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For 3-5d transition-metal ions, the (C5R5)2MCl2 (R ) H, Me for M ) Ti, Zr, Hf) bent metallocenes represent a
series of compounds that have been central in the development of organometallic chemistry and homogeneous
catalysis. Here, we evaluate how changes in the principal quantum number for the group IV (C5H5)2MCl2 (M ) Ti,
Zr, Hf; 1-3, respectively) complexes affects the covalency of M-Cl bonds through application of Cl K-edge X-ray
Absorption Spectroscopy (XAS). Spectra were recorded on solid samples dispersed as a thin film and encapsulated
in polystyrene matrices to reliably minimize problems associated with X-ray self-absorption. The data show that
XAS pre-edge intensities can be quantitatively reproduced when analytes are encapsulated in polystyrene. Cl
K-edge XAS data show that covalency in M-Cl bonding changes in the order Ti > Zr > Hf and demonstrates that
covalency slightly decreases with increasing principal quantum number in 1-3. The percent Cl 3p character was
experimentally determined to be 26, 23, and 18% per M-Cl bond in the thin-film samples for 1-3 respectively
and was indistinguishable from the polystyrene samples, which analyzed as 25, 25, and 19% for 1-3, respectively.
To aid in interpretation of Cl K-edge XAS, 1-3 were also analyzed by ground-state and time-dependent density
functional theory (TD-DFT) calculations. The calculated spectra and percent chlorine character are in close agreement
with the experimental observations, and show 20, 18, and 17% Cl 3p character per M-Cl bond for 1-3, respectively.
Polystyrene matrix encapsulation affords a convenient method to safely contain radioactive samples to extend our
studies to include actinide elements, where both 5f and 6d orbitals are expected to play a role in M-Cl bonding
and where transition assignments must rely on accurate theoretical calculations.

Introduction

The bent metallocenes of the general formula (C5R5)2MX2

(R ) H, CH3; X ) monoanion) represent a series of
complexes with similar molecular structures for transition
metals1–7 (groups IV, V, VI) and light actinides (Th,8,9 U,8,9

and Np10) and are among the most extensively utilized
systems in organometallic research.11–13 Theoretical and
spectroscopic studies of metallocenes indicate that variations
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in orbital character and metal d and f covalency are connected
with differences in chemical reactivity.14–24 Of the experi-
mental approaches to determine covalency, ligand K-edge
X-ray Absorption Spectroscopy (XAS) has emerged as a
powerful measure of the amount of ligand orbital mixing
with metal-based orbitals.25–37 On the low-energy side of
the ligand K-edge are bound-state transitions of ligand 1s
electrons into metal-based orbitals that contain ligand p
character due to covalent mixing. The intensity of these pre-
edge features provides a direct experimental measure of
covalency.30,31

Because the (C5R5)2MCl2 (R ) H, CH3) series for tran-
sition metals and light actinides are structurally similar
(Scheme 1), they are well-suited for a ligand K-edge XAS
study to compare relative changes in orbital mixing between
a common Cl1- ligand and 3d, 4d, 5d, and 6d/5f orbitals in
metal-ligand bonding. Moreover, their electronic structure

is well understood,38–43 and the Cl K-edge XAS of the first
member of this series, (C5H5)2TiCl2, has been recently
analyzed by experiment and theory,32,44 thereby providing
a standard for comparison with heavier congeners.

Herein, we report a comparison of Cl K-edge XAS of
group IV (C5H5)2MCl2 complexes (M ) Ti, Zr, and Hf; 1,
2, and 3, respectively) recorded as thin films and encapsulated
in polystyrene. The latter is developed as a new protocol
for containment of radioactive samples in ligand K-edge XAS
studies. We also employ time dependent-density functional
theory (TD-DFT) to aid assignments of ligand XAS fea-
tures44–47 and provide further insight into the electronic
structure.

