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The frontier electronic structures of a series of organic dye molecules containing a triphenylamine

moiety, a thiophene moiety and a cyanoacrylic acid moiety have been investigated by

photoelectron spectroscopy (PES), X-ray absorption spectroscopy (XAS), X-ray emission

spectroscopy (XES) and resonant photoelectron spectroscopy (RPES). The experimental results

were compared to electronic structure calculations on the molecules, which are used to confirm

and enrich the assignment of the spectra. The approach allows us to experimentally measure and

interpret the basic valence energy level structure in the dye, including the highest occupied energy

level and how it depends on the interaction between the different units. Based on N 1s X-ray

absorption and emission spectra we also obtain insight into the structure of the excited states,

the molecular orbital composition and dynamics. Together the results provide an experimentally

determined energy level map useful in the design of these types of materials. Included are also

results indicating femtosecond charge redistribution at the dye/TiO2 interface.

1. Introduction

Generally molecules containing a triphenylamine moiety are

common in molecular electronic applications and a specific

focus in the present investigation are dye molecules adsorbed

at nanostructured TiO2 for the potential use in conversion

from light to electric energy. Dye-sensitized solar cells (DSC)

have received widespread interest as a promising alternative

to conventional solar cells. The most efficient DSCs, with

efficiencies reaching over 10%, use metal complexes, such as

ruthenium polypyridines (N3, N719 and black dye), as light

harvesting material, and a liquid based electrolyte containing

the redox couple I�/I3
� as redox mediator.1–3 In recent years

there has been an increasing interest in organic dyes as light

harvesting materials.4–19 The relatively easy synthetic routes of

organic dyes makes them easy to modify with respect to the

position of the energy levels important for the DSC energy

conversion.

In focus of this investigation is a series of organic dyes, which

has proven to yield respectable DSC efficiencies. The dyes in this

investigation are constructed using three units, the triphenyl-

amine moiety (referred to as the D5 unit or D9 unit depending on

the presence of methoxy units), a thiophene linker moiety

(referred to as the L2 unit), and the cyanoacrylic acid anchor

moiety (referred to as the A1 unit). The molecular surface

structure of this family of dyes when adsorbed on TiO2 substrates

has been investigated previously.20 A goal of this investigation is

to understand the contribution of each unit to the total electronic

composition and, in doing so, to contribute to further

understanding in the field of the molecular dye design.

In the present study we use photoelectron spectroscopy

(PES), resonant photoelectron spectroscopy (RPES), X-ray

emission spectroscopy (XES), and X-ray absorption spectro-

scopy (XAS) in combination with theoretical calculations to

compare in detail the frontier electronic structure of the

organic dyes D9L2A1, D5L2A1, D5A1, and L2A1, see

Fig. 1. PES, XES, and RPES are used to probe the occupied

electronic structure and XAS is used to probe the unoccupied

orbitals. RPES also allows us to relate information in the

occupied and unoccupied levels. The experiments are com-

pared to DFT calculations on single molecules. All these

techniques taken together give a detailed characterization of

the energy level structure within a molecular layer adsorbed on

a TiO2 surface.
21–26
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2. Experimental

2.1 Sample preparation

The synthesis procedure of the 3-(5-bis(4,40-(methoxyphenyl-

amino)styryl)thiophen-2-yl)-2-cyanoacrylic acid (D9L2A1),

3-(5-(4-(diphenylamino)styryl)thiophen-2-yl)-2-cyanoacrylic acid

(D5L2A1), 4-(diphenylamino)phenylcyanoacrylic acid (D5A1),

and (thiophene-2-yl)-2-cyanoacrylic acid (L2A1) dyes as well

as the preparation procedure of the TiO2 colloidal solution are

described elsewhere.4,27,28 The nanostructured dye-sensitized

electrodes were prepared as follows: The colloidal TiO2

solution was first diluted with ethanol (1 : 1) in order to

produce a thin nanostructured TiO2 film. The TiO2 solution

was thereafter spread out onto conducting SnO2 : F glass

pieces, and subsequently heated to 450 1C for 30 min. This

produced a 1–2 mm thick nanoporous TiO2 film. The electrodes

were then allowed to cool and thereafter immersed into the dye

solutions, 1 mM D9L2A1, 1 mM D5L2A1, 1 mM D5A1,

1 mM L2A1 all dissolved in acetonitrile, for 12 h. The samples

were finally rinsed in acetonitrile before dried in air and put in

the PES analyzing chamber within ten minutes. For this

sample preparation procedure a recent core level PES study

showed monolayer formation of D5L2A1 and D9L2A1 on the

TiO2 surface.20 Moreover the molecules had a molecular

surface orientation with the cyanoacrylic acid anchor moiety

close to the TiO2 substrate and the triphenylamine moiety

pointing out from the surface.20

The D9L2A1, D5L2A1, and D5A1 multilayer samples were

prepared by smearing out the respective dye powder onto a

F : SnO2 substrate. The formation of a complete coverage is

confirmed from the substantial decrease in the PES Sn signals.

