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ABSTRACT: Metal—carbon covalence in (C;H;),MCL, (M =
Ti, Zr, Hf) has been evaluated using carbon K-edge X-ray
absorption spectroscopy (XAS) as well as ground-state and
time-dependent hybrid density functional theory (DFT and
TDDFT). Differences in orbital mixing were determined
experimentally using transmission XAS of thin crystalline
material with a scanning transmission X-ray microscope
(STXM). Moving down the periodic table (Ti to Hf) has a
marked effect on the experimental transition intensities
associated with the low-lying antibonding 1a,* and 1b,*
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orbitals. The peak intensities, which are directly related to the M—(CH;) orbital mixing coefficients, increase from 0.08(1) and
0.26(3) for (CH;),TiCl, to 0.31(3) and 0.75(8) for (CsH;),ZrCl,, and finally to 0.54(S) and 0.83(8) for (CsH),HfCl,. The
experimental trend toward increased peak intensity for transitions associated with 1a,* and 1b,* orbitals agrees with the
calculated TDDFT oscillator strengths [0.10 and 0.21, (CH;),TiCly; 021 and 0.73, (CsH;),ZrCl; 035 and 0.69,
(CsH;),HfCL,] and with the amount of C 2p character obtained from the Mulliken populations for the antibonding 1a,* and
1b,* orbitals [8.2 and 23.4%, (CH;),TiCly; 15.3 and 39.7%, (CsHs),ZrCly; 20.1 and 50.9%, (CHs),HfCL]. The excellent
agreement between experiment, theory, and recent Cl K-edge XAS and DFT measurements shows that C 2p orbital mixing is
enhanced for the diffuse Hf (5d) and Zr (4d) atomic orbitals in relation to the more localized Ti (3d) orbitals. These results
provide insight into how changes in M—CI orbital mixing within the metallocene wedge are correlated with periodic trends in
covalent bonding between the metal and the cyclopentadienide ancillary ligands.

B INTRODUCTION

Advancing understanding of metal—light atom (C, N, and O)
electronic structure and bonding is of widespread interest
because these interactions control the physics and chemistry of
many important technological processes. This is especially true
for systems with ¢ and # M—C bonds, as demonstrated in
industry through polymerization of organic molecules and in
nature through catalysis in organometallic reactions.' Non-
reactive carbon-based ligands are also ubiquitous in inorganic
chemistry. For example, cyclopentadienide (CsR;™, R = H or
alkyl) is a nonreactive ligand that supports a variety of reactions
within metallocene wedges of (CsRs),MX, complexes (X =
anion).”~* Cyclopentadienyl ligands provide steric stabilization
and can impart desirable solubility properties, but usually do
not participate directly in chemical transformations.® In-depth
studies suggest that M—(C4R;) orbital mixing can also have an
inductive effect on the M—X interaction,®~*? such that changes
in ring substituents can alter accompanying reaction chem-
istry.">~'7 However, there exist few experimental methods that
can be used to quantify M—C orbital mixing in a broad range of
organometallic molecules and carbon-based materials.
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Seminal work by Solomon, Hedman, Hodgson, and co-
workers has established ligand K-edge X-ray absorption
spectroscopy (XAS) as a general technique for quantifying
covalency for M—Cl and M-S bonds."*™* The technique
probes bound state transitions between core ligand 1s and
unoccupied molecular orbitals, which only have intensity if the
empty acceptor orbitals contain ligand p character. In principle,
C K-edge XAS can also be used to quantify M—C orbital
mixing because the underlying physics governing Cl and S K-
edge XAS also holds for carbon. However, the C K-edge (ca.
280 eV) is much lower in energy than that for Cl and S (>2400
eV). Thus, acquiring quantitative C K-edge XAS results is
complicated by weakly penetrating incident radiation that is
potentially susceptible to surface contamination and saturation
effects from the samples. These technical challenges are
magnified by the presence of carbon as a common contaminant,
especially on synchrotron instrumentation and X-ray optics.
Interpreting C K-edge XAS results for complex organometallic
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systems, like (CsR;),MX,, is also challenging because M—C
transitions are often difficult to identify among transitions
arising from ligand-based C—C and C—H bonds.”*>®