Experimental Section

General Considerations. The manipulations of the following
compounds and samples were conducted under helium with
exclusion of air and water by Schlenk, glovebox, and glovebag
techniques. Toluene was distilled over sodium and benzophenone
and degassed by three freeze-pump-thaw cycles. Polystyrene
(PolySciences Inc.) was acquired as 3.0 Micron Dry Form and dried
under vacuum (10-3 Torr) for 24 h. The polystyrene was verified
to contain no chlorine by Cl K-edge X-ray absorption spectroscopy.
The D2d-Cs2CuCl4 intensity and energy calibration standard was
prepared as previously described.48 The (C5H5)2MCl2 (M ) Ti, Zr,
and Hf; 1, 2, and 3, respectively) compounds were obtained from
Aldrich and recrystallized from solutions of hot toluene, and their
purity was confirmed by 1H NMR spectroscopy before use.4

Thin Film Sample Preparation. Thin film samples were
prepared by adhering Kapton tape, which was determined to be
free of chlorine by Cl K-edge XAS, to one side of a stainless steel
sample holder that contained 2 × 10 mm slots. The analyte was
ground for 10 min with a mortar and pestle to produce a fine powder
and dispersed as thinly as possible in the sample holder slot on the
Kapton tape using Ultrafine (#1) synthetic fiber artist’s brushes.
The open side of the sample plate was sealed with a 4.5 µm
polypropylene film.

Polystyrene Sample Preparation. The polystyrene samples,
which contained 1-3 (0.8% by mass) encapsulated in polystyrene
matrices, were prepared by adding a solution that contained finely
ground (C5H5)2MCl2 (0.7 mg) in toluene (100 µL) to a solution of
polystyrene (90 mg) and toluene (300 µL). The resulting solution
was transferred to a 4 × 10 mm slot in an aluminum sample plate,
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which had been secured to a Teflon block. After 48 h, the toluene
had evaporated and the Teflon plate was removed, leaving a robust
film fixed in the sample-plate window.

XAS Measurement. All data were measured at the Stanford
Synchrotron Radiation Laboratory under ring conditions of 3.0 GeV
and 60-100mA. Data were measured using the 54-pole wiggler
beam line 6-2 in high magnetic field mode of 10 kG with a nickel-
coated harmonic rejection mirror and a fully tuned (3150 eV)
Si(111) double crystal monochromator. A chamber, similar to that
previously described,49 was used with the exception that the I0

compartment was separated from the sample compartment by a 4.5
µm polypropylene film. The entire chamber, up to the beam pipe,
was filled with helium, and the sample excitation fluorescence was
measured against the incident beam using photodiode detectors.
Data were collected at room temperature with four different step
sizes such that energy steps of 3.73, 0.07, 0.61, and 3.87 eV were
used between 2715.17-2805.19, 2805.19-2835.2, 2835.2-2905.21,
and 2905.21-3350.31 eV, respectively. The energy was calibrated
to 2820.20 eV using the maximum of the first pre-edge feature in
the Cl K-edge XAS of the D2d-Cs2CuCl4 standard, which was
repeatedly analyzed in between sample scans.

Data Analysis. A first-order polynomial was fit to the pre-edge
region, 2705.0-2805.8 eV, and then subtracted from the experi-
mental data to eliminate the background of the spectrum. The data
were normalized by fitting a first-order polynomial to the postedge
region of the spectra, 2830.0-3350.31 eV, and setting the edge
jump at 2836 eV to an intensity of 1.0. Fits to the Cl K-edges were
performed using the program IGOR 6.0 and a modified version of
EDG_FIT.50 Second-derivative spectra were used as guides to
determine the number and position of peaks. Pre-edge and rising
edge features were modeled by pseudo-Voigt line shapes and a
step function. For the pre-edge and white line features, a fixed 1:1
ratio of Lorentzian to Gaussian contributions was used, and for
the step function, a 1:1 ratio of arctangent and error function
contributions was employed. Fits were performed over several
energy ranges.

Results and Discussion

Cl K-edge Spectra of (C5H5)2MCl2. For ligand K-edge
XAS measurements, samples are typically ground into a fine
powder and thinly dispersed, to minimize self-absorption,
on Cl-free Kapton tape.25–37 Samples are prepared under an
inert atmosphere and a thin polypropylene film, typically
around 5 µm,29 protects the samples from exposure to air.
This technique is not suitable for use with radioactive
materials, and we report an alternate method that involves
dissolving a mixture of finely ground analyte powder with
3 µm polystyrene beads in toluene. The solution is transferred
to slots in an aluminum sample holder, and the toluene is
allowed to evaporate under a helium atmosphere, yielding
the analyte encapsulated (essentially dissolved) in the
polystyrene matrix. This procedure enables the analyte
concentration to be rigorously controlled using standard
analytical techniques, and, because the analyte and the
polystyrene are both dissolved in toluene, the particle size
and separation are minimized. Hence, as opposed to typical

thin-film samples, the polystyrene encapsulation approach
provides control over many factors that contribute to
self-absorption.