2.2 Measurements

The PES, RPES and XAS measurements were performed

using synchrotron radiation at beam line I411 at the Swedish

national laboratory MAX-lab in Lund. The electron take-off

angle was 701 and the electron take-off direction collinear with

the e-vector of the incident photon beam. The kinetic energy of

the photoelectrons were measured using a Scienta R4000

WAL analyzer. N 1s XAS spectra were recorded by detection

of secondary electrons in partial yield mode and intensity-

normalized versus the number of incident photons. The PES

spectra were energy-calibrated by setting the Ti2p substrate

signal to 458.56 eV and the N 1s XAS spectra energy-calibrated

through measurement of the Ti3p peak using first and second

order light. The powder samples were energy-calibrated by

putting the peak with lowest binding energy at the same position

as in the dye-sensitized TiO2 sample. The PES and N 1s XAS

spectra has an overall resolution better than 0.2 eV.

The XES measurements were performed at the undulator

beamline I511-3 at MAX II (MAX-lab National Laboratory,

Lund University, Sweden), comprising a 49-pole undulator

and a modified SX-700 plane grating monochromator.

The XES spectra were measured with a high-resolution

Rowland-mount grazing-incidence grating spectrometer with

a two-dimensional multichannel detector. The XES spectra

were measured at 201 incidence angle to avoid self-absorption

effects.29 The XES spectra are intensity normalized versus total

intensity. The XES spectra has an overall resolution of 0.6 eV.

3. Theory

Density functional (DFT) calculations with gradient-corrected

exchange and correlation functionals were performed to study

the electronic structure of the isolated molecules depicted in

Fig. 1 and in addition also on the isolated D5 subunit.

Geometry optimization, photoemission and X-ray spectrum

calculations were done using the StoBe-deMon code30 with

pure density functionals31,32 and double-zeta valence basis sets

including polarization functions.33

To ensure a localization of the core-hole in the case of

core-excitations, all other atoms of the same element, as the

target of the core-excitation, were described by effective

core-potentials.30,34 The electronic relaxation in the presence

of the core-hole was converged using a flexible IGLO basis

set35 on the core-excited atom.

For comparison to the experimental photoemission spectra,

we derived the density of states (DOS) from electronic ground

state calculations. The total DOS was decomposed into

different partial DOS (PDOS) for units in the dye molecules

by projection onto groups of N,C,O and S atoms in aMulliken

analysis. A constant shift of all calculated DOS curves were

added for direct comparison to the experimental spectra.

The XES spectra were derived from the Kohn–Sham orbitals in

an electronic ground state calculation; whereas the XAS spectra

required calculations with the half core-hole transition potential

method36,37 in combination with a double-basis set procedure in

which, after convergence, the basis set was augmented with a

large diffuse basis set for an improved description of the Rydberg

and continuum states.38,39 For direct comparison to experiment

an additional DKohn–Sham correction40 to the lowest

core-excited state was used to shift the entire XAS spectrum.

4. Results and discussion

4.1 Valence electronic structure

4.1.1 Experimental valence spectra. The valence photo-

electron spectra for molecular multilayers and surface

Fig. 1 Molecular structures of D9L2A1, D5L2A1, D5A1, and L2A1.
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adsorbed monolayers can be used to experimentally investigate

the density and character of the highest occupied energy states.

The experimental valence spectra of both dye-sensitized TiO2

(molecular monolayer) and multilayer samples of the

D9L2A1, D5L2A1, D5A1, and L2A1 dyes are displayed in

Fig. 2, together with measurements on the bare TiO2. The

measurements were taken using a photon energy of 100 eV. A

first observation from a comparison between the spectra is the

absence of the characteristic TiO2 substrate O2s peak at a

binding energy of approximately 23 eV in the spectra of the

D9L2A1, D5L2A1, and D5A1-sensitized samples. This shows

that the contribution from the substrate to the valence spectra

of these samples in Fig. 2 is negligible. In the case of L2A1

sensitized TiO2 the characteristic O2s peak is observed, and

included in Fig. 2 is therefore a L2A1 difference spectrum

where the TiO2 contribution has been subtracted by normal-

izing to O2s. We also note that the TiO2 substrate show minor

contributions at low binding energies, with a valence band

edge located well below 3 eV.

The valence spectra of all the monolayer as well as the

multilayer samples for D9L2A1, D5L2A1 and D5A1 show

large similarities with each other but are clearly different from

L2A1. Specifically, the spectral features at binding energies of

8 eV and higher (E–H) are very similar and this shows that this

part of the spectra is largely dominated by the D5/D9 unit. At

binding energies lower than 8 eV we observe some spectral

changes in the features referred to as A-D. Starting with the

two most intense features (C and D) in the region 4–8 eV the

spectra for D5L2A1 and D5A1 are similar with one peak

observed at about 6.7 eV (D) and one around 3.8 eV (C),

although the binding energy position for the latter is slightly

higher in D5A1. In comparison, the structure for D9L2A1 is

clearly different, with the D structure split into two and the C

structure distributed over a larger energy range in the

monolayer spectra. This difference for D9L2A1 is thus attributed

to the presence of the methoxy groups.

The outermost occupied energy levels are important

for electron transfer processes and thus for the function in

molecular devices such as solar cells. In Fig. 3 a close-up of the

experimentally measured lowest binding energy region is

shown. Specifically, this region includes the position of the

HOMO (highest occupied molecular orbital) levels for

D9L2A1, D5L2A1, D5A1, and L2A1. It is observed that the

outermost occupied energy levels differ both in binding energy

position and in shape for the different dyes. The molecules

possessing the D5/D9 unit all have clearly separated

spectral features (A and B) located between 1–2 eV in binding

energy whereas no such peak is observed for L2A1. It is

therefore concluded that this structure largely originate

from the D5/D9 unit and that it can be spectroscopically

observed.