The results provided herein show that for highly symmetric
d° metallocenes, (CsH;),MCl, (M = Ti, Zr, Hf), the technical
challenges associated with C K-edge experiments can be
overcome by conducting transmission XAS measurements with
a scanning transmission X-ray microscope (STXM). In addition
to providing accurate pre-edge peak intensities, the STXM
measurement is nondestructive and compatible with a wide
range of sample types, e.g, radioactive, air-sensitive, and
environmental (even extraterrestrial) specimens.29_35 Con-
fidence that correct C K-edge spectra were obtained using
STXM was provided by the agreement of our measurements
made on (CH;),TiCl, with published inner-shell electron
energy loss spectroscopy (ISEELS) measurements made on the
same compound.” The transitions associated with the M—C,
C—C, and C—H based orbitals were experimentally identified
through comparison with analogous measurements made on
(CsHs)Na and further confirmed using ground-state and time-
dependent hybrid density functional theory (DFT and
TDDFT). Results are presented in the context of previously
published Cl K-edge XAS and DFT analyses of the same
(C¢H;),MCl, metallocenes, which provides a consistent

3 (—] 2b,, 3a,,
1 d \—} — 2a,
7 X [—- 1a,
ST |~ l—2b,
T SN— _——1b,
5 - ."//
S 50 —).- provm—
84T —
)
c
w 3+
2 —_—
1 ==
ftor s e - 1b, (HOMO}
2- ? ?
= \ Lo .Cl cl e

Qé) Qg“m Q‘Si:m %“cn

Figure 1. Quantitative molecular orbital correlation diagram for the
formation of (CsHs),MCl, (M = Ti, Zr, Hf) from two (CsHs)~
fragments in C,, symmetry. Molecular orbital energies have been
shifted by a constant so that each HOMO has an energy of 0 eV.

bonding picture from the perspective of both the ancillary
CH;™ and reactive Cl™ ligands.®” Together these spectroscopic
and theoretical results revealed marked differences in frontier
orbital compositions with variations in metal identity, which is
directly related to the progressive changes in the energy and
radial extension of the 3d, 4d, and 5d atomic orbitals.

B RESULTS AND DISCUSSION

Ground State Electronic Structure and Molecular
Orbital Description. Before discussing the C K-edge XAS
for (CsH;),MCl, in detail (M = Ti, Zr, Hf), it is instructive to
provide a framework for evaluating molecular orbital
interactions in each complex. Because bent metallocenes have
been the subject of numerous physical investiga-
tions,”1%?¥367%0 their electronic structures are well estab-
lished.>'>*' As a result, this discussion will focus on metal-
based unoccupied orbitals that are relevant to the C K-edge
XAS experiment.

DFT calculations were conducted on (CsHj),MCl, systems
whose geometries had been optimized with staggered CsH
rings. The bond distances and angles were consistent with
reported single-crystal X-ray diffraction studies,”” > and the
orbital energies and compositions agreed well with previous
theoretical reports.”>*”* To simplify electronic structure
discussions, expectations from group theory were derived
from (CsH;),MCl, compounds with eclipsed CsH; rings in the
C,, point group and are summarized as follows. When the two
(CsHs)™ ligands are considered exclusively, group theory shows
ten orbitals that are perpendicular to the ring planes, five of
which can form bonding interactions with the metal d orbitals
(Figures 1 and 2). The resulting five M—(CsHs) 1a,, 1by, 2by,
la,, and 2a, orbitals are also allowed by symmetry to mix and
form o- and 7-bonds with the CI~ wedge ligands, as shown for
the antibonding orbitals in Figure 2. For these C,,
(CsH;),MCl, compounds, it is important to recognize that
each of the a, orbitals contain a combination of M d,>_> and d.?
character (Figure 2)."% As expected based on the relative
energies of the 3d, 4d, and 5d atomic orbitals, the DFT
calculations show an increase in energy for the unoccupied M—
C antibonding 1a,*, 1b,%, 1b,*, 1a,*, and 2a,* orbitals with
heavier metals, such that Ti < Zr < Hf. Four of the remaining
five (CsHs),>™ orbitals do not mix significantly with the metal d
orbitals in C,, symmetry and are best described as M—(CHj)
nonbonding 2b,, 3a;, 3b;, and 4a, orbitals (Figure 1, brown).
This leaves an orbital of 1b; symmetry as a M—C and M—CI
nonbonding HOMO (Figure 1, black). The calculated
HOMO-LUMO gaps increase from 3.68 to 4.55 to 4.92 eV
for (C4Hy),MClL, (M = Ti to Zr to Hf), which is similar to
values obtained previously from ligand to metal charge transfer
absorptions measured using optical spectroscopy (2.407, 3.668,
and 3.974 eV for M = Ti, Zr, and Hf, respectively).*®
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Figure 2. Antibonding interaction of metal d and li§and orbitals. The nodal characteristics of the (CsH;),>” fragment relative to the metal atom are