Room temperature Cl K-edge XAS data were collected
on samples of 1-3, prepared as both thin films and in
polystyrene matrices, at the Stanford Synchrotron Radiation
Laboratory under helium atmospheres as fluorescence-
excitation spectra using photodiode detectors (Figure 1 and
Table 1). The energy was calibrated using the first pre-edge
maximum of D2d-Cs2CuCl4

48 fixed at 2820.20 eV.51–53

Standard data reduction and analysis procedures were used
and have been described elsewhere.31 The spectral features
of 1-3 were modeled using pseudo-Voigt line shapes with
a fixed 1:1 Lorentzian to Gaussian ratio (Supporting Infor-
mation). To study the minimization of self-absorption effects
in the data, samples were analyzed using progressively
decreasing analyte concentration until the observed intensity
no longer varied. The optimum concentration appears to be
at 0.8% by mass of analyte. For 1-3, the polystyrene and
thin-film spectral pairs are practically indistinguishable. For
1, the spectra are essentially identical to the thin-film
fluorescence spectrum reported by DeBeer George et al.,32

and these results demonstrate that polystyrene encapsulation
reproduces the thin-film intensities, with minimal self-
absorption effects.

Figure 2 compares the normalized Cl K-edge pre-edge data
and fits for the polystyrene films of 1-3. The pre-edge
features correspond to transitions from the Cl 1s orbitals to
unoccupied MOs formed by interaction of the Cl 3p and M
d orbitals, whereas the rising edge contains a Cl 1s to Cl 4p
transition. The pre-edge peak energies and total intensities
for 1-3 vary with increasing Z (Figure 2 and Table 1). For
example, the spectrum for 1 contains two pre-edge features
at 2821.19 and 2822.24 eV. These peaks move as a pair to
2822.37 and 2823.62 eV for 2 and 2822.82 and 2824.01 eV
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Figure 1. The Cl K-edge XAS for (C5H5)2MCl2 (M ) Ti, black; Zr, red;
Hf blue; 1, 2, and 3, respectively) samples that were encapsulated in
polystyrene.
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for 3, which is consistent with the expected rise in energy
for the 3d, 4d, and 5d orbital final states, respectively.

Using D2d-Cs2CuCl4 as an intensity standard, with 7.5%
Cl 3p character per Cu-Cl bond;29,31,48,51–53 the Cl 3p
character per M-Cl bond can be determined from curve fits
for each metal complex. For polystyrene samples of 1-3,
the %Cl 3p character in the unoccupied metal-based orbitals
was determined to be 25, 25, and 19%, respectively. These
data are indistinguishable from the %Cl 3p character
determined for the thin-film samples, which are 26, 23, and
18% for 1-3, respectively, given the ca. 5% error associated
with our measurement (Table 1). Both sets of data for 1 agree
with the 25% Cl 3p character previously reported for the
thin-film sample of (C5H5)2TiCl2, whose intensity was
confirmed by a total electron yield measurement.32 Hence,
in addition to qualitative reproduction of thin-film Cl K-edge
XAS data, polystyrene encapsulation can also be used to
obtain quantitative data.

Electronic Structure Calculations on (C5H5)2MCl2. For
a more detailed understanding of M-Cl bonding interactions,
we conducted electronic structure calculations on
(C5H5)2MCl2+ complexes using B3LYP hybrid density

functional theory (DFT)54 in the Gaussian 03 code.55 The
Stuttgart 97 relativistic effective core potential and associated
basis sets (minus the most diffuse function) were used for
titanium, zirconium, and hafnium,56 and the 6-31G* basis
sets for carbon and hydrogen. For the chlorine atoms, the
6-31G* basis set was modified by recontracting the p
functions to the B3LYP 2p through 6p atomic orbitals of
Cl1- (Supporting Information). The recontraction of the p
space did not change the predicted structures and proved
advantageous by providing a cleaner interpretation of the
participating atomic orbitals in the molecular orbitals under
consideration. These functionals and basis sets have been
extensively tested for organometallic systems and have been
shown to give good agreement with experimental data.57–60

The populations of the Cl 3p orbitals of each compound were
then obtained by Mulliken population analysis of each
particular molecular orbital.

