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ABSTRACT: To discover how molecular changes affect the 22 S -0
electronic structure of dye molecules for solar cells, we have 5y iBE 5 Q
investigated four titanium phthalocyanines customized by axial and s, s L Gl B, Y ot
peripheral ligands (monodentate oxo versus bidentate catechol and %Eﬁ& xzfyz %\“7;'\\
tert-butyl versus tert-butylphenoxy, respectively). X-ray absorption N N
spectroscopy and photoelectron spectroscopy were combined with t_g&«%\\m e : N//%@}Bu

density functional theory (DFT) and crystal-field multiplet

calculations to characterize the Ti 3d and N 2p valence electrons . ; -

that form the frontier orbitals. When a monodentate oxo axial ligand Ti 3d orbital splitting

was replaced by a bidentate catechol ligand, the multiplet structure of

the Ti 2p-to-3d transitions was found to change systematically. The most noticeable change was an additional transition into the
low-lying 3d,, level, which is attributed to a reduction in local symmetry from 4-fold to 2-fold at the Ti center. An increase of the
Ti 2p core-level binding energy was observed in the bidentate complex and compared to a calculated core-level stabilization. DFT
predicts a change of the LUMO from the inner phthalocyanine ring to the Ti d,, orbital and a reversal of the high-lying d,>_ and
d; orbitals. The N 1Is edge was calculated using time-dependent density functional theory (TDDFT) and compared to
experiment.

B INTRODUCTION The light-harvesting and charge-transfer properties observed

Organic photovoltaics have been the subject of intense research in complex biomolecules can serve as a guide, and their active

over recent years because of their potential as clean, low-cost centers cn be reproduced. in simpler molecules such as
alternatives to nonrenewable energy sources.' * The challenge porp hyrins and phthaloc?ranlnes, However, accurate de‘term‘1-
that th v f . Jucing th ‘ f nation of the electronic structure of these materials is
at the community faces is reducing the cost per watt to . . . .
v & P fundamental to understanding and enhancing their function

within the solar cell. To systematically optimize the perform-
ance of solar cells, we have embarked on a program to
investigate the electronic structure of dye molecules, such as

become competitive with that of established energy sources.
Both the use of purely organic solar cells and the incorporation
of organic chromophores into dye-sensitized solar cells

(DSSCs) are promising approaches because of the low

processing costs of these devices and the possibility of tuning Received: November 30, 2012
. ]

the electronic properties of the organic components to enhance Revised:  January 29, 2013

device efficiency.’ Published: February S, 2013
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Figure 1. Schematic diagram of the four customized titanium phthalocyanines studied and TiOPc.

phthalocyanines and porphyrins.®~'° (For an overview, see ref
11.) In this work, we focus on phthalocyanine (Pc) materials,
which have received a great deal of attention because of their
stability, high absorption coefficient, and ease of susceptibility
to synthetic modification—most notably through the replace-
ment of the central metal ion.'>"* At present, the record power
conversion efficiency for a phthalocyanine-based DSSC is
5.5%."* The occupied electronic states of phthalocyanines have
been measured by X-ray photoelectron spectroscopy
(XPS),"*"7 whereas thelr unoccupied states can be probed
by inverse photoemission'® and near-edge X-ray absorption fine
structure (NEXAFS) spectroscopy69 1619-21 By using the
absorption edges of the central metal atom and the surrounding
N atoms, one can selectively determine the unoccupied states
in different parts of the molecule. The valence-band structure of
these molecules can be investigated by employing valence-band
photoemission spectroscopy. The levels of the highest occupied
molecular orbitals (HOMOs) and lowest unoccupied molecular
orbitals (LUMOs) of the organic materials have particular
importance in the operation of solar cell devices. They are
important in determining the light absorption, whereas charge
separation and open-circuit voltage are dependent on the
alignment of the energy levels of the acceptor and donor
materials.

The incorporation of metal cations into the Pc ring increases
the complexity of the electronic structure near the Fermi level
(E¢) because of the overlap of metal 3d states with C and N 2p
states from the phthalocyanine ring. The electronic structure of
3d metal phthalocyanines has been investigated systematically
by X-ray absorption spectroscopy from Mn through Zn.SM
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Whereas manganese and iron phthalocyanines are readily
obtained in both the 3+ and 2+ oxidation states, the subsequent
3d metals occur mainly in the 2+ oxidation state. Among the
early transition metals, Ti(IV) and V(IV) phthalocyanines have
dominated the literature.”*~*’

