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N 1s x-ray absorption spectra of bi-isonicotinic acid (2,28-bipyridine–4,48-dicarboxylic acid! on
rutile TiO2(110) have been studied experimentally and quantum chemically. Differences between
multilayer and monolayer spectra are explained by the adsorbate bonding to the substrate. A
connection to the electronic coupling in dye-sensitized electrochemical devices is made. ©2000
American Institute of Physics.@S0021-9606~00!70709-4#
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INTRODUCTION

Dye-sensitized electrochemical devices, such as
Grätzel solar cell, have developed rapidly during the la
decade.1,2 In these devices it is important to understand
interactions between the dye and the semiconductor o
molecular level. To this end, we recently investigated
adsorption geometry of bi-isonicotinic acid (2,28-
bipyridine–4,48-dicarboxylic acid! on rutile TiO2(110) using
a combined experimental and theoretical approach.3,4

X-ray absorption spectroscopy~XAS! is a powerful
technique to study the local electronic structure of molecu
In particular it provides a probe of the unoccupied valen
orbitals.5 In the present work we combine experimental a
theoretical N 1s near-edge XAS spectra to elucidate bondi
effects on the electronic structure of bi-isonicotinic acid
rutile TiO2(110). In particular, we focus on how the surfa
affects the bound unoccupied molecular orbitals of the
sorbate which are involved in the current-generating pho
induced charge separation in the Gra¨tzel cell.2 Nitrogen was
selected as a probe because of its importance in the ch
separation process6 and as it presents the simplest XAS spe
tra.

From a fundamental perspective on the exploitation
XAS it is important to understand the changes of the vale
orbital structure induced by the core hole. In addition to
final-state calculations used to calculate the XAS spectra
therefore present results from ground state calculations
the isolated and the adsorbed bi-isonicotinic acid, which
used to analyze the XAS spectra with respect to core h
effects.

a!Also at the University College of Ga¨vle, Box 6052, S-800 06 Ga¨vle,
Sweden.
3940021-9606/2000/112(9)/3945/4/$17.00
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EXPERIMENTAL AND THEORETICAL DETAILS

The experiments were performed at Beamline 22 of
MAX I synchrotron storage ring at MAX-Lab in Lund
Sweden.7 The polarization dependence of XAS was used
confirm thep* character of the levels studied.4 The photon
energy scale was calibrated using first and second order l
The relative intensities of the differentp* XAS peaks were
found not to depend significantly on the angle of phot
incidence,4 and the presented spectra are representative.
ther information regarding the experimental procedure
given in Ref. 4. We define one monolayer to be the satu
tion coverage. Multilayers were studied as an approximat
to isolated molecules, and should be representative for
type of van der Waals-bonded system.

Calculations were performed at the restricted Hartre
Fock level using the semiempirical INDO/S program pac
age ZINDO8 which has been used to interpret many co
hole spectra, e.g., Refs. 9, 10, and 11, including the X
spectra of C60.

12 ZINDO has also been used to study cluste
and model surfaces containing transition metal atoms,13,14

including TiO2.
15

The XAS spectrum of isolated bi-isonicotinic acid wa
calculated for thecis and trans conformers, as well as for a
90° twisted bi-isonicotinic acid molecule. No significant di
ferences were found, and only the results for thecis con-
former are shown. The calculations of the adsorbed
isonicotinic acid were performed using a Ti18O36 cluster
model of the surface~Fig. 1!. 66 point charges were locate
at surrounding crystal atomic positions~44 O and 22 Ti!. The
magnitudes of these point charges are not uniquely defin
as the calculated degree of ionicity depends on the kind
population analysis used, but the calculated XAS spe
were found to vary insignificantly over a wide range of va
ues from 20.5/11.0 to 21.7/13.4 for the O/Ti point
5 © 2000 American Institute of Physics

P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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charges. The experimental bulk geometry of the surface
assumed, and the bridge-binding adsorbate geometry
taken from our previous work on this system.3,4

The XAS spectra were calculated using theZ11 ap-
proximation to model the core hole, and using a one-ce
approximation to calculate the intensities. The intensity of
excitation of a 1s electron to a valence orbitali is to a first
approximation given by an expression of the form:12

I ~ i !}uc2px

i u21uc2py

i u21uc2pz

i u2, ~1!

wherec2px

i is the coefficient of the 2px orbital on the core

hole atom in the valence orbitali , etc. TheZ11 approxima-
tion is here equivalent to the use of a so-called ‘‘ion
Hamiltonian,’’16 which can be formally derived from a con
figuration interaction involving all single excitations from
the core hole.17 The usefulness of theZ11 approximation
for calculating XAS spectra has been demonstrated for C60,

12

and later also for graphite18 and, more recently, again for C60

within the DFT approximation.19 In a more accurate treat
ment, the intensities obtained from~1! should be corrected
by projecting the relaxed final state orbitals on the init
state orbitals,20 which by necessity will decrease all intens
ties. However, since the present goal is an interpretation
the experimental results rather than a quantitative agreem
between theory and experiment, the simpler estimates
tained from~1! are used in Tables I and II, and the discuss
below. The theoretical XAS spectra have been aligned to

FIG. 1. Cluster geometry for bi-isonicotinic acid adsorbed on a Ti40O80

model of the rutile TiO2(110) surface. In the surface, the small shad
spheres represent oxygen atoms, and the large shaded spheres re
titanium atoms; the white spheres represent corresponding point charg

TABLE I. Summary of the analysis of the N 1s XAS data for multilayer of
bi-isonicotinic acid on rutile TiO2~110!. All excitations are top* orbitals.