The electronic structure of bent metallocene dichlorides
is well understood.38–44 The bent [(C5H5)2M]2+ fragment is
characterized by six M-(C5H5) orbital interactions at lower
energy, leaving three low-energy metal orbitals (1a1, 1b2,
and 2a1) and two higher-lying metal orbitals (1b1, 1a2)
available to form bonding interactions with the Cl1-

ligands.38–43 Whereas the first set of three orbitals is generally
regarded as the most important for M-Cl bonding, all five
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Figure 2. Cl K-edge XAS experimental data (black line), the curve fit
(red dashes), and the pseudo-Voigt peaks used to generate the fit (red and
blue lines) for the polystyrene film samples of (C5H5)2MCl2 (M ) Ti, top;
Zr, middle; Hf bottom; 1, 2, and 3, respectively).

Table 1. Comparison of Experimental and Calculated Pre-Edge Peak Energies (eV), intensities, and % Cl 3p Charactera for (C5H5)2MCl2 Complexes
(M ) Ti, Zr, and Hf; 1, 2, and 3, Respectively)

peak 1 peak 2 total

Compound Energy (eV) Int. % Cl 3p % Cl 3p Energy (eV) Int. % Cl 3p % Cl 3p Int. % Cl 3p % Cl 3p Peak Splitting (eV)

exptl exptl exptl calcd exptl exptl exptl calcd exptl exptl calcd exptl calcd

1 (thin film)32 2821.27 0.50 7 8 2822.29 1.24 18 13 1.74 25 21 1.02
1 (thin film) 2821.20 0.47 7 6 2822.24 1.35 19 14 1.82 26 20 1.04 0.90
1 (polystyrene) 2821.19 0.44 6 6 2822.24 1.37 19 14 1.81 25 20 1.05 0.90
2 (thin film) 2822.46 0.54 8 6 2823.64 1.05 15 12 1.59 23 18 1.18 1.26
2 (polystyrene) 2822.37 0.65 9 6 2823.62 1.13 16 12 1.78 25 18 1.25 1.26
3 (thin film) 2822.98 0.54 8 6 2824.09 0.74 10 11 1.28 18 17 1.11 1.10
3 (polystyrene) 2822.82 0.65 9 6 2824.01 0.69 10 11 1.34 19 17 1.19 1.10

a The percent Cl 3p character is reported per M-Cl bond.
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are necessary to understand the XAS intensities due to a
combination of σ and π orbital interactions with the Cl1-

levels at lower energy. A qualitative MO interaction diagram
is shown in Figure 3. As a result of M-Cl bonding, the five
resulting metal-based orbitals are all M-Cl antibonding and
are shown in Scheme 2 (with the contributions from the
C5H5

1- ligands removed for clarity). The calculated orbital
compositions are given in Table 2.

Comparison of the Experimental and Theoretical Cl
K-Edge XAS. The first level of theory assumed that the
transition amplitudes from the chlorine core levels to the
virtual states were directly proportional to the %Cl p
character of the virtual orbitals.32 For all three compounds,
our ground-state calculations suggest that the two lowest
unoccupied orbitals in (C5H5)2MCl2 complexes are the 1a1

and 1b2 M-Cl antibonding orbitals. Hence, for 1-3 the first
XAS pre-edge peak is attributed to a Cl 1sf 1a1 transition,
which stems primarily from Cl 3p π-bonding with the metal
dx2-y2 orbital. Whereas it is tempting to assign the second
pre-edge peak to a 1sf 1b2 transition, the calculations reveal
that the 1b2 orbital is pushed sufficiently high in energy such
that a manifold of four primarily metal nd molecular orbitals
(1b2, 1b1, 1a2, and 2a1) exist and are closely grouped together,
spanning only 0.6, 0.9, and 1.1 eV for 1-3, respectively.