represented with common short-hand notation.'>”
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Carbon K-edge Measurements and Data Reduction.
The STXM on the Advanced Light Source Molecular
Environmental Science (ALS-MES) beamline 11.0.2 is ideally
suited for accurate light atom (C, N, O, F) K-edge XAS
measurements on finely divided powders.””** However, for the
C K-edge XAS analyses reported here, it was difficult to identify
particles among mechanically ground analytes that were large
enough to provide a suitable signal-to-background ratio, and
also thin enough to avoid complications from saturation effects
(refer to Figure S1 in the Supporting Information). An
alternative sample preparation method was developed to
overcome these technical challenges. In the procedure, small
droplets of a solution containing the analyte dissolved in an
appropriate solvent—ca. 1 mg of (CsH;),MCl, in 1 mL of
toluene—were evaporated on a Si;N, window in an argon filled
glovebox. A majority of the resulting thin crystallites provided
short pathlengths for X-ray radiation, which ensures that
saturation effects are minimized and that the absorbance
measurement is within the linear regime of the Beer—Lambert
law. The evaporation approach also provides a straightforward
and reproducible method to arrange a large number of suitable
crystallites in a compact area for C K-edge XAS raster scans.
Figure 3 shows representative contrast images and C elemental

Figure 3. Two images each of the crystallites of (CsH;),MCL, (M =
Ti, Zr, Hf) from which XAS were obtained: normal contrast images
(left) obtained with a photon energies of 289 (Ti and Zr) and 296 eV
(Hf), and elemental maps of C (right) obtained by subtraction using
photon energies of 286 and 276 eV (Ti and Zr) and 280 and 290 eV
(Hf) with the regions containing C shown as white using a standard
grayscale. Images A and B correspond to (CsHj),TiCl,, C and D to
(C4H;),ZrCl,, and E and F to (CgH;),HfCL,.

maps of the (CsH;),MCl, crystallites used in the C K-edge
XAS experiments, light transmitted through wide regions of the
crystallites (25 and 100 ym,) was utilized to collect C K-edge
spectra.

Figure 4 shows the background subtracted and normalized C
K-edge XAS spectra obtained for crystallites of (CsHs),MCl,
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Figure 4. C K-edge XAS obtained in transmission for (C;H;)Na
(black trace), (CsH;),TiCl, (red trace), (CsH;),ZrCl, (green trace),
and (C4H;),HfCl, (blue trace).

(M = Ti, Zr, Hf) and a (CsH;)Na powder, the latter of which
was used as a spectroscopic proxy for an uncoordinated CsH;™
ligand. All spectra were measured using circularly polarized
light to ensure that relative intensity changes could be evaluated
quantitatively. The experimental C K-edge XAS of (C;H;)Na
contains one intense feature near 285.9 eV which is assigned to
transitions into CsHs-based C—C antibonding molecular
orbitals. Comparison with (CsH;),MCl, spectra reveals similar
transitions to CsHg-based orbitals at approximately 1-2 eV
higher energies (286.8, 287.7, and 288.0 for Ti, Zr, and Hf,
respectively). These spectra contain additional low-energy
features that are indicative of M d and C 2p mixing.

For (CsHj;),TiCl,, comparison with the previously reported
ISEELS reveals nearly identical spectral profiles®® and provides
confidence in the C K-edge XAS experimental method. The
XAS data differs in that the high resolving power of the ALS-
MES beamline provided enhancements in fine structure. For
example, in the XAS data the lowest-energy feature at 284.1 eV
is resolved as a unique peak and the higher energy feature near
28S eV is asymmetric. Another notable difference is apparent at
higher energy, where a feature near 288.4 eV was observed in
the XAS data but was not fully resolved in the C K-edge
ISEELS of (CHs),TiCl,, However, because the ISEELS
spectrum did not return to baseline in this region, the presence
of additional states near 288.4 €V was proposed.*®

Moving down the periodic table to (CsHs),ZrCl, and
(CsHs),HICl,, multiple pre-edge features are also apparent
between 284 and 288.5 eV. These peaks are shifted to higher
energy in comparison to those observed for (CsH;),TiCl,,
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Figure S. C K-edge XAS pre-edges (black circles) and Gaussian
functions (green, purple, blue, gold, and gray traces) used to generate
the curve-fits (red traces) for crystallites of (CsH;),MCl, (M = Ti, Zr,
Hf). Post-edge functions have been summed and are represented by
the dashed gray traces.