The binding energy position of the outermost peak (A)

(HOMO), visible in Fig. 3 (and summarized in Table 1), is

highest for the D5A1 followed by D5L2A1 and D9L2A1. The

difference in binding energy is approximately 0.2 eV between

D5A1 and D5L2A1, showing that the insertion of the L2 unit

shifts the HOMO level by 0.2 eV towards lower binding

energies. The difference between the HOMO of D5L2A1 and

D9L2A1 is approximately 0.25 eV, showing that the HOMO

level is further shifted towards lower binding energies by the

attachment of methoxy groups on the D5 unit.

The detailed structure of the outermost feature is also

different for the three dyes possessing the D5/D9 unit. Starting

with the dye sensitized samples (K), the D5A1 molecule has a

single peak (A), whereas for the D5L2A1 molecule clearly two

peaks (A and B) are visible in the outermost occupied energy

level region, see Fig. 3. The experimentally measured binding

energy difference between the two peaks of D5L2A1 is 0.5 eV

in the TiO2 sensitized samples. In the case of the D9L2A1

outermost peak structure one main peak is observed.

However, in comparison with D5A1, the single peak of

D5A1 has a more pronounced dip at the higher binding energy

side of the peak compared to that of D9L2A1. This finding

clearly indicates the presence of some structure at this binding

energy region (B) also in the case of D9L2A1 in similarity with

that of D5L2A1.

Interestingly, when comparing the outermost structure of

the dye sensitized and multilayer samples of D5L2A1, it is

observed that the binding energy difference between structure

A and B is different, see Fig. 3. The binding energy difference is

approximately 0.2 eV larger in the multilayer sample, clearly

showing that the adsorption and organization has a profound

effect on the outermost structures.

4.1.2 Theoretical DOS and PDOS. Before comparing

experimental and theoretical results, we will briefly describe

the electronic structure in D9L2A1, D5L2A1, D5A1 and

L2A1 from a series of density functional (DFT) calculations

made on single molecules. The emphasis is to dissect the

underlying contributing atomic character and distributions

of the valence occupied energy levels in a way that can be

used for further understanding of the experimental map

obtained from the spectroscopic measurements.

The theoretically calculated valence spectra, i.e. the total

density of states, TDOS, are displayed in Fig. 4. In line with

the discussion of the experimental spectra, the labels A0–E0 are

used to describe the spectra and with A0 referring to the

HOMO feature. As expected some similarities are observed

for D9L2A1, D5L2A1 and D5A1, while L2A1 is clearly

different and the discussion below will mainly focus on the

three former dyes.

Starting from the D5L2A1 molecule the different features

are labeled in Fig. 4a. Specifically we observe two peaks

(A0 and B0) in the binding energy region 1–3 eV and three

pronounced structures (C0, D0 and E0) in the binding energy

region 3–8 eV. The total density of state are subdivided into

partial density of states, PDOS, for the D5 unit, the L2 unit

and the A1 unit in order to further resolve the different

contributions. The PDOS for the D5 unit in D5L2A1 largely

follows the A0–E0 TDOS structure, while that of A2 and L1

mainly shows similarities with respect to C0 and B0 and minor

PDOS in A0. Specifically this shows that states B0 and C0 are

distributed over all three units while structure A0 is mainly

centered on the D5 unit. The effect from the methoxy groups

can be followed by a comparison between the TDOS for

D9L2A1 and D5L2A1. At lower energy, a shift in states A0

and B0 towards higher energies is observed. For state C0 the

effects are smaller while clear differences are observed in the
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region of structure D0. In this region a new structure appear

originating from rather local states centered on the methoxy

groups, as observed from the methoxy PDOS calculation and

is in Fig. 4b referred to as O-PDOS in D9.

Comparing TDOS for D5L2A1 and that obtained for the

L2A1, larger differences are observed and we specifically point

out the absence of state A0 in L2A1. The position of HOMO

for L2A1 is instead located at an energy close to the C0.

Moreover, from a comparison between TDOS for D5L2A1

and that obtained for D5A1, the effect from L2 at lower

binding energies is mainly a shift of state A0 and of the

appearance of a new state (B0) at a binding energy of about

2.3 eV.

Looking at the N and O PDOS Fig. 4b we note the

following: with respect to nitrogen the HOMO level have a

clear D5/D9 nitrogen character in the HOMO level, while the

N PDOS in the cyanoacrylic is rather localized to a position

between C0 and D0. With respect to the oxygen in the A1 unit

Fig. 2 Valence spectra of both dye-sensitized TiO2 samples (solid

line) and multilayer samples (dotted line) of D9L2A1, D5L2A1, and

D5A1. Included is also the valence spectra of dye-sensitized sample of

L2A1, bare TiO2, and the difference spectrum (- -) between the L2A1

sensitized TiO2 and the bare TiO2 spectra. The spectra were measured

using photon energy of 100 eV.