Depending on the identity of the metal ion, all four of
these metal d orbitals (1b2, 1b1, 1a2, and 2a1) mix with the
Cl 3p orbitals to varied extents with orbital mixing following
the order Hf > Zr > Ti (Table 2). For example, in 1 the 1s
f 1b2 transition contributes 87% to the total intensity of
the second peak, whereas smaller contributions from the 1s
f 1b1, 1a2, and 2a1 transitions provide the additional 13%.

In contrast, the amount of metal Cl 3p/Hf 5d mixing is more
evenly distributed in 3, and the 1sf 1b2 transition accounts
for only 56% of the total intensity of the second peak. These
calculations are consistent with the experimental spectra for
1-3, which show decreased amplitudes and increased peak
widths for the second pre-edge features. Because the percent
of Cl 3p character in the 1a1 molecular orbital was calculated
and found experimentally to be the same for all three
complexes, the differences in total covalency for the M-Cl
bonds are attributable to the degree of Cl 3p orbital mixing
with the 1b2, 1b1, 1a2, and 2a1 manifold of metal d orbitals,
which decreases from 1 to 3. This finding is similar to the
trends revealed by gas-phase photoelectron spectroscopy of
occupied orbitals in metallocene complexes.14–24

The ground-state calculations for the (C5H5)2MCl2 com-
plexes show that as the principal quantum number increases,
the total percent of (C5H5)1- orbital involvement also increases
(Table 2). In contrast, the calculated 20, 18, and 17% Cl 3p
character per M-Cl bond for 1-3, respectively, decreases
with increasing Z. Although, both theory and experiment
suggest that the M-Cl bond for the 3d complex, 1, is more
covalent than the 5d analogue, 3, the experimental compari-
son between the 3d and 4d complexes is obscured by the
similar pre-edge intensities for 1 and 2. For example, the
%Cl 3p character in the M-Cl bond for 1 and 2 were
experimentally indistinguishable for the polystyrene samples,
whereas the thin-film samples indicate a decrease from 26
to 23% Cl 3p character for 1 to 2, respectively. Given that
the differences in the thin-film data are only slightly larger
than the 5% experimental error, the calculations, which agree
well with the experimentally determined values, provide
additional insight and show 20% Cl 3p character in the
M-Cl bond for 1 and 18% Cl 3p character for 2. Hence,
for 1-3 both experiment and theory indicate that the
covalency of the M-Cl bond decreases on the order Ti >
Zr > Hf and show that the differences between the 3d, 4d,
and 5d group IV metallocenes are small in overall magnitude.

A more rigorous level of theory involves a linear response
theory (TD-DFT) calculation,61–63 where the probability
amplitudes were extracted from the transition dipole moments
between the calculated excited states and the ground states.
The excitations originating from all of the intermediates states
between the Cl 1s and the HOMO were not included so that
only excitations from the core levels to virtual molecular
orbitals could be analyzed. This allows the virtual orbitals
to mix and reflect the presence of the core hole in chlorine.
However, we do not include relaxations in the occupied
orbitals associated with the core hole.64

Scheme 2

Figure 3. Qualitative MO interaction diagram showing the interaction of
a (C5H5)2M fragment with Cl2 to generate (C5H5)2MCl2.
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Figure 4 compares the TD-DFT simulated Cl K-edge XAS
with experimental XAS. The TD-DFT calculations reproduce
the basic experimental features of peak intensity, peak area,
and peak energies remarkably well, and provide additional
confidence on spectral assignments.57 The calculated and
experimental spectra for 1-3, Figure 4, show a decrease in
amplitude and increase in peak width for the second pre-
edge feature. The increase in width stems from the larger
splitting among the d virtual states and the decrease in
intensity to an overall reduction in oscillator strength, which
is consistent with the calculated orbital compositions (Table
2). For the titanium system, our TD-DFT results and
simulated spectra are in excellent agreement with recent
spin-orbit relativistic TD-DFT simulations reported by
Ziegler and co-workers.44