which is consistent with the anticipated increase in energy of
the 3d, 4d, and 5d final states, respectively. Post-edge spectral
profiles for all three complexes are nearly superimposable and
characteristic of metallocenes. For example, the (CsHs),MCl,
post-edge features resemble those in earlier ISEELS and XAS
spectra recorded in total electron yield mode for linear
metallocenes such as (CsH;),M (M = Fe, Co, Ni).>"*%%9763
Spectral pre-edge features were modeled using symmetrically
constrained Gaussian functions and a step function with a 1:1
ratio of arctangent and error function contributions (Figure S
and Table 1; see also the Supporting Information). The
deconvoluted (CsH;),TiCl, C K-edge spectrum, as well as the
first and second derivatives of the data, suggest that the pre-
edge region of the spectrum is best modeled by five Gaussian
functions. Hence, the small peak near 284 eV was modeled with
one low-energy function centered at 284.1 eV (green trace,
Figure S), the asymmetric peak near 285 eV with two closely
spaced functions at 285.0 and 285.3 eV (purple and blue
traces), and the high-energy peak near 286.9 eV with two
functions at 286.8 and 287.3 eV (brown and gray traces). Using
the model developed for (CsH;),TiCl, as a guide, the pre-edge
features for the Zr and Hf analogues were also modeled with
five functions (Figure S and Table 1). High-quality fits were
obtained in each case as shown by good correlation coefficients,
residual data that slightly deviated from zero, and symmetric
residual peaks that were similar in shape to the corresponding
Gaussian functions. For (C¢Hs),ZrCl,, a fully unconstrained
deconvolution did not converge with reasonable parameters for

Table 1. Comparison of Experimental and Calculated C K-
Edge Pre-edge Peak Energies (eV),” Intensities (Int),” and
TDDFT-Calculated Oscillator Strengths (f)€ for
(C(H,),MCL, (M = Ti, Zr, Hf)

experimental TDDFT
assignment energy (ev) Int® energy (ev) f
(C4Hy),TiCl,
1s = a, 284.1 0.08(1) 284.1 0.10
1s = b, 285.0 0.26(3) 284.8 0.21
Is > by +ay + a; 285.3 0.57(6) 284.9 0.61
(CsH,),ZrCl,
Is > a 285.1 0.31(3) 285.1 021
1s = b, 285.8 0.75(8) 285.9 0.73
Is = b, +a, + a, 286.6 0.70(7) 286.7 0.41
(CSHS),HECI,
1s = a; 2852 0.54(5) 285.2 0.35
1s = b, 285.9 0.83(8) 286.0 0.69
1s = b, +a, + g, 287.0 1.02(1) 287.2 0.79

“Calculated values were taken from the TDDFT simulated spectra
(see Experimental Section). bExperimental intensities were derived
from the area under Gaussian functions used to generate the curve fit
and have an estimated error of less than 10%. “Oscillator strengths
were taken from the TDDFT calculations and were scaled by the same
factor for all compounds. The scale factor was based on the
(CsHs),TiCl, data and determined by dividing the total experimental
intensity by the sum of the TDDFT oscillator strengths for the well-
resolved C 1s — 1a,% C 1Is — 1b,* and C 1s = 2b,* + 1a,* + 2a,*
transitions.

the peak height and position of the function used to model the
third pre-edge feature (blue trace). To obtain a realistic model
for (CsH;),ZrCl,, two parameters associated with third
function’s peak height and position were constrained (height
= 0.8, position = 286.6 eV) based on comparison with the
TDDFT model (see below). Uncertainty in the area under the
Gaussian functions (hereafter referred to as the intensity) due
to errors in normalization or curve-fitting were estimated at less
than 10% from our ability to reproduce the data.

Pre-edge Spectral Interpretations. Carbon K-edge XAS
for (C;Hg),MCl, (M = Ti, Zr, Hf) were calculated using
TDDFT to guide spectral interpretations of the experimental
data. This approach has been ap lied successfully to several
transition metal systems.>>*”4303564=67 The simulated spectra
for each (CsH;),MCl, compound are shown in Figure 6, and
the energies and oscillator strengths of calculated transitions are
given in Table 1. The TDDFT simulated spectra are consistent
with expectations from group theory, which suggests that all
transitions associated with spin and electric-dipole allowed 'A;,
!B, or 'B, final states are allowed for C,-symmetric d°
transition metal (CsH;),MCl, complexes. Mixing between the
metal d and (CgHg),>” fragment orbitals results in a large
number of bound-state transitions in the TDDFT calculations
(>100), while only four features were resolved in the
experimental C K-edge XAS spectra. To facilitate assigning
spectral features to excited states associated with specific
orbitals, a partial density of states (PDOS) was derived from
the TDDFT by isolating contributions to each component
associated with the final state 1a,*, 1b,%, 2b,*, 1a,*, 2a,*, and
ligand orbitals (Figure 7). Each TDDFT and PDOS simulated
spectrum shown in Figures 6 and 7 has been shifted
(approximately +10 eV) to account for omission of atomic
relaxation and other effects,®® such that energies for the
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Figure 6. Carbon K-edge XAS (STXM) experimental data (black
traces) for (CsHs),MCl, (M = Ti, Zr, Hf), the TDDFT-calculated
spectra (red traces), and calculated transitions (red bars).