Fig. 3 Spectra of the outermost valence region, showing the HOMO

energy levels of the D9L2A1, D5L2A1, D5A1, and L2A1 dye-

sensitized TiO2 surface (K) and multilayer samples (J), measured

using photon energy of 100 eV. TiO2 spectrum (m) measured using

photon energy of 100 eV and the difference spectra (n) between the

valence spectra of L2A1 and TiO2.
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(i.e. in –COOH), no contributions are observed in state A0 and

B0 nor in the HOMO energy of L2A1.

4.1.3 Comparing experimental valence spectra and

theoretical DOS. Generally some insight into the complex

experimental valence spectrum can be obtained by comparison

with theoretical DFT calculations. Such a comparison is

shown in Fig. 5. It is observed that the experimental and

theoretical spectra are generally in reasonable agreement for

all molecules. Most main peaks in the experimental spectra are

reproduced in the theoretical spectra showing that the models

used are capturing the essential aspects of the dyes, although

we expect a broadening in the experimental spectra due to

local variations in geometries and intermolecular interactions.

The comparison between theory and experiment would be

improved by stretching the theoretical energy scale, and a

possible explanation to this is that the electron relaxation

energy upon valence ionization increases with binding energy.

This is a final state effect, which we neglect in the present initial

state approximation. The similarity between theory and

experiment motivates the following schematic model of the

experimental spectra, see Fig. 6.

As a starting point we take the electronic structure of the

triphenylamine moiety alone (a single D5 unit) calculated and

shown in Fig. 4 and schematically drawn in Fig. 6. The

electronic structure may be divided into three main parts,

one single level at lower binding energy largely containing the

nitrogen lone pair (A0), one set of levels shifted a couple of eV

containing a mix of the three phenyl centered p-orbitals (C0)
and second set of p-orbitals shifted another few eV (D0).

Essentially this structure (A, C, and D) is observed in the

experimental spectrum of D5A1, although some contributions

from the A1 unit (specifically the cyano group, see below) is

expected between C and D. As observed in both the theoretical

and experimental results discussed above, the incorporation of

the thiophene unit L2 in the D5L2A1 molecule gives rise to a

new feature (B0 and B respectively) at low binding energy.

According to the calculations this arises from a mixing of p
energy levels in D5 with the HOMO p levels of the thiophene

which splits off part of the p manifold structure C to a

well-defined level B. At higher binding energies only small

differences are observed in the experimental valence spectra as

well as the theoretical DOS when comparing D5L2A1 and

D5A1. Finally, we note that the experimentally observed effect

from the methoxy groups was followed in the theoretical

calculations. The direct effect from the presence of the metoxy

group is observed in the broadening of state D while the shift

of HOMO and HOMO-1 is mainly an inductive effect, since

the direct contribution from the methoxy group in these states

is very limited (see Fig. 4 and 6).

Table 1 The experimental binding energies of the N 1s core levels, the
photon energies for the experimentally measured XAS resonances, the
binding energy position of the unoccupied energy levels calculated
from experimentally obtained data, the binding energy position of the
HOMO level (A), and the binding energy difference between A and YA

for the dye-sensitized TiO2 samples

Feature D9L2A1/eV D5L2A1/eV D5A1/eV L2A1/eV

N 1sD5 399.60 399.75 399.89 —
N 1sA1 398.51 398.51 398.82 399.10
XA 398.4 398.4 398.5 398.5
XB 399.6 399.6 399.6 399.7
XC 400.5 400.5 400.5 400.5
XD 402.7 402.5 402.3, 403.1 —
YA 0.11 0.11 0.32 0.6
YB �1.1 �1.1 �0.78 �0.6
YC �2.0 �2.0 �1.68 �1.4
YD �3.1 �2.8 �2.5, 3.3 —
HOMO (A) 1.41 1.66 1.85 —
DEB(A � YA) 1.3 1.55 1.53 —

Fig. 4 Calculated density of states of D9L2A1, D5L2A1, D5A1 and

L2A1. (a) The total DOS decomposed into partial DOS of the

molecular subunits to resolve the electronic structure. (b) The density

of states projected onto specific atoms.
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4.2 The unoccupied states followed by N 1s XAS spectroscopy

The PES data on the occupied energy levels is combined

with X-ray absorption spectroscopy (XAS) to probe the

unoccupied space and a complete picture of the electronic

structure is thus obtained. The nitrogen K-edge (N 1s XAS)

allows us to resolve local projections of the unoccupied states

onto the nitrogen containing D5/D9 and A1 units. D5/D9 and

A1 are natural targets being the functional groups involved in

the charge transfer excitation for visible light absorption

(see below).5

The experimental N 1s XAS spectra of the D9L2A1,

D5L2A1, D5A1, and L2A1 sensitized TiO2 samples together

with that of the dye multilayer samples are shown in Fig. 7a,

where the absorption intensity is plotted versus photon energy.

The peaks in the feature below 401 eV in Fig. 7 are denoted

XA, XB and XC. It is observed that all monolayer samples

(solid line) and multilayer samples (dashed) have two sharp

resonance features at approximately the photon energies

398.4 eV and 399.6 eV. The third peak around 400.5 eV varies

with the coverage and is least pronounced for L2A1. Since the

L2A1 molecule possesses these resonances it is concluded that

this feature originates from a resonance centered at the

nitrogen atom in the A1 unit.

