5.21 3.75
Bulk 3.25 5.23 3.92 3.33 5.19 3.94

a Lattice constants and the atomic positions of the two innermost layers
frozen at the bulk values.

Fig. 4 Initial and relaxed surface slabs.

Table 4 Frontier orbital energies (eV) of porphyrin with respect to the HOMO

H � 2 H � 1 HOMO LUMO L + 1 L + 2

GPAW/PBE �0.86 �0.23 0.00 1.83 1.92 2.53
CRYSTAL/PBE �0.86 �0.29 0.00 1.82 1.92 2.54
CRYSTAL/PBE0 �1.43 �0.17 0.00 2.84 2.93 4.00

Fig. 5 Adsorbate packing shown along the (a) [1 %210] and (b) [000 %1] directions
predicted by the PBE0/PP method.
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stands at a ca. 801 angle on the surface (Fig. 5). It is also
worthwhile to note that the Zn ions at the adsorption site move
upwards due to the adsorption of the linker and regain
the more bulk-like positions. Optimizing the structure of the
surface–adsorbate model with the PBE/PP method did not
converge due to SCF problems.

The band energies are approximately the same as in the case
of the isolated porphyrin and ZnO models, regardless of the
functional used. The band structures of the surface–adsorbate
models are presented in Fig. 6. The LUMO bands of porphyrin
and the conduction bands of ZnO overlap with all the methods,
although the energy difference between the porphyrin LUMO
band and ZnO conduction band minimum varies. In the PBE0
results the separation between the porphyrin HOMO level and
the ZnO valence band maximum is wider than with PBE due to
a larger ZnO band gap. The PBE0/PP predicts the porphyrin
HOMO � 2 and some of the lower states to lie above the ZnO
valence band.

As the overlap of the LUMO bands of porphyrin and the
conductance band of ZnO is similar with all the methods, it is
assumed that the choice of the functional does not affect the
further analysis of the system much. However, it should be
noted that in the case of PBE, the ZnO band gap is smaller than
the porphyrin HOMO–LUMO gap, which is not the case
experimentally.

Next we tilted porphyrin closer to the ZnO surface to study
the change in the total energy of the model and coupling
between the porphyrin LUMO or LUMO + 1 and the ZnO
conduction band. The structures were partially optimized using
the PBE0/PP method. When porphyrin is tilted towards
the surface its energy increases, first slowly but faster near the
surface (Fig. 7a). The standing, twisted porphyrin has a
somewhat higher total energy than the standing, untwisted
porphyrin. However, when the twisted porphyrin is tilted, the
energy decreases due to the attractive porphyrin–surface inter-
actions until the energy minimum is reached close to the
surface (at a ca. 251 tilting angle). Finally we relaxed the
porphyrin on the surface and then changed the tilting angle.
In this model there is a steep energy minimum due to optimal
porphyrin–surface interactions. This third case describes the
porphyrin model best, whereas the first two energy curves are
relevant in cases where substituents restrict the porphyrin
orientation. In the minimum energy orientation the p-orbitals

of the porphyrin rings interact and the distances to the neigh-
bouring porphyrin rings are ca. 3.6 Å. Similar porphyrin–
porphyrin distances have been found for porphyrin moieties
tilted (351–401) on a TiO2 surface.76

The energies were then corrected by including the empirical
dispersion correction to take into account the van der Waals
interactions between porphyrin and surface and between the
neighbouring porphyrin rings. However, the empirical DFT-D2
method may cause overbinding as analysed in ref. 77 and 78.
For this reason we limited the dispersion correction to the
adsorbate and the first ZnO layer and the dispersion corrected
energies should be considered only qualitatively.

We first note that the dispersion correction stabilizes the
twisted porphyrin model more than the untwisted model and
the twisted relaxed model is stabilized the most (Fig. 7a). The
main reason for this is the p-orbital interaction between

Fig. 6 Band structure of the ZnO surface–porphyrin adsorbate model calculated with (a) PBE/AE, (b) PBE0/AE and (c) PBE0/PP. Energy of the porphyrin HOMO level
(EHOMO) is set at 0 eV.

Fig. 7 (a) Relative energies of porphyrin models calculated with DFT and the
amount of dispersion correction and (b) the sum of the previous. (c) The coupling
strengths of porphyrin and ZnO (in eV).
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neighbouring porphyrins in the twisted models and the shorter
porphyrin–porphyrin distance in the twisted relaxed model
compared to the twisted model. Additionally, when porphyrin
is tilted near the surface the twisted models are stabilized more
due to a larger interaction area with the surface. We also note
that the standing geometry of porphyrin is no longer a local
minimum geometry (Fig. 7b). When the untwisted porphyrin is
tilted towards the surface the total energy decreases until the
minimum energy is reached near the surface. The twisted
porphyrin has initially a similar total energy as the untwisted
porphyrin but the energy of this orientation decreases further
when the porphyrin is tilted towards the surface. The relaxed
tilted porphyrin has the steepest energy curve.