calculated and experimental features associated with the well-
resolved C 1s — 1b,* transitions were in alignment. The
TDDFT calculations for (CsHg),MCl, show electronic
excitations from C 1s orbitals into predominantly metal-based
la*, 1by%, 2b*, 1a,*, and 2a,* orbitals, giving rise to low-
energy features whose energies and relative amplitudes are in
excellent agreement with those observed in the experimental
spectra (Table 1).

Each of the TDDFT calculations for the C K-edge XAS for
(CsH;),MCl, exhibits a cluster of low-energy electronic
excitations and suggests that the first features in the
experimental spectra are associated with closely spaced
transitions from C Is-based orbitals to the low-lying 1a,*
LUMOs. The TDDEFT calculations also indicate that the
second features are associated entirely with the d orbitals of
1b,* symmetry, and that the third features arise from a band of
overlapping transitions from the C 1s orbitals to the remaining
metal d orbitals of 2b,*, 1a,*, and 2a;* symmetry. Resolving
these transitions was not possible, as evident from attempts to
incorporate additional Gaussian functions into the curve fits of
the experimental spectra, which provided peak heights and
widths with high error bars. As alluded to above, the fourth
features are attributed to transitions from C 1s orbitals into the
higher-lying CsHs-based 3a,*, 2a,*, 3b;*, and 2b,* molecular
orbitals (Figure 1). These orbitals are essentially M—(CH;)
nonbonding in rigorous C,, symmetry, and transition intensity
in this region is not reflective of M—(CsHs) orbital mixing.
Consistent with several other ligand K-edge stud-
ies,¥49575867%9 the calculations predict additional transitions
to higher lying Rydberg-type orbitals that may account for the
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Figure 7. Experimental C K-edge XAS spectra for (C;H;),MCl, (M =
Ti, Zr, Hf; black traces), and the partial density of states (PDOS) for
final states associated with the 1a,, 1b,, 2b, + la, + 2a, orbitals and
M-C nonbonding C;Hg 7* and Rydberg-type orbitals (represented as
green, purple, blue, gold, and gray traces). The absolute energies
plotted for the TDDFT-calculated transitions have been shifted to
account for omission of atomic relaxation and other effects®® by
aligning the calculated and experimental features associated with the C
Is = la;* LUMO transitions (see the Experimental Section).

fifth low-intensity and high-energy features in the experimental
spectra (Figures S and 7, solid gray traces).

Additional support for the spectral interpretations was
obtained by comparing the TDDFT-calculated spectra for
(C4H;),TiCl, and an idealized C,, (CsHs),*~ fragment (Figure
8). Transitions into the C;Hg-based C—C antibonding
molecular orbitals for C,, (CiHg),>~ were observed near
286.5 eV, which suggests that the lower energy features in the
experimental and TDDFT-calculated C K-edge XAS of

— 2_
B - TDDFT ﬁzg
2F Qe
n
s L
E T

284 285 286 287 288
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Figure 8. TDDFT simulated spectra for (CsH;),TiCl, (red trace) and
an idealized C,, (CsHs),>” fragment (black trace).
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(C¢Hy),TiCl, are associated with M—C interactions. The C K-
edge peak energies and splittings were also compared to those
determined previously at the Cl K-edge for the same Group 4
metallocenes, (CsH;),MCL, (M = Ti, Zr, Hf; Figure 9). 233749
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Figure 9. Cl K-edge XAS pre-edges (black circles) and Gaussian
functions (green and blue traces) used to generate the curve-fits (red
traces) for polystyrene film samples of (CsH;),MCl, (M = Ti, Zr, Hf).
Adapted with permission from ref 37. Copyright 2008 American
Chemical Society.