In this work, we investigated the electronic properties of Ti-
based phthalocyanines that were tailored using axial and
peripheral ligands. Axial ligands affect mainly the metal atom at
the center of the molecule. Peripheral groups can act as linkers
of a pthalocyanine dye molecule to an acceptor or donor
nanoparticle, but can also modulate the electronic character-
istics of the macrocycle. Donor—acceptor substitution in a
macrocyclic dye leads to a donor—z-acceptor complex in which
photogenerated charge carriers can be separated effi-
ciently.” >

Specifically, we considered the four molecules depicted in
Figure 1. GT1 and GT6 are similar to the well-studied titanyl
phthalocyanine TiOPc (also shown for comparison), but they
are peripherally functionalized with four tert-butyl and eight
electron-donating tert-butylphenoxy groups, respectively. These
groups are expected to aid solvation by organic solvents,
important in wet processing techniques. GT2 and GT7 are
analogous to GT1 and GT6, respectively, apart from the change
in axial ligand from an oxo ligand to a catechol-based bidentate
ligand, changing the coordination geometry at the central Ti
atom.

XPS and NEXAFS spectroscopy were used to obtain the
electronic structures of the molecules and to demonstrate the
effects of the ligands, whereas crystal-field multiplet calculations
and density functional theory (DFT) were used in tandem to
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interpret the results. We found that incorporating the
peripheral electron-donating phenoxy groups in GT6 had little
effect on the electronic structure at the Ti 2p and N 1s edges
with regard to the tert-butyl-substituted GT1 compound.
Changing the axial ligand from the monodentate oxo ligand
in GT1 to the bidentate catechol ligand in GT2 (and similarly
for GT6 and GT7) reduced the local symmetry at the Ti ion
from 4-fold to 2-fold, which was found to allow an additional
transition into the low-lying 3d,, orbital. An increase in the
binding energy of the Ti 2p;,, core level of the bidentate ligand
was observed by XPS. DFT predicted that the exchange of the
axial ligand shifted the location of the LUMO and changed the
order of the d,>_» and d.> orbitals between GT1 and GT2.

B EXPERIMENTAL SECTION

Synthesis of GT1 and GT2 has already been reported
elsewhere.> >* Details on the synthesis of GT6 and GT7
dyes are described in the Supporting Information.

Sample Preparation. Three different techniques were
employed to prepare samples for NEXAFS measurements: (1)
embedding the sample powder in carbon tape, (2) evaporating
a thin film onto Au-coated Si(111) wafers under ultrahigh-
vacuum (UHV) conditions, (3) drop-casting from solutions in
different organic solvents [dichloromethane (DCM), tetrahy-
drofuran (THF)] onto Au-coated wafers. We observed that the
NEXAFS results were sensitive to the preparation conditions,
particularly the Ti 2p edge spectra. Adhering to the following
preparation guidelines for drop-cast samples yielded spectra
consistent with the powder samples:

(1)
)

(3)
(4)

Prepare fresh sample solutions and ensure that they are
homogeneous
Use anhydrous (or extremely low-H,O-content) sol-
vents.
Use low dye concentrations (1 mg/mL)
Drop-cast the solution onto the substrate just before
introducing it into the vacuum chamber.

Figure 2 compares Ti 2p spectra of GT1 in powder and
drop-cast form for which these procedural guidelines were
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Figure 2. Comparison of the Ti 2p edge spectra of a GT1 (a) powder
sample, (b) drop-cast sample from DCM solution, (c) drop-cast
sample from THF solution, and (d) evaporated sample prepared
under UHV conditions.
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followed, as well as data from an evaporated sample. All of the
spectra exhibited peak positions at almost identical photon
energies. However, the relative intensities of the peaks varied
depending on the deposition method, with the strongest
similarity observed between the powder and DCM-drop-cast
samples. In all cases, the peak at 459 eV was the most intense.
The intensity of the low-energy peak in the THF-drop-cast
sample decreased, whereas the peaks at 457.7 and 459.8 eV
were more pronounced. This is in contrast to the UHV-
evaporated sample, which displayed relatively low-intensity
features at 457.7 and 459.8 eV. The increased intensity of these
peaks in the THF-drop-cast sample might be the result of a
small amount of water absorbed during sample preparation
because of the hygroscopic nature of the solvent. The lower
intensity of these peaks in the evaporated sample indicate a film
containing less water, as would be expected.

Deviation from the mentioned guidelines by using old
solutions, nonanhydrous solvents, or solutions of higher
concentrations resulted in the loss of fine structure, giving
broader, featureless Ti 2p spectra, as highlighted in Figure 3.

(b)

Ti 2p Absorption (arb. units)

(a)

— T T T T T T T T
454 456 458 460 462 464 466 468
Photon Energy (eV)

Figure 3. Comparison of the GT1 Ti 2p edge spectra of (a) a well-
prepared drop-cast sample and (b) a drop-cast sample prepared using
a 2-day-old nonanhydrous THF solution.