Full optimization using the dispersion correction was also
performed. For this structure the porphyrin–ZnO distance was
ca. 2.4 Å and the porphyrin–porphyrin distance ca. 3.1 Å.
However, the electronic structure is not at the minimum DFT
energy when the dispersion corrected minimum energy geo-
metry is adopted, because the empirical dispersion correction
only affects the total energy and the gradients. As such we do
not analyse the electronic properties of this structure. It is also
obvious that there is a distribution of various porphyrin–
surface distances and porphyrin orientations close to the surface
caused by the thermal motion, but this is out of the scope of our
current study.

When porphyrin is tilted closer to the surface, the ZnO
bands and porphyrin orbital energies remain mostly
unchanged. However, the coupling strength between the bands
is stronger when porphyrin is close to the surface (Fig. 7c). The
coupling strength is of specific interest, as it affects the charge
transfer from the excited porphyrin to the ZnO. The coupling
strength is estimated from the vertical distance of the ZnO
conduction band and porphyrin LUMO or LUMO + 1 bands
(Fig. 8) at the ‘‘avoided crossing’’ for each porphyrin orienta-
tion. Thus, this is the usual two degenerate level coupling in
perturbation theory. The distance (the coupling strength) at
‘‘avoided crossing’’ between the bands increases as the bands
interact more strongly. Coupling is stronger with the twisted
porphyrin models than with the untwisted porphyrin model
and increases as the porphyrin is tilted closer to the surface.
Similarly, the distance between porphyrin and the TiO2 surface

has been seen to affect the through-space electron transfer
rates.79 Based on this, the band coupling can be used to predict
ET from the porphyrin unoccupied orbitals to the ZnO conduc-
tion band. It is also worth noting that, when porphyrin is
brought closer to the surface, the coupling strength does not
change much after a certain porphyrin–surface distance in the
case of the twisted porphyrin. Additionally, the porphyrin–
porphyrin interactions cause widening of the porphyrin LUMO
and LUMO + 1 when the porphyrin is twisted. The porphyrin–
porphyrin coupling allows electron migration between porphyrins
as well. Sample figures that show how the coupling strength
changes with the changing porphyrin orientation are given as ESI.†

Based on the estimated coupling strengths, a dye near the
ZnO surface in the twisted orientation has the highest relative
ET rate. Obtaining a dye layer with this orientation experimentally
is challenging due to tight surface packing that prevents dyes from
tilting as far towards the surface as in our models. One might
obtain a tilted dye layer by altering the linker, for example using a
meta-substituted benzoate instead of a para-substituted one as in
our model case. Another possibility would be to use temporary
supramolecular spacers around the dyes leading to a sparser
surface packing. After surface adsorption of porphyrins the spacers
could be removed by heating, chemical reaction or by other means
to give the dye molecules the space to tilt towards the surface.

Excitation of porphyrin is needed before ET can take place.
The effect of tilting of porphyrin closer to the surface on the
excitation energies was examined by comparing the GPAW/
TD-DFT/GLLB-SC results of the standing porphyrin models and
the porphyrin models tilted close to the surface. The tilted
porphyrin model had a surface–porphyrin distance of 2.6 Å and
the tilted and twisted porphyrin model a distance of 2.8 Å. The
obtained TD-DFT excitation energies are given in Table 5.

In all cases porphyrin has two similar excitations compar-
able to those of the isolated porphyrin. The excitation energies
differ only slightly with different porphyrin orientations. Most
notably the 2nd excitation has a somewhat lower energy in the
tilted porphyrin orientation than in the standing orientation.
The excitations are composed of transitions from HOMO � 1
and HOMO to LUMO and LUMO + 1. However, the first
excitation (ca. 2.3 eV) of the tilted porphyrin contains only
66% of these transitions and the tilted twisted porphyrin 49%,
while the rest of the excitation consists of ZnO–ZnO transitions.
Additionally, the second excitation of the tilted twisted porphyrin
contains 67% of porphyrin states. The deviation from the
isolated porphyrin case is due to a too low ZnO band gap,
which allows mixing of the surface excitations occurring at
lower energies than they should with the first two porphyrin

Fig. 8 Coupling strength between the porphyrin LUMO and the ZnO conduc-
tion band measured from a magnified band structure.