Concluding Remarks

In summary, a quantitative analysis of the amount of Cl
3p involvement in M-Cl bonding for group IV metallocene
dichlorides has been extended from (C5H5)2TiCl2 to
(C5H5)2ZrCl2 and (C5H5)2HfCl2 using Cl K-edge X-ray
Absorption Spectroscopy (XAS). These results demonstrate
that the %Cl 3p character in the M-Cl bond decreases with
increasing Z. Using ground-state DFT and TD-DFT calcula-
tions as a guide, we conclude that all five metal-based orbitals
(1a1, 1b2, 1b1, 1a2, and 2a1) must be considered when
evaluating the M-Cl bonding in the group IV metallocene
dichlorides. For 1-3, the %Cl 3p orbital contribution to the
1a1 orbital did not appreciably change with Z, whereas the
degree of chlorine involvement in the manifold of four
higher-energy molecular orbitals s the 1b2, 1b1, 1a2, and
2a1 s decreased according to 1 > 2 > 3. Taken together, it
is clear that the covalency in M-Cl bonding is strongest for
the first-row 3d metal center and decreases according to 3d
> 4d > 5d.

It was also demonstrated that high-quality Cl K-edge XAS
data obtained on traditional thin-film samples could be
reproduced when analytes were encapsulated in a polystyrene
matrix. Encouraged by these results and the application of
DFT calculations to facilitate the analysis and interpretation
of Cl K-edge XAS, it seems likely that polystyrene matrix
encapsulation will afford a convenient method to safely
contain radioactive samples to extend our studies to include
actinide elements where both 5f and 6d orbitals are expected
to play a role in M-Cl bonding and where transition
assignments must rely on accurate theoretical calculations.

(61) Stratmann, R. E.; Scuseria, G. E.; Frisch, M. J. J. Chem. Phys. 1998,
109, 8218.

(62) Bauernschmitt, R.; Ahlrichs, R. Chem. Phys. Lett. 1996, 256, 454.
(63) Casida, M. E.; Jamorski, C.; Casida, K. C.; Salahub, D. R. J. Chem.

Phys. 1998, 108, 4439.
(64) The absolute calculated transition energies show large errors due

to the omission of atomic and extra-atomic relaxation associated
with the core excitation,64 relativistic stablization, and errors
associated with the functional.65 Hence, it was necessary to establish
a constant shift of 64.9 eV for all calculated spectra.

Table 2. Orbital Composition for the Five Metal d-Based Orbitals in (C5H5)2MCl2 (M ) Ti, Zr, Hf; 1, 2, and 3, Respectively)

MO Label (Symmetry)

59(1a1)LUMO 60(1b2) 61(1b1) 62(1a2) 63(2a1) Total

(C5H5)2TiCl2, 1
energy (eV) -2.80 -1.86 -1.81 -1.64 -1.44
total % Ti 3d 77.6 57.1 72.5 70.1 73.4 350.7
total % Ti 4p 0.6 1 1 0 0 2.6
total % Cl 3p 12.1 17.2 2.2 1.4 6.3 39.2
total % (C5H5)1- 9.7 24.7 24.3 28.5 20.3 107.5

(C5H5)2ZrCl2, 2
energy (eV) -2.23 -1.27 -0.98 -0.62 -0.34
total % Zr 4d 69.9 43.8 73.2 67.4 77.9 332.2
total % Zr 5p 1 2.5 0 0 0 3.5
total % Cl 3p 12.2 10.8 2.7 3.9 6.5 36.1
total % (C5H5)1- 16.9 42.9 24.1 28.7 15.6 128.2

(C5H5)2HfCl2, 3
energy (eV) -1.92 -1.00 -0.57 -0.17 0.14
total % Hf 5d 65.3 38.6 69.3 61.5 81.3 316.0
total % Hf 6p 1.3 2.4 0.7 0 0 4.4
total % Cl 3p 11.2 8.0 2.6 4.2 7.8 33.8
total % (C5H5)1- 22.2 51.0 27.4 34.3 10.9 145.8

Figure 4. The Cl K-edge experimental data (red), the TD-DFT calculated
spectrum (black), the TD-DFT calculated transitions (black bars) for
polystyrene films of (C5H5)2MCl2 (M ) Ti, top; Zr, middle, and Hf, bottom;
1, 2, and 3, respectively). The height of the black bars represents the
calculated oscillator strength for individual transitions.
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