Possible explanations for these spectral changes include water/
solvent coordination at the Ti center, ligand exchange/loss,
and/or aggregation of the molecules. The spectrum of the
poorly prepared sample in Figure 3b has a multiplet structure
similar to that of Ti*" in an octahedral environment, with its
typical e,—t,, splitting of the two spin—orbit components. Such
spectra are found for titanates in which Ti*' is surrounded by
an octahedral cage of oxygen atoms.*>*S However, the large
inhomogeneous broadening in Figure 3b indicates that solvent
reactions did not lead to a unique structure. For a full
understanding of the effects of sample preparation, further
investigation is required, which is beyond the scope of this
work.

We also produced thin films of GT1 and GT2 by sublimation
in ultrahigh vacuum from a tantalum Knudsen cell onto Au-
coated Si(111) wafers. The typical sublimation temperature was
about 430 °C. GT6 and GT7 decomposed before significant
amounts evaporated. That is, the N 1s spectra showed a peak at
399.9 eV corresponding to nitrile fragments.*”

Measurements. NEXAFS data provide details about the
electronic structure of materials by exciting electrons from the
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core levels to unoccupied valence-band orbitals, such as the
LUMO, which is populated when an organic dye absorbs
photons of certain wavelengths. NEXAFS spectroscopy at the
2p absorption edge of titanium and the 1s absorption edge of
nitrogen was employed to characterize the phthalocyanine dyes.
The measurements were conducted at two different synchro-
tron light sources, using Beamline 8.0.1 of the Advanced Light
Source (ALS) at the Lawrence Berkeley National Laboratory
and the VLS PGM Beamline at the Synchrotron Radiation
Center (SRC) in Madison, WL Radiation damage was
minimized by working with the narrowest possible mono-
chromator slits, using filters (at the SRC), or spreading the light
out over an area of 3 X 5 mm?* (at the ALS). All absorption
spectra were measured by collecting the total electron yield.
The energy resolution was better than 0.2 eV at all edges. The
photon energy was calibrated at the Ti 2p and N 1s edges using
the sharp 2p-to-3d transition in rutile TiO, powder at 458.0
eV,> with the N Is-to-7* transition of N, as the primary
standard.*®

Complementary XPS data were collected at the Materials
Physics Center in San Sebastian, Spain. Samples were prepared
by embedding the dye powders in carbon tape. The data were
obtained using a Phoibos photoelectron spectrometer equipped
with an Al Ka X-ray source (1486.6 eV photon energy) as the
incident photon radiation. The overall resolution was
approximately 0.9 eV. The pressure in the analyzing chamber
was <2.0 X 107 mbar during measurements. Spectra were
referenced to the adventitious C 1s signal at 284.8 eV.

Calculations. Interpretation of the multiedge NEXAFS
results from the less complex GT1 and GT2 molecules was
carried out using a combination of DFT and CTM4XAS
crystal-field atomic multiplet calculations. The fine structure of
the transition-metal 2p edge is strongly influenced by atomic
multiplet splitting between the 3d valence electrons and the 2p
core hole. Unlike other phenomena, these atomic multiplet
effects are not screened in the solid state and must be
considered to obtain an accurate description of the NEXAFS 2p
edge. DFT is also known to overestimate the covalence
between transition-metal atoms and ligands, which can lead to
errors in the intensities of the corresponding transitions. For
these reasons, we decided to simulate the fine structure of the
Ti 2p edge using the CTM4XAS program, which was designed
for atomic multiplets. DFT calculations were used to obtain
starting values of the crystal-field parameters for the CTM4XAS
fit to the data. These parameters determine the sequence of the
Ti 3d valence states. DFT also provides the wave functions and
energies of unoccupied orbitals. The N 1s edge is less affected
by interactions with the core hole than the Ti 2p edge.
Therefore, we used time-dependent DFT (TDDFT) calcu-
lations for a comparison with the experimental data at the N 1s
edge.

DFT calculations were carried out bz means of the
Amsterdam density functional (ADF) code.” All atoms were
described through basis sets of TZP quality (triple-{ STO plus
one polarization function) given in the program database,
including all of the core electrons in the calculation (i.e., with
no frozen-core approximation). The exchange-correlation
energy was computed according to the generalized gradient
approximation (GGA) by means of the Perdew—Burke—
Ernzerhof (PBE) functional.** The results were checked
using the local density approximation (LDA) by means of the
Vosko—Wilk—Nussair (VWN) functional*' and a hybrid
functional (BHandHLYP).*® The first step of the calculations
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consisted of obtaining the structures of the different
phthalocyanines in their ground state. The structures were
relaxed until a maximum force below 0.04 eV/A was obtained.
In a second step, the NEXAFS transitions were calculated using
the TDDFT method. As was expected, there was a shift
between the TDDFT-calculated and experimental spectra.
Although the smallest shift was obtained with the BHandHLYP
hybrid functional, the relative positions of the different peaks in
the spectra were better reproduced with the PBE functional.
For this reason, we used the PBE results for the peak
assignment and analysis of the N 1s edge experimental spectra.