Furthermore, all N 1s XAS spectra of the dye sensitized

samples, except for L1A1, contain a broad resonance, denoted

XE, at higher photon energies, 405–415 eV, and thus, it is

concluded that this resonance structure is mainly generated in

Fig. 5 Experimental monolayer valence spectra (solid lines) and

calculated density of states (dashed lines) of D9L2A1, D5L2A1,

D5A1, and L2A1. The intensity in the experimental spectra is scaled

to fit theory, and the theoretical spectra are shifted by 3.4 eV to align

to experiment. Line a refers to the experimental position A and the

theoretical position A0 in respective spectra.

Fig. 6 Schematic picture of the frontier electronic structure of the

D9L2A1, D5L2A1, D5A1, and L2A1 sensitized TiO2 samples. The

experimental binding energies are indicated to the right of the different

states. The binding energy in the occupied electronic structure are

obtained from PES spectra. The unoccupied electronic structure are

based on the XAS spectra and their binding energies are determined by

combining N 1s-XAS and PES N 1s core level spectra (see text).

Comparison between spectra of the different moieties determined the

character of the features. The character of the different features in the

electronic structure was further determined by RPES and XES in

combination with calculations. Included in the picture (left) is also a

schematic picture of the calculated occupied energy levels of the D5

unit. The number of levels in each state (A � D, YA–YD) are also

shown schematically.
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the D5/D9 units of all molecules, which has previously been

shown for D5L2A1.5

At intermediate excitation energies around 402–403 eV,

there is a feature, XD, which varies between mono and

multilayer coverage and possibly splits for the D5A1 dye.

Previous measurements on triphenylamine based molecules

has shown resonances at this position,5 and since this structure

is rather weak in L1A1 the result indicate that also XD for

D9L2A1, D5L2A1, and D5A1 corresponds to states in the

triphenylamine N 1s XAS.

The assignments of the experimental N 1s XAS spectra in

Fig. 7 are also confirmed by theoretical calculations presented

in Fig. 8. The strongest peak, XB, is in the calculations

assigned to the in-plane anti-bonding CQN orbital. It gives

a strong signal, since it is a localized state and is not interacting

with the conjugated p system. In contrast, the XA and XC

peaks arise from the out-of-plane anti-bonding CQN orbital

which overlaps and contribute to the conjugated p system. In

particular the XA level arise from an orbital that mixes

strongly all the way to the triphenylamine moiety. In the

theoretical calculations of the N 1sA1 contribution to the

XAS spectra the third peak, XC, is clearly visible and located

at approximately 400.5 eV. Interestingly, this resonance

peak is clearly visible also in the spectra measured on the

multilayered samples whereas it can only be seen as a shoulder

in the spectra measured on the dye-sensitized sample, see

Fig. 7.

When comparing the dye-sensitized and multilayered N 1s

XAS spectra in Fig. 7, the most striking difference is the

measurement for the L2A1 molecule. Instead of a dominant

resonance at 399.6 eV, the N 1s XAS spectrum for the

multilayer contains three peaks with equal intensity. This is

a clear indication of a substantial electronic change in the

molecule, which we attribute to intermolecular interactions. A

possibility could be molecule–molecule interactions for the

anchor moieties involving hydrogen bonding with the NC

nitrogen atom as previously discussed by Kitamura et al.6

Unfortunately, the photoelectron spectrum is not available for

multilayer L2A1, which would enable us to explore this

hypothesis. Ideally we would have preferred to also address

the changes observed in the XC feature in the dye-sensitized

and multilayered samples of D9L2A1, D5L2A1, and D5A1

Fig. 7 XAS spectra (left) and integrated (between 5.5–6.5 eV in binding energy) RPES spectra (right) of the D9L2A1, D5L2A1, D5A1, and L2A1

dye-sensitized TiO2 (solid line) and multilayer samples (dotted line), measured over the nitrogen K-edge.
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with modeling. At the present stage, however, we have too

little structural information about these phases to create

constraints when building the models to reach a conclusive

statement.

The XAS process involves an electronic excitation from the

N 1s core level to an unoccupied energy level, and in a

procedure of positioning the unoccupied energy levels on the

binding energy scale information about the respective core

level is necessary. The binding energy positions of the N 1s

core levels related to the D5 and A1 units in the D9L2A1,

D5L2A1, and D5A1 are summarized in Table 1. By subtracting

the XAS resonance energy from the corresponding core-level

binding energy, the position of the unoccupied energy level of

the molecules in the presence of a N 1s core hole is obtained.

Using this procedure the energy level positions YA–YD

corresponding to the XA–XD resonances are calculated and

displayed in Table 1. These positions are also schematically

drawn in Fig. 6.

Starting with the L2A1 in Fig. 6, three unoccupied energy

level positions, YA–YC, with excited electrons localized at the

A1 unit, are experimentally observed. In comparison to L2A1,

YA–YC in D5L2A1 are shifted towards lower binding energies.

Moreover, an additional energy level position YD connected

with the D5 unit is observed at a binding energy approximately

4.5 eV lower than the HOMO. In the D5L2A1 molecule,

YA–YC are located at lower binding energies compared

to D5A1, showing the effect of introducing the L2 unit.