Each of the previously reported experimental Cl K-edge spectra
exhibited two features: one at low energy attributed to Cl 1s —
la,;* excitations, and another at higher energy assigned to a
band of overlapping excitations into the remaining 1b,%, 2b,*,
la,*, and 2a;* orbitals. For spectra obtained on samples
dispersed as thin films on kapton tape, the splittings between
these two features were 1.04, 1.18, and 1.11 eV for M = Tij, Zr,
and Hf, respectively.>” These values compare well with the
splittings between the C 1s — 1a,* features and the weighted
average of the two C 1s — 1b,* and C 1s — 2b* + 1a,* +
2a,* features, as determined from the experimental C K-edge
XAS (1.12, 1.13, and 1.28 eV for Ti, Zr, and Hf) and the
TDDFT (0.82, 1.14, and 1.39 eV, for Ti, Zr, and Hf).
Evaluating M—(CsH;) Bonding. Because the C K-edge
pre-edge transitions described above have intensities that are
weighted by the amount of C 2p character in the molecular
orbitals, they can be used to evaluate relative changes in
M—(CsH;) orbital mixing for (CsH;),MCl, with metals from
different rows of the periodic table. For all (CsH;),MCl,, the
pre-edge features associated with the 1a,;* antibonding orbital
were evaluated using the curve-fitting analysis described above,
which yields increasing intensities from 0.08 to 0.31 to 0.54 for
M = Ti, Zr, and Hf, respectively (Table 1). It is worth

highlighting that these relative increases are substantial, such
that C 2p character in the 1a;* orbitals increases by a factor of
3.8 on moving from Ti to Zr and by an additional 1.7 from Zr
to Hf. Comparable increases in pre-edge peak intensity were
also observed for the transitions associated with the higher-
lying 1b,* orbitals of (CsH;),TiCl, and (CsHj),ZrCl,, which
have intensities of 0.26 and 0.75, respectively, relative to 0.83
for (CsH;),HfCl,. These values suggest that C 2p character in
the 1b,* orbitals increases by a factor of 2.9 from Ti to Zr, and
by 1.1 from Zr to Hf. The total intensity measured for the
overlapping transitions to the remaining three 2b,*, 1a,*, and
2a,* orbitals increased modestly between different metal-
locenes: the area under the curve fit associated with transitions
to the 2b,*, 1a,*, and 2a,* antibonding orbitals was 0.57, 0.70,
and 1.02 for (C{H),TiClL, (C{H),ZrCl,, and (C.H),HfCL,
which corresponds to increases in C 2p character by factors of
1.2 and 1.5 from Ti to Zr and Zr to Hf, respectively.

The intensities measured in transmission XAS using the
STXM suggest that the amount of M—(CsH;) mixing is
appreciably larger for the heavier transition metals, particularly
in the low-lying 1a,* and 1b,* orbitals. Relative changes in the
oscillator strengths calculated using TDDFT are in excellent
agreement with this experimental observation (Table 1). To
facilitate direct comparisons between the experimental and
calculated data, the raw TDDFT-calculated oscillator strengths
for all (CsH;),MCl, were adjusted by a scaling factor. This
factor was based on the (CsH;),TiCl, data and determined by
dividing the total experimental intensity by the sum of the
TDDFT oscillator strengths for the well-resolved C 1s — 1a,%,
C Is — 1by* and C 1s — 2b;* + la,* + 2a;* transitions
(Table 1). As observed experimentally, the TDDFT shows a
substantial increase in the intensity of the low-energy C 1s —
la,* and C 1s — 1b,* transitions with (CsHs),MCl, based on
second- and third-row metals (1a;* = 0.10, 0.21, 0.35, and 1b,*
=0.21, 0.73, and 0.69 for M = Ti, Zr, and Hf, respectively). The
combination of overlapping transitions into the 2b,*, 1a,*, and
2a,* orbitals also resulted in a large feature in each of the
TDDFT-calculated spectra with intensities totaling 0.61, 0.41,
and 0.79 eV for M = Ti, Zr, and Hf, respectively, which is in
line with the experimental data.

As described above, the C K-edge XAS transition intensities
provided from the transmission XAS and TDDFT data
establish a framework for understanding the excited state
electronic structure changes between different (CsH;),MCl,
molecules. For example, the magnitude of the changes in XAS
and TDDFT-calculated transition intensities are also consistent
with the trends in C 2p orbital mixing coeflicients associated
with the respective eigenvectors as demonstrated by compar-
ison with the Mulliken analyses (Table 2 and Figure 10). These
calculations show that the percentage of C 2p character in the
la;* LUMO is 8.2% for (C¢Hj),TiCl,, which nearly doubles on
moving to (CsHs),ZrCl, (15.3% C 2p), and increases by an
additional factor of 1.3 for (C¢H;),HfCl, (20.1% C 2p). A
comparable increase in C 2p mixing was calculated for the 1b,*
orbital, beginning at 23.4% for (C;H;),TiCl,, increasing by a
factor of 1.7—39.7% for (CsHs),ZrCl,, and rising again by a
factor of 1.3—50.9% for (CsH;),HfCL,. Only modest changes
are anticipated in the remaining antibonding 2b,*, 1a,*, 2a,*
orbitals, which have total C 2p characters of 71.8, 67.7, and
76.9% for M = Ti, Zr, and Hf, respectively.
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Table 2. Calculated Energies” and Atomic Compositionsb of
Selected Valence Molecular Orbitals for (CsHs),MCL, (M =
Ti, Zr, Hf)
MO (DET, %)
MO energy (eV) Ms Mp Md C2p Cl 3p

