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The identification of ligands in metalloorganic complexes is crucial for understanding many important biological and
chemical systems. Nonresonant Kβ valence-to-core X-ray emission spectroscopy (XES) has been demonstrated as a
ligand identification technique which is complementary to other spectroscopies, such as X-ray absorption. In this study
we show the Kβ valence-to-core XES alongside the Ti K-edge X-ray absorption near edge structure spectra for a
series of chemically relevant low-symmetry Ti organometallic complexes. The spectra are modeled using density
functional theory calculations. XES spectra are analyzed in terms of the molecular orbitals probed, in order to
understand the effects of bond length, bond nature, orbital hybridization, and molecular symmetry on the observed
spectral features.

Introduction

Ligand identification plays a key role in understanding a
wide range of systems, from protein binding sites1,2 and
drug activity3 to catalytic processes.4 The recently reported
technique of using chemically sensitive nonresonant Kβ
valence-to-core X-ray emission spectroscopy (XES) has
successfully been used to determine the ligands in solid-
state Cr5,6 andmolecularMn systems.7,8 The technique has
several advantages. It is element specific so the spectra can
be recorded for the atom (and ligands) of interest. It is also

hard X-ray based, thus there are few limitations on the
sample environment, making high-pressure studies or
studies of liquid systems easily feasible. Such a ligand-
sensitive technique, without strict restrictions on the sam-
ple environment, can find application in several important
studies which require in situ changes to be followed, such
as monitoring ligand binding in catalytic reactions or
tracking ligand conformation changes occurring during
biological processes. Monitoring transformations in such
systems is possible under real conditions using this power-
ful technique.
XES measurements can be achieved using a synchrotron

radiation source and an X-ray emission spectrometer and
involves a core 1s electron being excited into the continuum.
The core hole is filled by an electron relaxation which results
in a fluorescence photon being emitted. The Kβ valence-
to-core lines (Figure 1), from predominantly metal 4p and
ligand np to metal 1s (Kβ2,5 peak) and ligand ns to metal 1s
(Kβ00 peaks) transitions, relate to the ligands and the chemical
environment of the atom being studied.8 It is the Kβ00 peak
which has been used as a ligand identification peak. The
separation of the Kβ00 from the Kβ2,5 peak at higher energy
was shown to follow the same trend as the ligand ns binding
energy, and the Kβ00 peak intensity was found to increase
with decreasing metal-ligand bond distance.8

Recently Smolentsev et al.7 published a comprehensive
account of the valence-to-core XES spectra of a series of
modelMn compounds, where they demonstrate that spectral
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intensity can be calculated by integrating the core- and valence-
state matrix elements using the relation:

IðEiÞ =
X3

j¼ 1

jÆΨ1sjejrjΨMOiæj2 ð1Þ

where Ψ1s and ΨMOi are the wave functions of the core 1s
state and ith valencemolecular orbital (MO) state with energy
Ei, ej is an orthogonal set of unit vectors, and r is a position
vector. Since the 1s state has A1 symmetry, spectral intensity
is seen only if the MO also has symmetry which gives a
nonzero transition product (dependent on the point group
symmetry). This relation can be used to see, based on
understanding the symmetry present, whether or not Kβ00
peaks will appear in the valence-to-core XES spectrum or
whether the peak will be suppressed as being symmetry
forbidden.
In this study a series of Ti organometallic compounds with

C, N, O, and Cl ligands was investigated to understand how
the bond type and the nature of the ligand atom in Ti
metalloorganic complexes affects the valence-to-core XES
and Ti K-edge X-ray absorption near edge structure spectra
(XANES). The samples studied have low point group sym-
metry and none have inversion symmetry: TiOPc has the
highest order symmetry, (C4v), then Cp2TiCl2 and Ti(THF)2-
Cl4 (C2v), then TiPcCl2 (close to C2v) and the others have C1

symmetry. Based on eq 1, some spectral intensity is expected
from all atoms of those with C1 symmetry. For a molecule
with C4v symmetry, orbitals with A1 or E (but not A2, B1,
or B2) symmetrywill give spectral intensity, and formolecules

with C2v symmetry, orbitals with A1, B1, and B2 (but not A2)
symmetry will give spectral intensity. To understand the
origin of the observed peaks, including their shape, intensity,
and energy position, density functional theory (DFT) calcu-
lations performed using the ORCA code12 have been used to
model the measured spectra. Each calculated spectral com-
ponent relates to a differentMOwhich can also be generated
from the calculated Kohn-Sham orbitals and provides a
useful visualization of the location of electron density over
the molecule at each calculated energy.
Alongside the valence-to-core XES measurements, the Ti

K-edge XANES spectra were also recorded for all samples,
which probes the unoccupied states just above the Fermi level
and can be used to understand the local coordination of
the Ti atom.The post edge features are due to 1s-4p and 1s-
continuum transitions. The pre-edge arises from 1s-3d
quadrupolar transitions only in systems with strict inversion
symmetry. If this symmetry is not present, as for the mole-
cules studied here, then p-d orbital mixing can occur, and
the pre-edge features can become dominated by 1s-4p
dipolar transitions which are around 100 times stronger than
quadrupolar transitions.
Where the pre-edge in K-edge XANES provides informa-

tion on the unoccupied valence states, the valence-to-core
XES probes the occupied valence states and also accesses the
ligand effects of the central metal atom. As demonstrated in
this manuscript, the valence-to-core XES spectra can also be
readily calculated using DFT using a relatively simple model
(neglecting the core-hole effects).
Titanium complexes are of interest in several research

fields, and determining how the various ligands interact with
the central Ti atom is crucial to understand how these
molecules behave in the reactions and the processes taking
place. Titanyl phthalocyanine (TiOPc) and titanium phtha-
locyanine dichloride (TiPcCl2) are studied for application in
organic light-emitting diodes (OLEDs) and photovoltaic
devices.13-15 TiPcCl2 is often used as a reaction precursor
for titanium organometallic molecular synthesis, such as
dyads16 and other axially substituted systems.17 Cyclopenta-
dienyl titanium trichloride (Cp-TiCl3), the methylated form,
pentamethylcyclopentadienyl titanium trichloride (PMCp-
TiCl3), and dichlorobis (indenyl) titanium (BisIn-TiCl2) are
used as homogeneous polymerization catalysts.18-21 Di-
chlorobis (cyclopentadienyl) titanium (titanocene dichloride,
Cp2TiCl2) is of interest in cancer treatment and reached stage II
clinical trials.22 Derivatives are now being investigated as
improved antitumor agents.23 Ti(THF)2Cl4 andTi(THF)3Cl3