The Ti 2p edge spectra of GT1 and GT2 were simulated
using the semiempirical CTM4XAS program of de Groot and
Stavitski** designed to simulate the 2p edges of transition-metal
complexes. The 2p X-ray absorption edge of transition-metal
complexes are strongly affected by the significant overlap of the
2p core and 3d valence wave functions. The CTM4XAS
program is based on Cowan’s atomic multiplet code® with
subsequent modifications by Butler,"” Thole et al,** and
Ogasawara et al.* incorporating crystal-field and charge-
transfer effects. The CTM4XAS program requires the input
of several parameters to calculate the absorption edge. After
selection of Ti in its 4+ oxidation state, the symmetry of the
complex is required. However, at the moment, the CTM4XAS
program does not have the option of directly calculating low-
symmetry complexes such as those studied in this work. As
such, we selected the D, (square-planar) symmetry system,
typical of unsubstituted phthalocyanines, and input the crystal-
field parameters (Dg, Dt, and Ds) to approach the system we
were simulating. These parameters were initially obtained from
DEFT calculations and subsequently optimized to obtain better
agreement with experimental data.

B RESULTS AND DISCUSSION

Background. GT1 has a chemical structure very similar to
that of the well-studied TiOPc, except for the weakly electron-
donating tert-butyl groups at the periphery of the phthalocya-
nine ring. The central Ti ion exhibits the same coordination
geometry in both GT1 and TiOPc. In both cases, the Ti ion
exhibits a S-fold distorted square-pyramidal coordination
geometry (distorted C,, point group), with the Ti atom
situated slightly out of the plane of the phthalocyanine ring,
typically exhibiting an O—Ti—N angle of 110°.* The inner
nitrogen-containing ring of the phthalocyanine ligand will
largely determine the frontier orbitals*® and, thereby, the
optical absorption of the dye molecule.

Because of the analogous structures of the two materials,
GT1 was found to exhibit electronic properties similar to those
of TiOPc. The XPS data were comparable, with a 0.2 eV global
shift to lower binding energy for GT1, as highlighted in Table
1. The X-ray absorption results from the Ti 2p edge and N 1s
edge were also similar to previously published TiOPc data®>*!
and are discussed in more detail in subsequent sections.
Previous research showed that the HOMO of TiOPc is mainly
associated with the phthalocyanine ligand.**** DFT calcu-
lations for GT1 (using C,, symmetry) agree with this
assignment, as seen in the corresponding molecular orbital
wave functions in Figure 4, where the HOMO is mainly located
on the inner pyrrolic carbons. The same result was found for
GT2 using C, symmetry, also depicted in Figure 4. It is worth
pointing out that the aldehyde group attached to the catechol
phenyl ring in GT2 (and GT7) introduces asymmetry that
reduces the global symmetry of the molecules to C; symmetry.

dx.doi.org/10.1021/jp3117853 | J. Phys. Chem. C 2013, 117, 4410—4420
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Table 1. XPS Core-Level Binding Energies (eV) for the Four
Studied Complexes, along with Literature TiOPc Values

dye molecule N 1s¢ Ti 2ps),
TiOPc"? 399.2 458.4
GT1 399.0 458.1
GT2 399.0 458.6
GT6 398.9 458.2
GT7 391.1 458.7

“Unresolved N 1s peak. Two components due to pyrrolic and aza-
bridging nitrogens are expected, plus shakeup satellites.

13 a2
HOMO GT1

69a”
HOMO GT2

Figure 4. Wave functions of the highest occupied molecular orbitals
(HOMOs) of GT1 (C,, symmetry) and GT2 (C, symmetry). The
orbitals are labeled according to symmetry assignment.

If one considers only the nearest neighbors of the central Ti
atom, the local symmetry is C,, For GT1 and GT2, the
HOMO has the same character as one of the Gouterman
orbitals predicted for square-planar phthalocyanines.>>*

The following section focuses on how changing the axial
ligand and introducing electron-donating peripheral groups
affect the electronic structures of different parts of the dye
molecules. We separate the discussion into two sections: First,
we consider the effects at the central titanium cation using Ti
2p edge data, and subsequently, we analyze the surrounding
phthalocyanine ring using N 1s edge data.