(C4Hy),TiCl,
2a* —-1.39 0.0 0.6 72.1 19.9 6.0
la,* —1.58 0.0 0.0 69.9 27.5 14
2b* -1.76 0.0 1.1 70.9 24.4 1.8
1b,* -1.78 0.0 0.3 57.8 23.4 17.6
la* —2.74 0.0 0.5 76.5 8.2 13.2
1b, —6.42 0.0 0.3 7.1 55.0 36.2

(CsH,),ZCl,
2a,* -0.18 0.8 3.4 71.9 17.4 S.0
la,* —0.50 0.0 0.0 67.8 27.6 2.6
2b* —0.91 0.0 4.8 68.2 22.7 2.4
1b,* -1.11 0.0 0.0 47.9 39.7 11.6
la* =211 0.0 14 69.1 18.3 124
1b, —6.66 0.0 0.4 5.7 66.9 253

(CsHs),HfCL
2a* 0.55 2.1 23.0 52.5 12.6 3.4
la,* 0.16 0.3 0.0 57.3 37.1 2.6
2b* —0.33 0.0 7.5 60.8 27.2 2.0
1b,* —0.79 0.0 -0.2 39.7 50.9 8.5
la* -1.69 0.1 1.6 63.5 20.1 11.2
1b, —6.61 0.0 0.3 S.1 69.2 23.8

“Alpha spin—orbital energies are reported. “The use of a non-
orthogonal basis set can cause Mulliken analysis to have non-physical
results such as compositions >100% or <0.”> For each molecule, the
lowest energy MO is the non-bonding highest occupied molecular
orbital (HOMO).

B CONCLUDING REMARKS

The results presented in this study have shown that accurate
carbon K-edge peak intensities can be measured with
transmission XAS and used to identify experimental trends in
M~—C orbital mixing for transition metal organometallics. Pre-
edge features associated with transitions to each of the metal d
orbitals were observed in the carbon K-edge XAS and TDDFT
of (CsH;),MCl, (M= Ti, Zr, Hf), and both experiment and
theory strongly agree that M nd and C 2p orbital mixing
increases with the increasing principle quantum number (1) of
the d orbitals. Combined, the results indicate that the total C
2p character increases by a factors of 1.9 (XAS) or 1§
(TDDFT) from M = Ti to Zr and by an additional 1.4 (XAS
and TDDFT) from M = Zr to Hf. Particularly large increases
were observed for transitions into the low-lying 1a,* LUMO,
where C 2p character was observed to jump by a factor of 6.7
(XAS) or 3.5 (TDDFT) from (C4Hs),TiCl, to (CsHjs),HfCL,
These increases suggests that the 1a,* LUMO is more localized
on Ti for (CsH;),TiCl,, and that M—(CH;) covalency is
enhanced significantly for Zr and Hf. Smaller increases in C 2p
character were observed in the higher-lying 2b,*, 1a,*, and
2a,* orbitals, which are somewhat less nodal 7- and o-type
antibonding interactions.

In earlier ISEELS, XAS, and DFT studies on TiCl,,
(CsH;)TiCly, and (CgH;),TiCl,, substituting the Cl™ ligands
in TiCl, with CsH;™ ligands was found to interfere with Ti 3d—
4p hybridization and reduce the amount of Ti 3d and CI 3p
orbital mixing in the wedge of (C5H5)2T1C12.23’36’49 Taken
together with the C K-edge XAS measurements described
here—and considering previously published Cl K-edge XAS
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Figure 10. Comparison of XAS and TDDFT-calculated intensities
(left axis, black and red traces) for transitions into the la;, 1b,,
combined 2b,, la, and 2a, orbitals. The sum of the transition
intensities is shown in the top panel. Carbon 2p characters (%) from
the ground state DFT calculation are plotted along the right axis (blue
traces). The relative scaling for the right and left y-axes was estimated
based on the (CH;),HfCl, experimental pre-edge peak intensity for
the C 1s — 1b,* transition (0.83) and the amount of C 2p character in
the 1b,* orbital determined by DFT (50.9%) given in Tables 1 and 2.