Figure 1. Kβ emission lines for (a) TiOPc (S=0) and (b) Ti(THF)3Cl3
(S = 1/2) showing the separate spectral components. Both compounds
are low spin and so noKβ0 peak is seen. TheKβmain line of Ti(THF)3Cl3
is broader and at a higher energy than that of TiOPc, consistent with
Ti(THF)3Cl3 having a higher spin state.9 The background (later sub-
tracted) is indicatedwith a dashed line on the right of the figure for the two
spectra.
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(THF = tetrahydrofuran) are used as precursors for a new
generation of Ziegler-Natta polymerization catalysts.24

The molecules studied are shown in Figure 2. TiPcCl2 and
TiOPc are both off-planar phthalocyanine (Pc)molecules with
axial ligands. TiOPc has an apical O atom double bonded to
the Ti, perpendicular to the molecular plane. TiPcCl2 has two
Cl atomsbonded toTi in a cis geometry.Cp-TiCl3 andPMCp-
TiCl3 both have a Ti atom bonded to three Cl atoms on one
side, with a Cp or PMCp ring bonded opposite the Cl atoms,
giving a “piano stool” configuration. Cp2TiCl2 has two Cp
rings and two Cl atoms bonded to the central Ti atom. BisIn-
TiCl2 is similar to Cp2TiCl2, but each ring is replaced by an
indenyl moiety. Ti(THF)2Cl4 and Ti(THF)3Cl3 are six-fold-
coordinated molecules with Cl ligands and THF ring groups
bonded to the Ti through the O atoms.

Methods

The experiments were performed on the high brilliance
X-ray emission beamline ID26 at the ESRF. The electron
energy was 6.0 GeV with a ring current of 170-200 mA. The
incident energy was selected by means of a pair of cryogeni-
cally cooled Si(311) single crystals. Higher harmonics were
suppressed using two Si mirrors at 2.5 mrad. The beam size
was approximately 1 mmhorizontally and 0.3 mm vertically.
The analyzer used for Ti Kβ emission detection exploits the
(331) Bragg reflection of a spherically bent, 1 m bending
radius Ge crystal in the vertical Rowland geometry with a
Bragg angle of∼75�, giving an overall resolution taken from
the full width at half-maximum (fwhm) of the elastic peak of
0.9 eV. The emitted photons were measured using a 100 μm
avalanche photodiode (APD). Ti K-edge high energy resolu-
tion fluorescence detected (HERFD) XANES spectra were
measured by monitoring the absorption over the Ti K-edge
using the Ti Kβ1,3 emission line intensity to reduce spectral
broadening arising from the core hole lifetime.9-11 Use of an
APD detector gives zero background counts in the XANES
spectra. Between approximately 300-1000 counts per second

are detected at the peak of the Ti Kβ2,5 line for these
concentrated samples.
All samples except Ti(THF)2Cl4 and Ti(THF)3Cl3 were

prepared by grinding dry crystals into a powder with boroni-
tride (for binding) in a 4:1 ratio before pressing the homo-
geneousmixture into a 5 mm diameter pellet for mounting in
a liquid He cooled cryostat in the beam. To avoid the
contamination of the air-sensitive Ti(THF)2Cl4 and Ti-
(THF)3Cl3 samples, these were measured inside sealed capil-
laries (1.0 mm in diameter), following the well-established
procedure adopted for X-ray powder diffraction (XRPD)25

and extended X-ray absorption fine structure spectroscopy
(EXAFS)26,27 experiments. All compounds were purchased
from Sigma Aldrich and used without further purification,
except Ti(THF)2Cl4 and Ti(THF)3Cl3 which were kindly
supplied by Istituto Guido Donegani, Novara (Italy). A
single isomer was measured of each of these two molecules.
For Ti(THF)3Cl3 only one isomer is reported to exist.33 For
Ti(THF)2Cl4, two isomers have been reported, and in this
experiment, the more stable cis isomer was isolated and
measured,34 as confirmed using XRPD and UV-visible
techniques.
Radiation damage tests were carried out bymonitoring the

shape and position of the Ti K pre-edge by rapidly recording
(10 s scans)XANESspectrausingaphotodiode (toobtain the
maximum detector efficiency). The time taken until a change
was seen between two consecutive spectra was taken as the
timeuntil the sample suffered radiationdamage.Thereforeall
spectra were recorded for a time less than this radiation
damage time limit, after which a fresh sample spot was used.
The XES experimental spectra have had the background

subtracted by fitting the Kβmain peak at 4933 eV with four
Voigt peaks. Four Voigt peaks were chosen as being enough
to give a close fit to the Kβmain line and the Kβ valence-to-
core spectral background. The tail of this fit is shown as the
Kβ valence-to-core spectral background in Figure 1. The
spectra are all calibrated to the incident energy scale using
the elastic peak measured at the same time as the valence-to-
core XES spectra.
For the calculations, the input geometry was taken from

published crystallographic data (for TiPcO,28 TiPcCl2,
29 Cp-

TiCl3,
30 PMCp-TiCl3,

31 Cp2TiCl2,
32 Ti(THF)2Cl4,

33 and Ti-
(THF)3Cl3).