Table 5 Excitation energies (eV) of the 1st and 2nd excitations of porphyrin
calculated with GPAW/TD-DFT/GLLB-SC

Free
porphyrin Standing

Standing
twisted Tilted

Tilted
twisted

1st Excitation 2.24 2.31 2.33 2.30 2.33
2nd
Excitation

2.46 2.58 2.56 2.53 2.54
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excitations. With GPAW/TD-DFT/PBE the mixing of the surface
and porphyrin contributions in excitations is even greater. In
other words, GLLB-SC mixes the excitations less and helps in
assigning them. In addition, it slightly increases (B0.1 eV) the
excitation energies compared to those calculated with GPAW/
PBE. However, a method that yields a correct ZnO band gap
would be superior to both of the tested TD-DFT methods. To
summarize, based on the TD-DFT calculations the excitation
energies of porphyrin change only slightly when the orientation
of porphyrin is changed on the surface.

Conclusions

A model system constructed of 4-(porphyrin-5-yl)benzoic acid
adsorbed on the ZnO wurtzite (10%10) surface was studied with
the focus on the coupling strength between the porphyrin
unoccupied orbitals and the ZnO conduction band and the
initial photoexcitations of porphyrin in various porphyrin orien-
tations. The PBE and PBE0 functionals perform well in optimiz-
ing the model systems. The energy of the porphyrin LUMO level
is higher than that of the ZnO conduction band minimum,
which is in agreement with ET observed experimentally in
similar systems. However, the PBE functional underestimates
the ZnO band gap and PBE0 overestimates the porphyrin
HOMO–LUMO gap. The porphyrin LUMO–ZnO conduction band
coupling strength increases steadily as the porphyrin approaches
the surface. If porphyrin is twisted so that the p-electrons face
the surface, at least partially, the coupling strength increases
further. The strength of the band coupling can be used to predict
the relative rate of the ET from the porphyrin LUMO to the ZnO
conduction band. Both the distance between porphyrin and the
ZnO surface and the orientation of porphyrin with respect to the
surface affect the coupling. In our models the coupling is highest
when the porphyrin is the closest to the surface and aligned with
it. Based on our results it might be possible to enhance the rate
of the ET from the dye molecules to the ZnO surface by dyes
where a linker has a distinct tilting angle that orients the dye
close to the surface. Alternatively, the dyes could be surrounded
by temporary supramolecular or loosely bound spacers prior to
adsorption which would be later removed by heating, a chemical
reaction or by other means to give the dyes the room needed for
the tilting. Based on the TD-DFT calculations the nature of the
porphyrin excitations changes only slightly with the changing
orientation of porphyrin.

In this paper, we have investigated the effect of the orienta-
tion of porphyrin on the ZnO surface on the initial excitation of
porphyrin and on the coupling between the porphyrin LUMO or
LUMO + 1 and the ZnO conduction band, both of which are
relevant to ET. Our next goals are to examine dyes on other
semiconductor surfaces and to examine the ET and the cou-
pling more closely.
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20 J. Wróbel, K. J. Kurzydlowski, K. Hummer, G. Kresse and
J. Piechota, Calculations of ZnO properties using the
Heyd–Scuseria–Ernzerhof screened hybrid density func-
tional, Phys. Rev. B: Condens. Matter Mater. Phys., 2009,
80, 155124, DOI: 10.1103/PhysRevB.80.155124.

21 H. Dixit, R. Saniz, D. Lamoen and B. Partoens, Accurate
pseudopotential description of the GW bandstructure of
ZnO, Comput. Phys. Commun., 2011, 182, 2029–2031, DOI:
10.1016/j.cpc.2011.02.001.

22 N. L. Marana, V. M. Longo, E. Longo, J. B. L. Martins and
J. R. Sambrano, Electronic and Structural Properties of the
(10%10) and (11%20). ZnO Surfaces, J. Phys. Chem. A, 2008, 112,
8958–8963, DOI: 10.1021/jp801718x.

23 M. Breedon, M. J. S. Spencer and I. Yarovsky, Adsorption of
NO and NO2 on the ZnO (2%1%10) surface: A DFT study, Surf.
Sci., 2009, 603, 3389–3399, DOI: 10.1016/j.susc.2009.09.032.

24 J. D. Prades, A. Cirera and J. R. Morante, Ab initio calcula-
tions of NO2 and SO2 chemisorption onto non-polar ZnO
surfaces, Sens. Actuators, B, 2009, 142, 179–184, DOI:
10.1016/j.snb.2009.08.017.

25 F. D. Sala, S. Blumstengel and F. Henneberger, Electrostatic
Field Driven Alignment of Organic Oligomers on ZnO
Surfaces, Phys. Rev. Lett., 2011, 107, 146401, DOI: 10.1103/
PhysRevLett.107.146401.

26 F. Labat, I. Ciofinni, H. P. Hratchian, M. Frisch,
K. Raghavachari and C. Adamo, First Principles Modelling
of Eosin-Loaded ZnO Films: A Step Toward the Understanding
of Dye-Sensitized Solar Cell Performances, J. Am. Chem. Soc.,
2009, 131, 14290–14298, DOI: 10.1021/ja902833s.

27 T. Le Bahers, F. Labat, T. Pauporté, P. P. Lainé and I. Ciofini,
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