NEXAFS Titanium 2p Edge. The spectral features
observed in the Ti 2p edge spectra correspond to transitions
from the spin—orbit-split Ti 2p states to the conduction band
of the molecule. The spectral features can be separated into two
groups: The group of peaks from 456 to 461 eV is assigned to
the 2p;,, part of the manifold, whereas the group between 461
and 468 eV is due to the 2p, /, part. The coordination geometry
around the central metal ion is one parameter that is known to
strongly affect the X-ray absorption 2p edge of transition-metal
complexes.53 This is highlighted in Figure S, which shows the
Ti 2p absorption edges of rutile TiO,, GT1, and GT2. In all
cases, the Ti ion is in the 4+ oxidation state, but the different
coordination symmetries around the Ti ion result in significant
differences in the fine structure at the 2p edge. It is worth
noting that Kriiger showed that the rutile TiO, fine structure is
also strongly influenced by a long-range band-structure effect
(over a 1-nm length scale) that causes the splitting of the
feature centered at 460.2 eV.>* This type of long-range effect
has not been found to have a significant influence on the fine
structure of Ti complexes such as TiOPc, where the crystal field
due to the nearest neighbors of the central Ti atom is most
important.55

The upper panel of Figure 6 shows the Ti 2p edge NEXAFS
spectra of the four customized complexes studied in this work.
The GT1 spectrum exhibits well-resolved peak structure in the
2p3/, manifold with features similar to those in previously
published data for TiOPc.*”*' Comparison of the spectra from

4414

0
=
e |
£ GT2
L
=
=)
a
[}
7]
o
< GT1
Q
~
=
TiO, (rutile)

—T T 7 T T T T T T T T T T
454 456 458 460 462 464 466 468
Photon Energy (eV)

Figure S. Comparison of Ti 2p edge of rutile TiO,, GT1 and GT2. In
all complexes titanium is in the 4+ oxidation state, but differences in
the nature of the ligands and coordination geometries result in distinct
Ti 2p edges.

the four molecules shows that the pair GT1/GT6 exhibits very
similar features and peak positions, and likewise for GT2/GT?7.
These pairs of molecules contain the same axial ligands,
indicating that the peripheral groups have less influence at the
Ti 2p edge, as one might expect from their large distance from
the central Ti atom.

Whereas the pairs of molecules with identical axial ligands
showed very similar Ti 2p spectra, significant differences
appeared when the axial ligand was changed. The most visible
difference is an extra peak appearing for GT2/GT7 about 0.6
eV above the lowest transition. The latter can be assigned to a
transition into the Ti 3d,, orbital (see Figure 7). The additional
peak for GT2/GT7 is likely to have 3d,, symmetry as well,
because there are no other 3d levels nearby. A possible
explanation for the extra peak is the reduced symmetry at the
central Ti atom of GT2/GT7, which is 2-fold instead of the 4-
fold symmetry of GT1/GT6. Transitions that are symmetry-
forbidden in 4-fold symmetry can become allowed in the lower
2-fold symmetry. Such extra transitions in reduced symmetry
have been found previously at the Ca 2p-to-3d edge of the
CaF,(111) surface compared to the bulk, using a predecessor of
the CTM4XAS program.”® Indeed, using the lower C4
symmetry option available in the CTM4XAS program, we did
find an extra peak at the location of the additional peak for
GT2/GT7.

The lower panel of Figure 6 shows the Ti 2p edge
experimental spectra of GT1 and GT2 alongside the
CTM4XAS simulated spectra. The agreement between the
experimental and calculated data is quite good in both cases:
The overall structure and peak positions are reproduced well,
whereas the relative peak intensity is not always consistent.
Crystal-field parameters (Dq, Ds, Dt) were introduced to
simulate the experimental spectra. Initial values for these
parameters were obtained from DFT calculations and then
subsequently modified to improve the simulation. The values
used in the CTM4XAS program for the two simulations are
detailed in Table 2.

Removing the multiplet effects in the CTM4XAS program,
by setting the Fpd, Gpd, and valence spin—orbit coupling
parameters to zero, allows a good approximation of the d-

dx.doi.org/10.1021/jp3117853 | J. Phys. Chem. C 2013, 117, 4410—4420
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Figure 6. (Top) Comparison of experimental NEXAFS Ti 2p edge
spectra of the four studied dye molecules. (Bottom) GT1 and GT2
experimental spectra alongside calculated CTM4XAS spectra.

orbital splitting experienced by each molecule to be
uncovered.”’ Tt should be noted that setting these parameters
to zero removes not only multiplet effects but also any
multielectron transitions due to symmetry mixing. Figure 7
shows plots generated by the CTM4XAS program with these
effects turned off, where the stick plots corresgond to the d-
orbital splitting as calculated using eqs 1 — 4.7 The upper
part of the figure allows better direct comparison of GT1 and
GT2 splitting.