34 No structural data was available for BisIn-
TiCl2, therefore, calculations for this molecule are based on a
theoretical model of a single molecule, with a geometry
minimized via molecular mechanics then optimized within
DFT. To calculate the Kβ valence-to-core spectrum, the
ORCA code written by Neese et al. was used.12 ORCA is a
density functional code which can be used to calculate the
nonresonant XES spectra by calculating the transitions from
occupied states to the 1s core hole. It can also calculate the

Figure 2. Molecules studied: (a) TiOPc, (b) TiPcCl2, (c) Cp-TiCl3,
(d) PMCp-TiCl3, e) Cp2TiCl2, f) BisIn-TiCl2, g) Ti(THF)2Cl4, and h)
Ti(THF)3Cl3.
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pre-edge components in XAS spectra by considering transi-
tions fromunoccupied levels just above theFermi level to a 1s
core hole. Ground-state DFT calculations have been shown
to be a good approximation for valence-to-core XES spectra
calculations as the effect of the core hole is screened by the
metal 3d valence electrons, which do not strongly affect the
spectra.7 The calculations were performed using a triple-ζ
polarized basis set35 using the Becke-Perdew BP86 as an
exchange and correlation functional, with a finer grid and
flexible CP(PPP) basis set over the Ti absorber, and as a
further geometry refinement; optimization of the hydrogen
atoms (while keeping the other atoms frozen)was performed.
Tight self-consistent field convergence criteria were applied,
and allmolecules (except Ti(THF)3Cl3 which has spinS=1/2
and spin multiplicity, 2S þ 1, of 2) were considered to have
spinS=0,multiplicity1.All calculatedmodelswereofneutral
charge. For Ti(THF)3Cl3, spin-state effects were investigated
in the calculationsandwere found tohave little influenceon the
spectra.

Results

TiK-edgeHERFDXANES.The high energy resolution
fluorescence detection (HERFD) spectra for all com-
pounds (excluding Ti(THF)2Cl4 and Ti(THF)3Cl3) are
shown in Figure 3, normalized to the edge jump in the
EXAFS region at higher energy. The spectra for Ti-
(THF)2Cl4 and Ti(THF)3Cl3 are not included here, as
these compounds suffered radiation damage relatively
quickly, and as such, good statistics in the pre-edge region
were not obtained. The pre-edge region of the recorded
spectra are shown in detail on the right of the figure
alongside DFT calculations, both the individual calcu-
lated components (sticks) and the spectra after applying
1 eV Gaussian broadening to the calculated components.
The principal peak components are highlighted in red and

detailed in Table 1 in the Supporting Information). The
calculations are in good agreement overall with the
measured spectra. Aside from TiOPc which has a single
strong pre-edge peak, the other compounds have a split
pre-edge of lower overall intensity. The strong pre-edge
peak in TiOPc arises from relatively high Ti p-d mixing
(12.0%p-type orbital in themain pre-edge peak), which is
possible from the square planar (C4v) molecular symme-
try. The 1s electron transitions to p orbitals are about 100
times stronger than to d orbitals, therefore, a small
increase in the amount of p orbital gives a significant
increase in peak intensity in p-d mixed pre-edge peaks.
The other compounds calculated also have p-dmixing in
the pre-edge, as they also do not exhibit inversion sym-
metry. However the proportion of p orbitals in these peak
components is calculated to be lower (up to a maximum
5.6% for Cp-TiCl3), giving lower overall intensity. The
multipeak pre-edges are split because of the low molecu-
lar symmetry present, separating the unoccupied MOs in
energy. The measured spectra, pre-edge calculations and d
orbital assignments are in agreement with those previ-
ously reported for Cp-TiCl3 and Cp2TiCl2

36 and for
PMCp-TiCl3.

37

As suggested in ref 36, the decrease in p orbital con-
tribution to the weaker pre-edge features does not arise
from the molecular symmetry being close to having
inversion symmetry (thus forbidding p-d mixing), be-
cause all the compounds have low symmetries and no
inversion centers. The effect of the ligands on theTi atoms
is understood to cause the reduction in Ti p-type orbitals
in the pre-edge. Thus using valence-to-core XES spectro-
scopy, which is sensitive to the ligand atoms, can be used
to better understand the ligand effects on the central Ti
species.

Kβ XES Measurements. The Kβ valence-to-core XES
for the Ti complexes are shown in Figure 4. The Kβ2,5
peak for TiOPc is seen at 4963.2 eV and for TiPcCl2 is
slightly higher at 4963.4 eV. The Kβ 2,5 main peaks for
Cp-TiCl3 and PMCp-TiCl3 are at 4963.0 eV and for
Cp2TiCl2 and BisIn-TiCl2 at 4962.5 eV. The Kβ2,5 peak
of Ti(THF)2Cl4 is at 4964.9 eV and that of Ti(THF)3Cl3 at
4964 eV. The TiOPc Kβ2,5 peak has a clear shoulder at
4960 eV and a significant Kβ00 feature with peaks at 4948
and 4950.7 eV. For all four Cp ring and Cl-containing
samples, there are Kβ00-range features around 4953 eV
and at lower energy at 4948 eV. TiPcCl2 shows the fewest
features with no distinct peaks in the Kβ00 region. Ti-
(THF)2Cl4 and Ti(THF)3Cl3 have Kβ00 peaks at 4955 eV
and some intensity lower in energy at 4947 eV.
Since all the compounds have relatively low symmetry,

extensive orbital mixing takes place which in turn splits
the orbital contributions to the spectral peaks, giving
broader features overall. Unlike previous studies using
the Kβ00 peak as a ligand identifier,5,7 for these Ti com-
plexes it appears that directly bonded ligand atoms do not
necessarily give rise to clear Kβ00 peaks.38 No clearly