Property Peak A Peak B

E ~expt.!/eV 398.7960.06 402.4360.06
E ~calc.!a/eV 398.79 402.29
I ~expt.!/% 100 15
I ~calc.!/% 100 30

aThe theoretical spectrum is aligned to the experimental spectrum usin
first p* resonance.
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corresponding experimental spectra using the firstp* reso-
nance, but no energy scaling factors,12 were used. To facili-
tate comparison of the spectra, the theoretical peaks h
been convoluted with 0.7 eV FWHM gaussians.

For free bi-isonicotinic acid, the changes in the unocc
pied valence molecular orbitals induced by the core h
were studied quantitatively by calculating the overlap
O( i , j ), between thei th orbital cch( i ) of the core-excited
state and thej th orbital c( j ) of the ground state from thei
AO expansion coefficientscch( i ,k) andc( j ,k), respectively:

O~ i , j !5(
k

cch~ i ,k!* c~ j ,k!. ~2!

For adsorbed bi-isonicotinic acid the degree of mixing b
tween the relevant adsorbate orbital with the substrate c
duction band was used as a measure of the bonding effec
adsorption. Weights of the orbitals on the adsorbate and s
strate parts were calculated as partial orbital densities f
the atomic orbital expansion coefficients of that orbit
While the numbers obtained may depend somewhat on,
the choice of cluster, we feel that this analysis is useful
identifying qualitative features and trends of the investiga
orbitals.

RESULTS

The experimental bi-isonicotinic acid N 1s XAS spectra
in thep* region for multilayer and monolayer adsorption a
shown in Fig. 2~a!. We have labeled the peaks for th
multilayer A and B, and for the monolayer 1, 2, and 3,
shown in Fig. 2. Results of the experimental analysis of th
data are listed in Tables I and II.

The theoretical N 1s XAS spectrum for an individual bi-
isonicotinic acid molecule, shown in Fig. 2~b!, agrees well
with the experimental spectrum for the multilayer. A detail
comparison is summarized in Table I. Peak A is found
correspond to the 11pch* LUMO orbital predominantly lo-
cated on the pyridine ring containing the N 1s core hole,
whereas Peak B is due to the 15pch* orbital delocalized on the
two rings ~see Fig. 3!. One of the orbitals (17pch* ) contrib-
uting weakly to the theoretical spectrum in the region arou
403 eV, but which is important for Peak 2 in the monolay
case, is also shown in Fig. 3.

The theoretical N 1s XAS spectrum for a bi-isonicotinic
acid molecule adsorbed on a rutile~110! TiO2 surface is
shown in Fig. 2~c!. There are three resolved peaks with s
nificant intensity, matching the experimental monolay

sent
.

he

TABLE II. Summary of the analysis of the N 1s XAS data for monolayer of
bi-isonicotinic acid on rutile TiO2 ~110!. All excitations are top* orbitals.

Property Peak 1 Peak 2 Peak 3

E ~expt.!/eV 398.7460.06 400.7360.06 402.4160.06
E ~calc.!a/eV 398.74 400.74 402.64
I ~expt.!/% 100 6 7
I ~calc.!/% 100 25 23
ads. contribution/% 97 69 85
TiO2 contribution/% 3 31 15

aThe theoretical spectrum is aligned to the experimental spectrum using
first p* resonance.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



i
to
g

t
m

th
a

bit
u

n
he
e
th
-
he
ns
o
m
t

or-

a
nd

-

-
in

ak B

l

i-
nt

the

, the
ter

on
al

for

i-
s 1,

3947J. Chem. Phys., Vol. 112, No. 9, 1 March 2000 X-ray absorption study of the bonding interaction
spectrum well. A detailed comparison is summarized
Table II. In Fig. 3, we show the orbital corresponding
Peak 1, which closely resembles the one correspondin
Peak A of the isolated molecule. There is a weak coupling
the substrate conduction band, splitting the peak in two co
ponents which are calculated to be 0.03 eV apart. Toge
these components have 97% weight on the adsorbate. Pe
corresponds to an orbital which is a mixture of several or
als of the isolated molecule, with a resemblance in the s
face binding region to the 17pch* orbital located around 2.5
eV higher in the spectrum of the free molecule. The stro
mixing of orbitals arises from the strong interaction with t
conduction band of the TiO2 substrate, as seen from th
population analysis, which locates 69% of the weight on
adsorbate and 31% in the Ti(3d) conduction band. We at
tribute the strong interaction to the significant portion of t
orbital located on the surface-binding carboxyl oxyge
which bind directly to surface Ti atoms. The interaction
the valence orbital corresponding to Peak 3 with the se
conductor conduction states is intermediate compared to

FIG. 2. ~a! Experimental,~b! theoretical isolated molecule, and~c! theoret-
ical monolayer N 1s XAS spectra for bi-isonicotinic acid on rutile
TiO2(110). The theoretical spectra have been aligned with the corresp
ing experimental spectra using the firstp* resonance, and the theoretic
peaks convoluted with a gaussian.
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first two peaks, with 85% of the orbital located on the ads
bate.