by (d,2_,2) = +6Dq + 2Ds — 1Dt (1)
a,(d,2) = +6Dq — 2Ds — 6Dt )
e,(d,,,.) = —4Dq — 1Ds + 4Dt 3)
bzg(dxy) = —4Dq + 2Ds — 1Dt *

For both GT1 and GT2, the small leading peak at 455.7 eV is
assigned to a transition to an orbital with strong d,, character;
this will also be the case for GT6 and GT7. This is clearly seen
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Figure 7. Ti d-orbital splitting for GT1 and GT2 complexes calculated
using eqs 1—4 and parameters used in the CTM4XAS simulation of
the Ti 2p edge. Bottom: Calculated CTM4XAS spectra for GT1 and
GT?2 with multiplet effects turned off. The four states generated as a
result of the d-orbital splitting are assigned.

Table 2. Input Values Used for CTM4XAS Simulation of
GT1 and GT2 Ti 2p Edge Absorption Spectra

GT1 GT2
Slater Integral Reduction
Fdd 1.0 1.0
Fpd 0.77 0.85
Gpd 0.73 0.7
Crystal-Field Parameters (eV)

10Dg 24 34
Dt 0.16 0.35
Ds —-0.43 —-0.24

in Figure 7, where the d,, orbitals of both GT1 and GT?2 are
significantly stabilized with respect to the other d orbitals.
TDDFT assigns the d,, orbital in GT1 to the LUMO + 1
with the LUMO situated on the inner phthalocyanine ring, as
shown by the orbital wave functions in Figure 8. DFT predicts
that the change in axial ligand from GT1 to GT2 results in a
shift in the location of the LUMO, from the inner
phthalocyanine ring to the Ti d,, orbital. The wave function
of the LUMO of GT2 is shown in Figure 9. DFT rationalizes
the change in location of the LUMO by a Ti 2p core-level
stabilization of 1.2 eV from GT1 to GT2. A similar stabilization
was observed experimentally by XPS, although to a smaller
extent, with a 0.5 eV shift in the Ti 2p;/, core-level peak to
higher binding energy from GT1 to GT2 (see Table 1)
measured with respect to the Fermi level. However, in the XPS
measurements, the energies were referenced to the Fermi level,
whereas the calculation was referenced to the vacuum level. A
measurement of the vacuum level or a calculation of the Fermi
level would be required to directly compare experiment with
theory. The position of the Fermi level in the HOMO—LUMO
gap depends sensitively on extrinsic gap states, which pin the
Fermi level.” The stabilization of the core level is rationalized in

dx.doi.org/10.1021/jp3117853 | J. Phys. Chem. C 2013, 117, 4410—4420
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Figure 8. Wave functions of unoccupied molecular orbitals involved in
important GT1 transitions. GT1 is assigned C,, symmetry, and the
orbitals are labeled accordingly.
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Figure 9. Wave functions of unoccupied molecular orbitals involved in
important GT2 transitions. GT2 is assigned C, symmetry, and the
orbitals are labeled accordingly.

the DFT calculation by increased positive charge on the GT2
Ti ion. This can be related to the increased displacement of the
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Ti ion out of the plane of the phthalocyanine ring. In GT1, the
Ti ion is situated 0.65 A above the plane, whereas the bulky
nature of the axial ligand in GT2 raises the Ti ion to 0.95 A
above the plane of the Pc ring. This will result in less orbital
overlap with the electron-rich phthalocyanine ring. Table 1
shows a similar Ti 2p;, core-level shift from GT6 to GT7. One
can also see a decrease in the intensity of the low-energy d,,
peak for GT2 and even more so for GT7 with respect to GT1
and GT6. This can be attributed to the decreased interaction
between the d,, orbital and the nitrogen ring or to a transfer of
spectral weight to the extra peak on the high-energy side.

The subsequent peaks found at around 457.7 and 458.4 eV
are expected to be due to transitions involving mainly the d,,
d,, orbitals. The lower symmetry of GT1 and GT2 can cause a
splitting of the d,, and d,, orbitals, which are degenerate in the
D,;, symmetry of the multiplet calculation.

Interestingly, both DFT and subsequent CTM4XAS
calculations indicate that there is a reversal in the order of
the high-lying d,>_? and d.> orbitals in GT1 and GT2 as seen in
Figure 7. This can be explained by taking into account the
different coordination of the axial ligand. GT1 has the double-
bonded oxo ligand bound directly along the z axis. The short
bond results in strong interactions, thereby destabilizing the d.
orbital, whereas the d,>_,> orbital is slightly stabilized relative to
that in standard D,;, complexes because of the displacement of
the Ti ion out of the plane of the ring. Replacement of the axial
oxo ligand by the bidentate catechol-based ligand of GT2
results in the loss of strong antibonding interactions directly
along the z axis, causing a significant stabilization of the d:
orbital. The antibonding interactions of the d,>_> orbital with
nitrogen orbitals on inner phthalocyanine ring is slightly
reduced in GT2 as the Ti ion is located farther out of the plane
of the ring; however, there is a destabilizing effect because of
the interaction with the axial ligand, resulting in an overall
increase in energy relative to GT1.