Figure 3. Left: HERFD XANES spectra of (a) TiOPc, (b) TiPcCl2,
(c) Cp-TiCl3, (d) PMCp-TiCl3, (e) Cp2TiCl2, and (f) BisIn-TiCl2.
Right: Pre-edge regions of these spectra (solid line) alongside ORCA
calculated pre-edge peaks with 1 eV broadening (dashed line). Spectra
were normalized to the edge jump in the EXAFS region.
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identifiable Kβ00 peaks are seen in the experimental trace
for TiPcCl2, yet the Ti atom has N and Cl atoms bonded
directly to it, which show low-intensity peaks in the
calculated spectrum. There is also only one clear Kβ00
peak in the four Cp ring/indenyl molecules (Cp-TiCl3,
PMCp-TiCl3, Cp2TiCl2, and BisIn-TiCl2), with some
broad spectral intensity lower in energy. These four
compounds have both C and Cl ligands, therefore, we
may expect two peaks from the C and Cl atoms. For the
two THF and Cl containing molecules (Ti(THF)2Cl4 and
Ti(THF)3Cl3), one Kβ00 peak is seen in the experimental
data at a similar energy to a peak in the Cp ring/indenyl
molecules, thus we may initially suggest this peak arises
from Cl ligands. No clear Kβ00 peak is seen due to the O
atoms in the THF rings, although there is a strong Kβ00
peak seen for TiOPc which is found to be due to the O
atom. The DFT calculated spectra can be used to deter-
mine the origin of the spectral features and understand
the criteria for the presence of Kβ00 peaks in these Ti
molecular systems.

Kβ Valence-to-Core XES Calculations. The back-
ground-subtracted measured and calculated spectra are
shown inFigure 4, with applied broadening parameters of
2.0 eV to simulate the broadening of themeasured spectra
due to the experimental energy bandwidth and other
small effects not included in the theoretical model. The
individual calculated spectral contributions are also
shown. It should be noted that it is a common problem
in the calculations of valence-to-core spectra using DFT
that the theoretically calculated transitions have to be
broadened by an amount that exceeds the values of
experimental and core-hole lifetime broadening. There
is to date no strict theoretical analysis of the underlying
mechanisms. The simplified theoretical approach pre-
sented in this manuscript neglects the core-hole effect,
multi-electron excitations, and only considers a finite
number of atoms. A detailed study of these effects on
the valence-to-core spectra is beyond the scope of the
present manuscript.
Overall the calculations give a good fit to the experi-

mental data. The inclusion of quadrupolar transitions
has no visible effect on the calculated spectra, thus the
spectra reflect the p - density of states (DOS), as found
previously.7 By comparing the calculated and measured
spectra, the origin (atom and orbital type) of the different
peaks can be assigned. Peaks appear in the Kβ00 region of
the calculated spectra where the contributing MOs have
both Ti p and ligand s character. The most intense
contributions to the Kβ00 peaks are shown in Figure 4 in
red. Each of these is discussed alongside the MO it
corresponds to. These MOs are calculated in terms of
the proportion of each atomic orbital (AO) for the
constituent atoms, thus the importance of orbital hybri-
dization can be determined in relation to the presence of
Kβ00 features. For each MO shown for a molecule with
higher than C1 symmetry, the symmetry subgroup of the
MO is given in the tables included in the Supporting
Information.

Phthalocyanine Molecules. The Kβ valence-to-core
spectrum of TiOPc has the most prominent Kβ00 peaks.
The calculations show that the smaller contribution at
(a calculated value of) 4944.5 eV originates from two
degenerate MOs with N 2s, C 2s, and Ti 3px/y character.

Figure 4. Experimental spectra compared to the DFT calculated
Kβ valence-to-core spectra (2.0 eV broadening) with compo-
nents shown: (a) TiOPc, (b) TiPcCl2, (c) Cp-TiCl3, (d) PMCp-TiCl3,
(e) Cp2TiCl2, (f) BisIn-TiCl2, (g) Ti(THF)2Cl4, and (h) Ti(THF)3Cl3.
Calculations of compound (f) are based on a theoretically deter-
mined molecular geometry. Spectra are normalized to the intensity
of the Kβ2,5 peak. The MOs corresponding to peak contributions
in red have significant Ti p and ligand s components and are shown
later.
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The strong peak at 4949.1 eV is from a MO with mainly
(77.9%) O 2s with Ti pz character. This orbital has a
relatively highorbital hybridizationbetweenO2sandTi 3pz
(plus Ti 3s and 3dz

2AO), and little delocalization over other
neighboring atoms, which is why the spectral feature is so
strong.TheMO is shown inFigure 5with peak components
shown in the Supporting Information, Table 2.
The strong O 2s related Kβ00 peak arises from electrons

relaxing back to the Ti 1s orbital from a very pure Ti-O
MO shown in Figure 5, which is in part due to the sym-
metry of the molecule. The apical oxygen atom lies along
the z axis along with the Ti pz orbital, giving strong
hybridization between the Ti pz and O s orbitals. Addi-
tionally the double bond between the Ti and O gives a
relatively short Ti-O distance of 1.64 Å,39 which acts to
increase the intensity of theOKβ00 peak according to eq 1.
Conversely, due to the constraints of the Pc framework,
the Ti-N distance is 2.08 ( 0.02 Å,39 which is relatively
long compared with other Ti-N containing compounds,40

acting to reduce the hybridization betweenN 2s and Ti 3p
orbitals and to weaken the Kβ00 peak intensity due to N.
The orbitals with N 2s character hybridize, though not
strongly, with Ti 3p, C andN 2px and 2py orbitals over an
energy range of a few eV. This gives several weak con-
tributions with some N character, thus no clear peak is
seen due to N atoms.
Symmetry arguments are also useful to understand the