Moreover, for D5A1 YD is experimentally observed to be split

into two, one located higher and one lower compared to YD in

D5L2A1. Continuing by comparing the D5L2A1 to D9L2A1

in Fig. 6, it is observed that YA–YC are located at the

same energies in both molecules, whereas YD is shifted by

approximately 0.3 eV towards lower binding energy in

D9L2A1 compared to in D5L2A1. Interestingly, the binding

energy difference between YD and the HOMO is the same in

both D9L2A1 and D5L2A1. Together these results show

that the methoxy units affect the outermost energy levels

corresponding to the D5/D9 unit, while leaving the energy

levels corresponding to the A1 rather unchanged.

The binding energy difference between the highest occupied

and lowest unoccupied energy levels, i.e. between A and YA in

Fig. 6, in the D9L2A1, D5L2A1, and D5A1, is expected to be

involved in the optical transitions observed in the visible

region and are, thus, important for the functional properties

of these molecules. This binding energy difference, DEB

(A � YA), is calculated and displayed in Table 1. It is observed

that DEB (A � YA) is approximately 0.2 eV smaller for

D9L2A1 compared to both D5L2A1 and D5A1, implying a

redshift of a corresponding UV-vis absorption spectrum peak

in the D9L2A1 sample, which also is experimentally observed.

Generally when comparing measurements of DEB (A � YA) to

the UV-vis spectra it should be noted that these may differ

firstly due to relaxation in the presence of the core hole in the

XAS measurements, resulting in a lower position of the

LUMO level in the latter case, and secondly the mixing of

other transitions and/or vibrational overtones in the UV-vis

spectra. Absolute comparisons of the DEB (A � YA) measured

with the different procedures should therefore be avoided and

instead relative differences are compared. The observed DEB

(A � YA) between D9L2A1 and D5L2A1 is in line with

previously observed UV-vis results showing a redshift of

approximately 0.15 eV for the absorption maximum of

D9L2A1 compared to D5L2A1 (in acetonitrile).27 However,

UV-vis measurements have shown a 0.17 eV blue shifted

absorption maximum in the case of D5A1 compared to

D5L2A1, which was different from the DEB (A � YA) values

observed here.41

4.3 Experimental map of molecular orbital composition

4.3.1 Resonant and non-resonant XES at the nitrogen

K-edge. The decay processes from states formed from single

photon X-ray excitation or X-ray ionization can be used to

experimentally map the PDOS for a molecule with elemental

and site specificity.42,43 In non-resonant X-ray emission

(XES) obtained from a core ionized state (i.e. N 1s, in the

measurements presented here), the spectrum is described as an

emission in a dipole transition between the core ionized and

the valence ionized state. The local nature of the core hole

makes the technique element specific, largely probing the

PDOS for a specific element (i.e. N 2p). In resonant XES

(or resonant inelastic X-ray scattering, RIXS), the incoming

Fig. 8 Theoretically calculated N 1s XAS spectra for the dyes in

Fig. 1. The contribution to the N 1s XAS spectra from the nitrogen in

the D5/D9 unit and in the A1 unit are also included.
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photon energy can be selected to match a particular site

sensitive absorption energy (e.g. N 2p in the NC group). In

this case the emission is not just element specific but will reflect

the PDOS projected onto a specific atomic site.

The N 1s XES spectra for D5L2A1 and D9L2A1 sensitized

TiO2 samples are displayed in Fig. 9. Starting with the

non-resonant XES spectra, we observe a main structure with

emission energy of about 392 eV for both D5L2A1 and

D9L2A1. At energies up to the high-energy cut-off 399 eV

some structure in the emission intensity is visible, while at

higher energies no emission is observed. The binding energy

difference between the HOMO level and the N 1s core level

with highest binding energy (i.e. N 1s originating from the

triphenylamine moiety) is 398.2 and 398.1 for D9A2L1 and

D5A2L1 eV, respectively. Thus these measurements indicate

the presence of N 2p all the way to the HOMO level, but that

most of the N 2p PDOS is positioned about 6 eV below the

HOMO energy.

Resonant XES spectra measured at 399.6 and 402.5 eV, i.e.

the photon energies in the XAS spectra selected to coincide

with XB and XD respectively, are also shown in Fig. 9. In the

figure also the experimental position of the HOMO level are

indicated, and these are positioned at an energy obtained from

the difference in binding energy between the respective peak

and the probed N 1s core level. At the bottom of Fig. 9, the

spectra are shown where the excitation energy was tuned to the

main XAS peak at XB (399.6 eV). For both D5L2A1 and

D9L2A1 molecules this energy corresponds to the XAS

resonance XB with mainly NC character. Both resonant XES

spectra are very similar and have a main peak at 392 eV,

indicating that the N 2p DOS from the NC group largely

appear about 5.8 eV above the HOMO binding energy.

Interestingly both spectra also show a small but clear structure

at 396 eV, while no clear structures are observed at higher

energies. Referencing this to the HOMO energy, the results

indicate that the HOMO (feature A) has a character not

distributed over the NC group but that some contribution

may be present in states at higher energies. This is in line with

the theoretical PDOS results and thus support the position of

pNC displayed in Fig. 6.

In the middle of Fig. 9, the resonant XES spectra are also

shown where the excitation energy was tuned to XAS feature

XD (402.5 eV). For both D5L2A1 and D9L2A1 molecules, this

energy largely matches the energies of the XAS resonances

having mainly D5/D9 character. Generally both spectra are

rather similar although the shoulder at higher energies is

slightly more pronounced in D5L2A1 compared to D9L2A1.