NEXAFS Nitrogen 1s Edge. The electronic structure of the
phthalocyanine ring was investigated using the N 1s absorption
edge. TDDFT was used to calculate GT1 and GT2
experimental data. The upper panel of Figure 10 compares
the experimental N 1s NEXAFS data from the four dye
molecules. The spectra from the different molecules are very
similar and consistent with published data for TiOPc.>**' The
position of the low-energy peak, at 398.1 eV, is unchanged in all
spectra. The only noticeable difference is the intensity ratio of
the double feature centered at 399.9 eV. This feature was found
to be radiation-sensitive, with the ratio changing from scan to
scan, as highlighted in Figure S1 (Supporting Information).

The lower panel of Figure 10 shows a plot of the 7* region of
the experimental N 1s edge spectra of GT1 and GT2 alongside
complementary TDDFT-generated data. Tables 3 and 4
summarize the calculated resonance energies, their assignments
to specific transitions, and the main states involved in the
transitions for GT1 and GT?2, respectively. The origin of the
transitions is assigned to one of the two distinct N
environments present in the molecules: N1 signifies the four
nitrogens bound to the central Ti ion (black in Figure 1),
whereas N2 indicates the bridging nitrogens (blue in Figure 1).
Figures 8 and 9 show wave functions of the unoccupied orbitals
involved in the transitions for GT1 and GT2, respectively. The
experimental and calculated spectra of GT1 are in reasonable
agreement. Calculations show that the intense low-energy peak
arises as a result of two transitions, both into the LUMO (37e,
orbital, Figure 8) of the molecule, which is a 7 orbital entirely
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Figure 10. (Top) Comparison of experimental N 1s spectra of the
four studied dye molecules. (Bottom) 7* region of the GT1 and GT2
experimental spectra alongside TDDFT calculations.

located on the inner pyrrole rings (including the N atoms) of
the phthalocyanine structure. There are two transitions each
from a different core level situated on the different types of
nitrogen (N1 and N2). Our assignment of the LUMO to the
inner core of the Pc ring is in good agreement with previously
published data for TiOPc.*"** The lower-energy resonance of
the double feature centered at 399.9 eV is assigned to two
excitations, again one from each N environment: N2 into a 7
orbital again located on the inner core of the Pc ring (17b,) and
N1 to an orbital (19b,) with character from the inner part of
the Pc ring and from Ti d,_. The higher-energy part of the
feature is due to a transition from N1 into a 7 orbital with
character very similar to that of the LUMO.

The lower panel of Figure 10 also demonstrates that the
experimental and calculated spectra for GT2 agree well. The
first peak is mainly be due to a transition into orbital 110a" of
the molecule, again a 7*-orbital located on the inner part of the
Pc ring. However, there are also contributions from transitions
to orbital 71a” (Figure 9), which, although mainly located on

the pyrrole rings, does have slight Ti d,, character. Our
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Table 3. DFT-Calculated Resonance Energies and Relative
Intensities for the N 1s Edge of GT1 (C,, Symmetry), with
Assignments to Major Orbital Transitions and to Different
Parts of the Molecule

ener relative
(eV intensity orbital transition® interpretation
398.0 0.8 3e — 37e (100%) P-z with N
N2
3983 05 2e — 37e (100%)  P-z with N
N1
3994 0.6 1b, — 17b, (98%)  P-m with N
N2
399.8 04 1b, — 19b, (98%)  P-r with N, slightly Ti
N1 dey
400.1 03 2e — 38e (98%) N1 P-, slightly N
401.8 0.5 1b, — 18b, (99%)  P-z with N
N2
402.7 0.5 1b, = 22b, (93%)  Ti dg_p, slightly P-z
N1 and N

“Orbitals labeled according to C,, symmetry. N1 (nitrogens bound to
Ti) and N2 (bridging nitrogens) designate the origins of the
transitions with respect to different nitrogen environments.