presence of O and N Kβ00 peaks in the case of TiOPc
(which hasC4v symmetry). Fromeq 1 and symmetry argu-
ments (for a comprehensive summary of molecular sym-
metries also see http://www.staff.ncl.ac.uk/j.p.goss/
symmetry/index.html), it can be seen that there will
only be spectral intensity if the core 1s state (with A1

symmetry), and theMO fromwhich an electron relaxes to
fill the core hole also has some proportion of A1 or E
symmetry. In the case of TiOPc, the O based MO shown
in Figure 5 has A1 symmetry and thus results in spectral
intensity. Such arguments can be similarly followed for
the other molecules, where the symmetry of the relevant
orbitals is noted in the tables and shows that transitions
from these orbitals are symmetry allowed. No symmetry
implies C1 molecular point group symmetry, i.e., all
transitions are allowed.

Possible limitations of the DFT calculation method are
seen in the case of TiOPc, where the calculated and
experimentally observed peaks are not in as strong agree-
ment as for the other compounds. The calculations are
performed on the molecule in the ground state, therefore,
any core-hole relaxation effects are omitted. No multi-
electron effects are accounted for in the calculations
which may cause differences with the measured data.
These factors would be present in the spectra of all sys-
tems but perhaps only show an effect in the spectra of
TiOPc. As a further investigation, calculations were per-
formed for TiOPc in different crystal structures and for
molecular clusters of different sizes (from one to four
molecules), and little difference is seen for these varia-
tions. Details of the additional calculations are included
in the Supporting Information. It can be concluded from
these cluster calculations that valence-to-core XES spec-
tra are dominated by local effects chiefly relating to the
metal atom being probed and to the directly bonded
ligands. The extended crystal structure appears to have
little influence on the measured spectra.
For the TiPcCl2 molecule, first it is interesting to note

that the structure determined experimentally29 is different
to that calculated usingmolecularmechanicsmethods for
a single molecule. Crystallographic data shows the Pc
plane to be twisted by a small amount, with the two axial
Cl atoms pointing toward the neighboring molecule. In
the theoretically optimized structure of a single molecule,
the Cl atoms are located such that the Cl-Ti-Cl plane is
perpendicular to the Pc plane. Using the two different
geometries in the DFT input, different XES spectra are
calculated as the MOs change. The experimentally deter-
mined structure is used here as it gives a better compar-
ison with the measured spectrum and is a more realistic
representation of the measured sample.
In contrast to TiOPc, the measured TiPcCl2 spectrum

shows no individual clear Kβ00 peaks, which may be ex-
pected due to the axial Cl atoms, since the strong peak in
TiOPc is due to the apical O atom. On inspection of the
DFT calculations, the two MOs with the strongest Cl 3s
character are shown in Figure 6. Peak components are
shown in Table 3 in the Supporting Information. The
MOs with N 2s character in the TiPcCl2 calculations
also have significant hybridization with C, H, and Cl
orbitals. Orbitals with strong Cl 3s character are shown
in Figure 6 but only give a low-intensity peak in the
calculations, which is due to the molecular geometry.
Unlike TiOPc, the axial Cl atoms in TiPcCl2 do not share
an axis of symmetry with a Ti p-type orbital, and since
the orbitals which have Cl s character do not also have
both Ti px/y and Ti pz character, the overall hybridiza-
tion is relatively weak. For both (Pcs), even the MOs

Figure 5. MO of TiOPc contributing to the strong Kβ0 0 peak. It is
assigned to O and Ti only and is thus highly localized.

Figure 6. MOs of TiPcCl2 contributing to the very weak Kβ0 0 feature
due to Cl s orbitals.

(39) Zakharov, A. V.; Shlykov, S. A.; Zhabanov, Y. A.; Girichev, G. V.
Phys. Chem. Chem. Phys. 2009, 11, 3472–3477.

(40) Gross, M. E.; Siegrist, T. Inorg. Chem. 1992, 31, 4898–4899.
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with the highest proportion of N 2s orbitals have con-
tributions from all N and C atoms in the molecule and
exist over an energy range of a few eV. This delocaliza-
tion over the C and N atoms in the macrocycle is typical
of (Pc) molecules. Therefore, instead of distinct ligand
peaks in theKβ00 range due toNor C, a broad intensity is
seen from the relatively large number of hybridized N
and C orbitals.
Inspecting the calculated peak contributions for the

two Pc compounds shows the effect of extensive hybridi-
zation on the presence or absence of Kβ00 ligand peaks;
both have a similar calculated Kβ00 contribution except
for the large single MO in TiOPc from the O 2s /Ti 3p
orbital. We conclude that the presence of extensive delo-
calization in a molecule prevents the clear observation of
Kβ00 peaks due to macrocycle atoms, thus revealing a
limitation of this spectroscopic technique in ligand iden-
tification of highly hybridized systems.

Cp-Ring-Based Ti Molecules. For Cp-TiCl3 the calcu-
lated peak at 4947.8 eV is due to anorbitalwithTi 3pz (plus
Ti 4s and 3dz

2 character) and strong C 2s character, i.e.,
from the Cp ring, see Figure 7a. In the measured data this
contribution from C appears as a broad intensity rather
than a clear peak. This is explained in termsof the nature of
the bond between Ti and the Cp ring (vide infra).
The clearer peak at higher energy (4952.2 eV) is from

three MOs, with Ti 3px/y/z character (and Ti 4s character)
and strong Cl 3s character over the three Cl atoms,
Figure 7b-d. These orbitals give the main contributions
to the Kβ00 region (Figure 7) and are from relatively pure
MOs which do not spread over several different atoms,
only Ti and Cl. There is also significant overlap between
theCl 3s- andTi 3p-type orbitals due to the lowmolecular
symmetry and the presence of Ti 3px, 3py, and 3pz
contributions allowing mixing with the Cl 3s orbitals.
The orbital assignment is more straightforward for smal-
ler molecules like Cp-TiCl3, as there are fewer contribut-
ing atoms.