Comparing these spectra to those measured at 399.6 eV, an

interesting difference is the slight increase in intensity at higher

energies. Since this increase in emission coincides with the

position of HOMO energy, this indicates the contribution

from D5/D9 nitrogen in HOMO (A). Specifically this may

be attributed to the mixing of the triphenylamine nitrogen lone

pair to the HOMO level and again the result supports the

labeling in Fig. 6.

The calculated N 1s XES spectra for the nitrogen atoms in

the cyano and phenylaniline group in D5L2A1 and D9L2A1

support this conclusion as is displayed in Fig. 10. The

cyano group gives rise to the distinct XES feature seen

experimentally measured at 399.6 eV, and a small shoulder

at higher emission energies. This shoulder is present also in the

measured resonant XES.

The theoretical XES spectra based on the N in the D5/D9

unit show a broad distribution with N 2p character due to

conjugation. There is a small effect from the methoxy group,

but it is not sufficient to explain the experimental difference in

the non-resonant XES of the D5L2A1 and D9L2A1 molecules.

Notice that the HOMO orbitals in the XES spectra for the

nitrogen atoms in A1 and D5 units occur at different emission

energies, because of the difference in N 1s core-level binding

energies. The HOMO in the N 1s XES for D5/D9 unit is

however clearly observed in the total non-resonant XES

spectrum, which qualitatively reproduces the experimental

spectrum. Thus, the theoretical results support the conclusion

that the emissions found at the highest energies in the

non-resonant spectra originate from the D5/D9 unit and

that HOMO level contains some D5/D9 lone pair nitrogen

Fig. 9 Experimental XES spectra of D9L2A1 and D5L2A1 sensitized

TiO2 samples, and RXES spectra where the excitation energies were

tuned to the XAS resonances XB (399.6 eV) and XD (402.5 eV). The

position of feature A (HOMO) is shown for D9L2A1 (blue) and

D5L2A1 (red).
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character. Based on the theoretical calculations we cannot

explain the experimental difference between D5L2A1 and

D9L2A1 in terms of differences in the electronic structure.

This could be due to limitations in the model, the experimental

resolution, or related to polarization dependence in the

experiment. Further experiments are required to resolve this

issue.

4.3.2 Resonant PES at the nitrogen K-edge. Resonant

photoemission spectroscopy (RPES) implies photoemission

spectroscopy using a photon energy that coincides (resonance)

with the excitation energy of a core orbital to an unoccupied

orbital in the system (e.g. energies in the N 1s XAS spectrum),

see Fig. 6. The excited states formed from the X-ray absorption

process primarily decay in an Auger type process leading to

electron emission. In analyzing the various features it is useful

to classify the RPES transitions into spectator and participator

processes. The former imply that the decay occurs without

direct involvement of the resonantly excited electron, leading

to final states having two holes among the valence orbitals in

addition to the excited electron and a signal that is constant in

kinetic energy. The participator decay, on the other hand,

implies that the resonantly excited electron participates in the

decay of the core hole to the final state with an electron in the

continuum and one valence hole. Since the final state in the

resonant participator decay is the same as in non-resonant

photoemission, the participator decay signal is constant in

binding energy. Moreover, when scanning the photon energies

over the N 1s XAS resonance energies, if neglecting coupling

to states on other molecules or to the substrate, the mechanism

for RPES predicts that participator decay will enhance only

those valence band states which has similar character as the

XAS resonance.44,45

Image plots of the experimental valence spectra for

D9L2A1, D5L2A1, and D5A1 adsorbed at TiO2 and taken

at the photon energies of the N 1s XAS resonances are shown

in Fig. 11. Following the photon energy of the strongest XAS

structures, XB, originating from the NC group (at 399.6 eV for

D9L2A1, D5L2A1 and D5A1) we observe a large increase in

cross section also in the RPES spectra, in all cases located at a

binding energy close to 6 eV, which thus indicate participator

contributions. Therefore, the increase in intensity indicates

Fig. 10 Calculated XES spectra (N 1s) of the isolated D5L2A1 and

D9L2A1 dyes. Spectra is calculated for the non-resonant N 1s

XES(top), and also for the resonant N 1s XAS from the A1 unit

(middle) and from the D5/D9 unit (bottom).

Fig. 11 RPES image plots over the N1s XAS resonance of D9L2A1

(top), D5L2A1 (middle), and D5A1 (bottom) sensitized TiO2 surfaces.

The ring indicates the main participator enhanced valence structures

over the NC XAS resonance.
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that the pNC contribution to the valence structure is rather

localized to a binding energy shifted about 4.5 eV from the

outermost valence level. For D9L2A1 and D5L2A1 these

experimental results support the findings obtained from

XES and thus the experimental position of the NC groups

in Fig. 6.

4.4 Femtosecond time development of the excited state

It is also of interest to follow in detail the intensity of a

particular valence orbital hole state as a function of

photon energy over the energy interval of the XAS spectrum.