Table 4. DFT-Calculated Resonance Energies and Relative
Intensities for the N 1s Edge of GT2 (C, Symmetry), with
Assignments to Major Orbital Transitions and to Different
Parts of the Molecule

ener relative
(eV%y intensity orbital transition® interpretation
398.1 0.8 122" —> 1102’ (78%) P-r with N
N2
42" — 712" (20%) P-z with N, slightly Ti
N2 d,
398.1 0.8 112’ — 1102’ (80%) P-z with N
N2
32" — 71a” (15%) P-m with N, slightly Ti
N2 "
398.6 05 22" - 71a" (91%)  P-z with N, slightly Ti
N1 d,
399.5 0.8 42" - 732" (98%)  DP-r with N
N2
399.5 0.8 32" - 732" (98%)  P-m with N
N2
401.8 0.5 4a” — 80a" (99%) P-z with N
N2 Rydberg state
401.8 0.6 32" — 80a” (99%)  P-m with N
N2 Rydberg state
402.5 0.8 8a' — 121a’ (95%)  P-m with N, slightly Ti

N1 oy
Rydberg state
“Orbitals labeled according to C, symmetry. N1 (nitrogens bound to
Ti) and N2 (bridging nitrogens) designate the origins of the
transitions with respect to different nitrogen environments.

calculations show that none of these transitions are excitations
to the LUMO of the molecule. We found that the LUMO of
GT?2 is the 70a” orbital, which, as mentioned previously, has
mainly Ti d,, character and a slight influence from the pyrrolic
carbons and the catechol oxygens. This is in contrast to GT1,
where the LUMO is located on the inner part of the Pc ring
and the LUMO + 1 is the Ti d,, orbital (16b,, Figure 8). The
change in order of these unoccupied molecular orbitals was
explained in the previous section with regard to the stabilization
of the Ti 2p core level. Both of the features of the double
structure centered at 399.9 eV are assigned to transitions to a
7% orbital located on the inner Pc ring from different core

dx.doi.org/10.1021/jp3117853 | J. Phys. Chem. C 2013, 117, 4410—4420



The Journal of Physical Chemistry C

levels. It is also noticeable that almost all of the low-energy
transitions of GT2 arise from the bridging nitrogens (N2),
whereas GT1 transitions are of mixed origin. This can be
rationalized by considering the change in the N1 environment
on moving from GT1 to GT2: In GT2, the increased number
of metal-ligand bonds decreases the strength of the Ti—N1
bonds, and steric effects cause the Ti to move farther out of the
plane of the Pc ring, changing the Ti—N1—N2 bonding angle
and, hence, the orbital interactions. The N2 bridging nitrogens
are expected to retain similar character to those of GT1.

The strong similarities between the N 1s absorption edge
spectra and the N 1s core level (see Table 1) of GT1 and GT2
indicate that changing the axial ligand has a limited effect on the
electronic structure of the inner Pc ring. GT6 and GT7 also
exhibit N 1s spectra very similar to those of GT1 and GT2. The
core-level N 1s data (Table 1) are also comparable, indicating
that the incorporation of the phenoxy peripheral groups has
minimal effect on the nitrogen core of the Pc ring. This is
consistent with previously published data for metal phthalo-
cyanine dyes, which showed that even strong electron-
activating peripheral groups have little effect on the N 1s
absorption edge."

Bl CONCLUSIONS

In summary, the electronic structure of four customized
titanium phthalocyanines has been investigated by XPS and
NEXAFS spectroscopy combined with DFT and crystal-field
atomic multiplet calculations.

Altering the axial ligand was found to have a significant effect
on the electronic structure at the Ti 2p edge, whereas the N 1s
edge remained largely unchanged. An additional transition into
the low-lying Ti 3d,, orbital was observed when the local
symmetry at the Ti atom was reduced from 4-fold to 2-fold by
replacing the oxo ligand in GT1/GT6 with a bidentate catechol
group in GT2/GT7. The change in axial ligand shifted the
LUMO from the inner phthalocyanine ring in GT1 to the Ti
d,, orbital in GT2 according to DFT calculations. A Ti 2p core-
level stabilization in GT2 and a reversal in the order of the
high-energy d,>_» and d.* orbitals are also predicted by DFT.
Such changes in the frontier orbitals induced by custom ligands
can be used for optimizing the design of dye molecules in all-
organic and hybrid dye-sensitized solar cells. Both the
absorption of sunlight and the separation of charge are
important considerations.

We also show that the introduction of electron-donating
phenoxy groups at the periphery of the dye molecule had no
significant effect on the electronic structure at the frontier
orbitals. Attaching peripheral groups with both electron-
donating and -accepting character is a topic receiving growing
attention for designing more efficient DSSCs.%™% These
activating groups have the ability to combine donor, dye, and
acceptor character in a single molecule with atomic precision. It
has been demonstrated that such combinations can improve
charge separation and power conversion efficiencies.****%°

B ASSOCIATED CONTENT

© Supporting Information

Details of the synthesis of GT6 and GT7 dyes and the radiation
sensitivity observed in the N 1s edge data of GT1. This material
is available free of charge via the Internet at http://pubs.acs.org.
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