The PMCp-TiCl3 calculation shows a similar trend as
that seen for Cp-TiCl3 for the Kβ00 peaks. The shoulder to
theKβ2,5 at 4966 eV is reproduced in the calculations. The
lowest Kβ00 peak at 4946.5 eV arises from an orbital with
Ti 3pz as well as Ti 4s and 3dz

2 character, with strong C 2s
character in a similar way as for Cp-TiCl3 (see Figure 8a).
The contribution around 4952 eV is from several MOs,
the three strongest of which have some C 2s and strong Cl
3s character with Ti px/y/z character. These spectral peak
assignments are qualitatively and quantitatively similar
to those found for Cp-TiCl3 which is expected, as the two
molecules are very similar and the only difference involves
ligands not directly bound to the Ti atom (methyl groups
on the Cp ring).
For these two single Cp-ring molecules we observe the

expected Kβ00 peaks due to ligand ns-metal 3p orbital
hybridization giving peak intensity. There are features
from the C and Cl atoms seen in the measurements and in
the calculations. However, the peaks are broader in the
measurements, particularly those relating toCatoms, due
to hybridization effects which split the energy levels in the
real system. As seen for TiOPc, the peaks which are
clearest are those from Cl orbitals which have a high
proportion of Cl 3s with significant Ti 3p character (a
high bond purity), which is evident in the MO plots in
Figure 7 and Figure 8.
The calculated peak relating to C 2s for Cp-TiCl3 is of

higher intensity than for PMCp-TiCl3. The individualAO
contributions from Ti3px/y/z, Cl 3s and C 2s to the low
energy C 2s -based MO are almost identical for both
molecules (see Supporting Information, Tables 4 and 5),
and analysis of the bond lengths show that the Ti-C
separation in PMCp-TiCl3 is marginally longer than for
Cp-TiCl3 (by 0.06 Å). Neither the proportion of AOs in
the C 2s -based MO, nor the difference in Ti-C bond
length for each molecule, is enough to account for the
relative reduction in intensity of the C 2s Kβ00 peak seen
for PMCp-TiCl3 compared with Cp-TiCl3. Upon inspec-
tion of theMOdiagrams inFigure 7a andFigure 8a, it can
be seen that the difference arises due to hybridization of
the MO over the ring moiety. In Cp-TiCl3 the MO is

Figure 7. MOs of Cp-TiCl3 giving the main contributions to the Kβ0 0
peaks from (a) C s orbitals and (b-d) from Cl s orbitals.

Figure 8. MOs of PMCp-TiCl3 in the Kβ0 0 peak region from (a) C 2s
orbitals and (b-d) Cl 3s orbitals.
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located over the five C atoms of the Cp ring, whereas for
PMCp-TiCl3 the MO is spread over the central Cp ring
and also the five outer methyl C atoms. This increased
delocalization further away from the central Ti atom in
PMCp-TiCl3 acts to reduce the Ti 3p -C2s orbital overlap
and thus reduce the intensity of the peak seen in the cal-
culated spectra due to C compared with Cp-TiCl3.
For Cp2TiCl2 the broader Kβ2,5 peak compared with

other molecules is shown in the calculations to arise from
a splitting in the contributions to this peak. There are two
clear Kβ00 peaks each from two main MO contributions,
which reproduce the experimental spectrum very well.
The first peak has two contributions with Ti3pz, and Ti 4s
and3dz2 contributions,with strongC2s character (Figure 9a)
and b)). The stronger overlap between the C 2s and Ti 3px/y/z
orbitals, of twice the number of C atoms in Cp2TiCl2
compared with Cp-TiCl3 and PMCp-TiCl3, gives the
stronger C Kβ00 peak. The second peak at 4952.6 eV is
from two main contributions, both with Ti3px/y/z, strong
Cl 3s and C 2s character (Figure 9c) and d)).
The calculations for the valence-to-core XES spectrum

BisIn-TiCl2 relate to a theoretical model with amolecular
geometry minimized in the DFT calculations, rather than
an experimentally determined geometry as with the other
molecules. At 4946.7 eV a Kβ00 peak is seen with two
spectral components based on C 2s AO contributions
hybridized with Ti 3p AO (Figure 10a) and b)). The more
intense component at 4946.9 eV contains a relatively high
percentage of Ti 3px/y/z orbitals (7.6%) plus 60.8% C 2s
AO based primarily on the Cp C atoms. The second Kβ00
peak at around 4952.0 eV contains some C 2s contribu-
tion but is composedmostly of Cl 3s AOmixedwith Ti3p,
in several contributions split over an energy range of 2 eV.
The three highest intensity contributions to this Kβ00 peak
are shown in Figure 10c)-e). As for Cp2TiCl2 a relatively
broad Kβ2,5 peak is due to a splitting in energy of the
spectral components.
The theoretical structure of BisIn-TiCl2 gives a good

agreement between the experimental and theoretical
spectra. Alongside this analysis, the experimental spec-
trum may also be understood via extrapolation from the

other compounds. The observed spectrum for BisIn-
TiCl2 is similar to that of Cp2TiCl2. This is reasonable
to expect since the structures have several factors in
common, e. g the Ti ligand atoms in both molecules are
the same: two Cl atoms and two Cp rings. Also the mea-
sured Kβ00 peak attributed to C 2s -character MOs is
slightly higher in intensity for BisIn-TiCl2 than Cp2TiCl2,
which is reasonable since there are two extra benzene
rings per molecule in BisIn-TiCl2 to increase the C 2s con-
tribution (even though these atoms are not directly
bonded to the Ti atom, there could be some Ti3p - Cbenzene

2s orbital overlap depending on the molecular geometry.
Indeed from the calculated molecular structure of BisIn-
TiCl2 the peak at 4946.9 eV contains AO contribut-
ions from Cbenzene2s, although this is a relatively weak
proportion of the MO (<8% of the overall C2s AO
contribution)).