Preferable the XAS spectrum is measured by recording

electrons emitted at the binding energy interval of the valence

orbital with dominating participator character. This procedure

may allow conclusions to be drawn as to the time development

of the electron in the excited state orbital on a few

femto-second time-scale. The argument for this is based on

the short lifetime of the core hole (6 fs for N 1s).45–48 If the

electron in the excited state orbital undergoes transfer to a

neighbouring unit, molecule or substrate in a time interval

short compared to the core hole lifetime, participator

transitions will not occur and the corresponding feature

in the integrated RPES spectrum will be missing. Hence,

in order to study such fs transfer processes an outer valence

region (5.5–6.5 eV in binding energy) that is largely dominated

by participator decay from the N 2p at the NC group

(see above) was chosen. The intensity of this valence orbital

will then act as a probe to detect transfer processes from

the NC group of the different resonance states in the XAS

spectrum.

Fig. 7 shows a comparison between the integrated RPES

and XAS spectra for multilayer and monolayer of D9L2A1,

D5L2A1, and D5A1. Based on the local character (see

discussion on XAS) of the most intense peak at about

400 eV, this peak was used for normalization. In the

calculations, we showed support for this conclusion since it

is a localized in-plane p�NC state not mixed with the conjugated

p system. As discussed above, the multilayer and monolayer

XAS spectra are very similar for D9L2A1 with the three

features at lower energies arising from absorption at the NC

group. With respect to the most intense peak, we observe some

minor decrease (less than 13%) in relative intensity for the first

resonance together with some broadening for the third

resonances. These small changes probably reflect some small

differences in geometries. Next the multilayer integrated RPES

spectrum for D9L2A1 is compared with its XAS multilayer

spectrum. The three first resonances are rather similar

although the intensity from the first and third has decreased

slightly (less than 12%). However at energies above 401 eV

large differences are observed. This is to be expected since

these resonances have very little p�NC character, but is instead

more localized on the D9 unit.

The next comparison is between the integrated RPES

spectrum obtained for a monolayer of D9L2A1 with that of

a multilayer. Interestingly, we see clear differences in this case.

The spectrum of the monolayer shows one clear resonance

structure at 400 eV, and at lower energy (399 eV) a smaller

peak is observed in the integrated RPES spectrum for the

monolayer. With respect to the most intense peak we observe a

clear decrease of approximately 60% in intensity for the first

resonance. Based on the reasoning above our conclusion is,

thus, that participator decay is suppressed in the case for the

lower-lying resonances compared to the case of the more

localized resonance at 400 eV due to more pronounced charge

redistribution. Moreover this charge distribution should

occur in a timescale of 6 fs. Based on the valence band

observed for TiO2 (Fig. 2 and 3) and the binding energy

position determined for YA (LUMO), this result is rather

surprising with the position of the first resonance within the

bandgap of the TiO2 substrate. In the present case, the

presence of the core hole requires special considerations, which

make extrapolations of conclusions drawn for the optical

regime nontrivial (see discussion above). Still, however, one

interpretation is fs transfer to a new state formed from

the surface binding and organization, with an energy in the

bandgap.

The trends discussed above for D9L2A1 are also observed

for D5L2A1 and D5A1. Thus also for these molecules

dynamics in the femtosecond time regime are observed. For

L2A1 the large difference between the monolayer spectrum

and the multilayer spectrum prevent a similar discussion.

5. Conclusions

In this paper we have shown how the element specificity

of photoelectron spectroscopy (PES), X-ray absorption

spectroscopy (XAS), X-ray emission spectroscopy (XES)

and resonant photoelectron spectroscopy (RPES) can be used

to map the frontier electronic levels and to delineate the

character of the frontier electronic levels for dye molecules

(D5A1, D5L2A1, and D9L2A1) containing the triphenyl-

amine moiety (D9/D5), the thiophene moiety (L2) and the

cyanoacrylic acid moiety (A1). The molecules were investigated

both as molecular monolayers adsorbed on TiO2 substrate

and as multilayers, and the experiments were supported by

theoretical DFT calculations. Although the general results

from experimental and theoretical determinations of the

energy level positions were similar, clear quantitative

differences were observed for the dye molecules. Furthermore,

some of the results were sensitive to differences in inter-

molecular interactions as observed when comparing values

obtained for multilayer and monolayers.

From the experiments we have obtained a quantitative

energy level scheme following the effects from changes in the

molecular design. Specifically, the positions of the outermost

occupied energy levels were experimentally determined for

D5A1, D5L2A1, and D9L2A1. The shift of the HOMO

(referred to as A in the paper) when introducing the L2 unit

was determined to 0.2 eV, and at the same time a second peak,

HOMO � 1 (referred to as B in the paper) appeared. The shift

of HOMO due to the methoxy groups in D9L2A1 was

determined to be 0.25 eV. The HOMO level showed large

triphenylamine character while HOMO � 1 show mixing of

the A1 moiety for both D5L2A1 and D9L2A1 molecules. The

origin of the low binding energy HOMO � 1 levels in D9L2A1

and D5L2A1 (not observed in D5A1) is the mixing between

the D9/D5 p states and the L2 centered p states. For D9L2A1
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and D5L2A1 only minor differences were observed in the

unoccupied states as measured by N 1s XAS. Based on the

local character of the A1 centered NC states, a binding

energy position shifted about 4.5 eV versus the HOMO-level.

Interesting effects explained by electron dynamics in the

femtosecond time regime were also observed from experi-

mental integrated RPES spectra.
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