A projection of the 11pch* LUMO orbital manifested in
Peak A of the isolated bi-isonicotinic acid molecule with
core hole, in terms of the molecular orbitals of the grou
state,ip* , gives

11pch* 50.74* 11p* 20.53* 12p* 20.17* 13p*

10.17* 15p* 1 ¯ .

According to this, the 11pch* orbital is essentially a combina
tion of the 11p* and 12p* ground state orbitals, localizing
the 11pch* orbital to the core excited half of the bi
isonicotinic acid, and consistent with the core hole effects
aromatic hydrocarbons, see, e.g., Refs. 21, and 22. Pe
originates from the 15pch* orbital which is calculated to be a
mixture of several unoccupied ground statep* orbitals, with
the strongest contribution~60%! from the 15p* and 16p*
orbitals. Similarly, the 17pch* orbital is a mixture of severa
unoccupied ground statep* orbitals with ca. 60% in the
17p* and 18p* orbitals. The analysis shows that the b
isonicotinic acid XAS spectrum retains a significant amou
of information about the unoccupied valence orbitals of
ground state, with only small contributions (< 2%) from
occupied ground statep orbitals.

For the ground state of the surface-adsorbate system
first unoccupied orbital with significant adsorbate charac

d-

FIG. 3. Calculated molecular orbitals involved in the XAS transitions
the isolated and adsorbed bi-isonicotinic acid molecules. N 1s core-hole at-
oms are marked with a star~* !. For the adsorbate case, only the b
isonicotinic acid part of the orbital is shown, and the nature of the orbital
2, and 3 is described further in the text.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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lies within the Ti(3d) conduction band, and has a populati
on the bi-isonicotinic acid part of only 58%. It is identified a
most closely resembling the bi-isonicotinic acid orbital r
sponsible for Peak 1 in the core hole calculation. The l
population on the adsorbate is an indication of strong mix
with the substrate conduction band, not seen for the co
sponding core hole orbital discussed above. Thus this orb
which in the ground state lies within the conduction band
pulled below the band edge of the present cluster system
the core hole potential. Recent experimental results23 support
the view that the final-state orbital corresponding to Pea
has little or no interaction with the TiO2 conduction band. A
ground state orbital, with similar appearence as the final-s
orbital responsible for Peak 3 in the adsorbed case, is fo
with an adsorbate population of 84%, closely matching
population of the Peak 3 orbital discussed above. We t
find that the strength of the adsorbate-surface mixing is s
lar for the ground state and the core hole cases within
conduction band.

We have shown in some detail that the adsorbate orb
shape and energy~relative to the substrate bands! can
strongly affect the adsorbate–substrate interaction stren
This has implications for the charge injection process imp
tant in dye-sensitized electrochemical devices such as
Grätzel solar cell.24,25 Of direct importance is that the XAS
excitations involve final state orbitals which are closely
lated to ground state orbitals, which enables one to use X
to gain an understanding of charge transfer processes
valence excitation.

CONCLUSIONS

In this paper experimental and theoretical N 1s XAS
spectra for both multilayer and monolayer bi-isonicotin
acid on rutile ~110! TiO2 are presented. The experiment
and the theoretical spectra are in reasonable agreemen
both cases. Significant differences between the multila
and monolayer cases are observed, and the difference
here interpreted in terms of the interaction of the bound
occupied adsorbate valence molecular orbitals with the s
Downloaded 07 Jul 2003 to 130.225.29.86. Redistribution subject to AI
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strate conduction band. The agreement found here sugg
that a similar level of understanding can be extended to m
complicated systems, e.g., the full dye complex in the G¨t-
zel solar cells.
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12B. Wästberget al., Phys. Rev. B50, 13031~1994!.
13G. L. Estiu and M. C. Zerner, J. Phys. Chem.100, 16874~1996!.
14P. Persson, J. Bustad, and M. C. Zerner~unpublished!.
15A. Hagfeldt, H. Siegbahn, S. Lindquist, and S. Lunell, Int. J. Quant

Chem.44, 477 ~1992!.
16R. S. Mulliken, J. Chem. Phys.46, 497 ~1949!.
17S. Lunell, Chem. Phys. Lett.15, 27 ~1972!.
18R. Ahujaet al., Phys. Rev. B54, 14396~1996!.
19M. Nyberget al., Phys. Rev. B60, 7956~1999!.
20U. von Barth and G. Grossmann, Phys. Rev. B25, 5150~1982!.
21H. Oji et al., J. Chem. Phys.109, 10409~1998!.
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