THF-Containing Molecules. The two molecules Ti-
(THF)2Cl4 and Ti(THF)3Cl3 contain oxygen in a differ-
ent chemical environment to that of O in TiOPc, and this
is evident in the valence-to-core XES spectra. No strong
Kβ00 peak is seen in the rangewhere a peak due toOwould
be expected. The DFT calculations place transitions
relating to the O atoms at lower energy than for the
TiOPc molecule, at 4944.8 eV for Ti(THF)2Cl4 and
4943.5 eV for Ti(THF)3Cl3. The broader/split Kβ2,5 peak
for Ti(THF)3Cl3 is reproduced in the calculations. Differ-
ences between the calculated and experimental spectra are
mainly due to the broadening of low intensity Kβ00 peaks
which appear smeared out in the experimental data.
The lack of a strongObasedKβ00 peak can be explained

as relating to the degree of hybridization of the O 2s
orbitals with the Ti 3p orbitals, and to some extent to
the hybridization of the O orbitals over the THF rings.

Figure 9. MOs of Cp2TiCl2 giving the main contributions to the Kβ0 0
peaks, from a), b) C s orbitals and c), d) Cl s orbitals.

Figure 10. MOs of a theoretical BisIn-TiCl2 molecule giving the main
contributions to the Kβ0 0 peaks, from a) - c) C s orbitals and d), e) Cl s
orbitals.
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The hybridization between O and Ti orbitals in the THF
compounds ismuchweaker than that betweenTi andO in
TiOPc, for example. This is due in part to the Ti-O bond
distance for the THF compounds, which is 2.0 ( 0.2 Å,
much longer than that found in TiOPc. To study the
hybridization effects the calculatedMOs are useful.MOs a)
and b) of Ti(THF)2Cl4 (Figure 11), which contribute to
the O Kβ00 peak, have relatively pure O 2s character but
relatively lowTi 3px/y/z character (lower than that seen for
TiOPc for the main O 2s orbital). TheseMOs also have C
2s character from the two neighboring C atoms in the
THF ring, which can be seen in the MO representation
where the O based orbitals bridge over from the O to the
two nearest C atoms in theTHFring as expected for a ring
species. A similar orbital formation is seen for the Ti-
(THF)3Cl3molecule which has threeMOs relating toO 2s
orbitals, a)- c), with strong O 2s character, some Ti 3p
character, and also some C 2s character per MO from the
two neighboring C atoms in each THF ring (Figure 12).
The Kβ00 peaks arising from Cl 3s -containing MOs in

Ti(THF)2Cl4 are similar in energy position to those seen
for the Cp-ring molecules, and are localized on the Cl
atomswith someTi 3p contribution. ForTi(THF)2Cl4, Cl
s-basedMOs shown in Figure 11c-e have Ti 4s and 3px/y/z
character with a strong Cl 3s character over four Cl
atoms. For Ti(THF)3Cl3 MOs (Figure 12d-e) are com-
posed of Ti px/y/z orbitals with strong contributions from
Cl 3s orbitals over three Cl atoms. The measured Kβ00
peak due to Cl atoms is stronger in the Ti(THF)2Cl4
compound, which is reasonable as it has four Cl atoms
compared to three and two in the other Cl-containing
compounds studied.
The contribution from C atoms for these molecules

does not give a strong Kβ00 signal for either molecule,
which is not surprising as the C atoms are not directly

bonded to the Ti atom. For Ti(THF)3Cl3, some C 2s
orbitals hybridize with theCl 3s based orbitals, and others
(at lower energy) have very little hybridization with the Ti
orbitals and thus do not give a large spectral intensity. For
Ti(THF)2Cl4, all the C 2s orbitals lie at lower energy than
the Cl 3s dominated MOs but have very little hybridiza-
tion with Ti orbitals and therefore give very low intensity
in the spectra.

Factors for Kβ00 Peak formation. Overall for the Ti
molecules studied here, the factors found to affect the
presence of Kβ00 peaks are bond length, the nature of the
bonding interaction, the orbital hybridization over the
molecule, and the symmetry arguments. These will be
discussed in terms of the ligand types studied.

Kβ00 Peaks from O Atoms. The bond distance between
the metal atom and the ligand has previously been found
to play a key role inKβ00 peak formation.7,8 For TiOPcwe
see a clear Kβ00 peak from the O 2s orbital, where O is
bonded to Ti through a relatively short bond of 1.64 Å. In
Ti(THF)2Cl4 and Ti(THF)3Cl3, the Ti-O bond distance
is larger than for TiOPc at 2.0( 0.2 Å, and amuchweaker
Kβ00 peak is seen. It can be seen from eq 1 that a shorter
distance between the two participating atoms may act to
increase the intensity of the Kβ00 peak observed, where a
longer bond distance gives a lower intensity Kβ00 peak.
Another factor influencing the intensity of the Kβ00 peak

seen due toO in these compounds is the hybridization of the
MOs involved. In TiOPc, the O 2s orbital is strongly
hybridized with the Ti 3pz orbital (and Ti 4s and 3dz

2

orbitals) in a single MO without contribution from other
atoms in the molecule. However, for Ti(THF)2Cl4 and
Ti(THF)3Cl3, the Kβ00 peak is shown in the DFT calcula-
tions to arise from severalMOs rather than a singleMO, and
theseMOs do not only involve the Ti andO atoms. TheO is
present in a THF ring, and the calculatedMOs show orbital

Figure 11. MOs of Ti(THF)2Cl4 giving the main contributions to the
Kβ0 0 peaks, from a, b) O s orbitals and c)- e) Cl s orbitals.

Figure 12. MOs of Ti(THF)3Cl3 giving the main contributions to the
Kβ0 0 peaks, from a)- c) O s orbitals and d), e) Cl s orbitals.
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hybridization over the neighboringC atoms in the THF ring
systems, giving a much weaker Kβ00 peak due to O.
Symmetry arguments also apply in the case of TiOPc,

where spectral intensity can occur from the O atomwhich
has 2s electrons mostly in a single MO with A1 symmetry
which can give spectral intensity, as the 1s core hole also
has A1 symmetry. This argument applies in the case of
strict symmetry of the TiOPc molecule. Deviations be-
tween the calculated and experimental spectra arise, most
likely due to a limitation in the size of the model used or
the calculation method.

Kβ00 Peaks from N Atoms. The Ti-N bonding in (Pc)
molecules is not via strong covalent interactions but is
evenly distributed over the four N atoms through delo-
calized electrons to give a collective bonding interaction.
The Ti-N bond length is also relatively large compared
with those of other Ti-N systems.Weaker bonding inter-
actions alongside longer bond distances means that no
clear Kβ00 peaks are seen due to N atoms. It can also be
seen from the calculations that there are noMOswhich lie
only over theTi andNatoms; instead theMOs containing
contributions from N s-type orbitals are spread over an
energy range and are in highly hybridizedMOs extending
over the entire molecule. This delocalization means no
strong ligand-metal orbital hybridization is present and
no Kβ00 peaks are seen from N.

Kβ00 Peaks from C Atoms. In Cp-ring-containing mo-
lecules, some spectral intensity is observed in the Kβ00
region, shown in the calculations arising from Ti-C
orbital hybridization, but the features are not well re-
solved.TheCp ringdonates electrondensity to theTi from
the shared delocalized π electron orbital formed from the
five member C atoms to form a bond. This collective
electron donation from the ring carbons to the Ti gives a
weaker Ti-C bond shared over five C atoms, which in
turn gives a lower degree of hybridization between C s and
Ti p orbitals, thus no sharp peak is observed.However, the
calculations show thatMOs involved in theseCKβ00 peaks
only contain contributions from Ti and C, therefore it is
not extensive hybridization over other types of atoms in
the molecule (H or Cl) which causes the peak to be less
well-defined, but it is the less direct nature of the C-Ti
bond. Also, due to the low symmetry of the molecules, the
Ti-C based MOs are split over an energy range which
spreads the contributions over an energy range and gives a
less well-defined peak from the C atoms.

Kβ00 Peaks from Cl Atoms. The spectrum of TiPcCl2,
compared with those of the other Cl-containing mole-
cules, has a much less pronounced (almost non-
observable) Kβ00 peak arising from MOs with Cl 3s
character. InTiPcCl2, there are only twoMOswith strong
Cl 3s and Ti 3p character, but not all Ti 3p (px, py, and pz)
orbitals are involved. In such low-symmetry molecules, it
is necessary for the ligand ns orbital to hybridize with all
three Ti 3p orbitals to maximize the overlap and give a
stronger Kβ00 peak, particularly as the low symmetry acts
to split up the MOs and cause peak broadening, making
the peaks less clear. In all the Cl-containing molecules
except TiPcCl2, a Cl peak is seen, and theMOs contribut-

ing to the peak all contain both Cl 3s and Ti 3px, 3py, and
3pz character orbitals.

Conclusions

The identification of ligands in Ti-containing molecules
has been investigated using Kβ valence-to-core X-ray emis-
sion spectroscopy (XES). The presence ofKβ00 peaks depends
upon several factors for these Ti molecules. We observe Kβ00
peaks dependent on the bond distance, the nature of the
bonding interaction, the molecular symmetry, and the extent
of delocalization of the relevant molecular orbitals (MOs)
over the molecule. Density functional theory (DFT) calcula-
tions have been used tomodel the valence-to-core spectra and
the high energy resolution fluorescence detection X-ray
absorption near-edge spectroscopy (HERFDXANES) spec-
tra of the compounds, thus showing the nature of the orbitals
probed in these measurements.
The HERFD spectra show that strong p-d mixing is

present in TiOPc due to the molecular symmetry. Weaker
p-dmixing is observed for the other compounds,whichhave
a split pre-edge peak. Probing the effect of the ligands via
valence-to-core XES spectroscopy provides detailed infor-
mation, alongside DFT calculations, to show how ligand
s-Ti 3p orbital mixing takes place in different molecular
systems.
A shorter bond distance is found to give a stronger Kβ00

peak, evident in comparing the strong O Kβ00 peak from
TiOPc,whichhas a short Ti-Obond distance, with themuch
weaker OKβ00 peaks of Ti(THF)2Cl4 and Ti(THF)3Cl3, with
longer Ti-O bond distances. The peaks due to O are also
weaker for the THF compounds as the O 2s-containingMOs
involved are more delocalized and spread over the neighbor-
ingC atoms in theTHF rings.Delocalization of theMOs also
reduces the intensity of the Kβ00 peaks seen due to N in the
(Pc) compounds where the relevantMOs are located over the
entire molecule.
The nature of the ligand-Ti bond is also important to the

presence of a Kβ00 peak. Stronger peaks are seen for O andCl
bonded directly to the Ti where ligand ns orbitals hybridize
strongly with Ti 3p orbitals.Weaker, smeared out Kβ00 peaks
are seen from C in Cp-ring-based molecules, in which the Cp
ring bonds to the Ti via a π electron donation from the
delocalized ring electrons. These considerations are vital
when designing ligand identification experiments for molec-
ular systems using Kβ valence-to-core XES.
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