studies on the same Group 4 (CsH;),MCl, (Figure 9)¥—a
complex interplay between M—(CsH;) and M—Cl bonding
emerges. Moving down the Group 4 triad from Ti to Hf, M—Cl
mixing in the wedge decreases by nearly one-half in the four
higher-lying 1b,*, 2b,*, 1a,*, and 2a,* orbitals combined, while
M—(CH;) mixing more than doubles. However, M—(CsHjs)
and M—Cl mixing are not always mutually exclusive. For
example, a drop in the amount of M d character from
(C4Hy),TiCl, to (C4Hs),HfCl, accommodates increases in
both Cl 3p and C 2p character in the 1a,* LUMO. Because the
4d and 5d orbitals are higher in energy, the increase in M—
(CsHs) mixing for (CsH;),ZrCl, and (C H;),HfCL, relative to
(C¢Hy),TiCl, is most likely indicative of a pronounced
improvement in spatial overlap between the C 2p and diffuse
Zr 4d and Hf 5d orbitals. This improvement in overlap is not
effectively offset by the increasingly less favorable energy
mismatch between the C 2p and higher energy d orbitals, and
leads to an overall increase in mixing that is reflected by more
intense transitions to the 1a,* and 1b,* orbitals for the second-
and third-row metallocenes.®”
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These studies show that CsHs™ ligands do not behave as
consistent and rigid partners for the metals in bent metal-
locenes; rather, their ability to engage in covalent interactions
varies. The changes in M—(CsH;) orbital mixing observed as
the Group 4 triad is descended has consequences both for
interactions with ligands in the metallocene wedge and for the
energy and composition of frontier orbitals. Correlations
between this finding and known differences in the nucleophil-
icity and reactivity of bent metallocenes, e.g, (CH;),TiX,
relative to (CsHs),ZrX, and (CyH),HfX,,*""7 will be the
subject of future research.

B EXPERIMENTAL SECTION

STXM Sample Preparation. All manipulations were performed
with rigorous exclusion of air and moisture using Schlenk and glovebox
techniques under an argon atmosphere. Toluene (Fisher) was distilled
from sodium metal and benzophenone prior to use. Samples of
(C4H;,),TiCly, (CsHs),ZrCl, and (CsH;),HfCl, were obtained from
Strem, recrystallized from toluene, and dried in vacuo prior to use. A
small amount of each sample (~1 mg) was dissolved in toluene (1
mL), and 0.5 uL of this solution was transferred to a Si;N, window
(100 nm, Silson) using a micropipet. The toluene was allowed to
evaporate over a few seconds, which deposited thin crystallites of the
sample on the Si;N, membrane. After drying for several more minutes,
a second window was placed over the sample, essentially sandwiching
the crystallites, and the windows were sealed together using Hardman
Double/Bubble epoxy.

Carbon K-Edge STXM Measurements. STXM methodology was
similar to that discussed previously.””**”7% Single-energy images and
carbon K-edge XAS spectra were acquired using the STXM instrument
at the Advanced Light Source-Molecular Environmental Science (ALS-
MES) beamline 11.0.2, which is operated in topoff mode at 500 m4, in
a ~0.5 atm He-filled chamber. An energy calibration was performed at
the C K-edge for CO, gas (294.95 eV). For these measurements, the
X-ray beam was focused with a zone plate onto the sample, and the
transmitted light was detected. The spot size and spectral resolution
were determined from characteristics of the 25 nm zone plate. Images
at a single energy were obtained by raster-scanning the sample and
collecting transmitted monochromatic light as a function of sample
position. Spectra at each image pixel or particular regions of interest on
the sample image were extracted from the “stack”, which is a collection
of images recorded at multiple, closely spaced photon energies across
the absorption edge.®" This enabled spatial mapping of local chemical
bonding information. Dwell times used to acquire an image at a single
photon energy were ~1 ms per pixel. To quantify the absorbance
signal, the measured transmitted intensity (I) was converted to optical
density using Beer—Lambert’s law: OD = In(I/I;) = upd, where I, is
the incident photon flux intensity, d is the sample thickness, and y and
p are the mass absorption coefficient and density of the sample
material, respectively. Incident beam intensity was measured through
the sample-free region of the Si;N, windows. Spectra were then
obtained by averaging over the crystallites deposited on the substrate.
Regions of particles with an absorption of >1.5 OD were omitted to
ensure the spectra were in the linear regime of the Beer—Lambert law.
The energy resolution was determined to be 0.04 eV, and spectra were
collected using circularly polarized radiation. During the STXM
experiment, samples showed no sign of radiation damage, and each
spectrum was reproduced from multiple independent crystallites.
Salient features of the spectra were reproducible using samples
prepared from nonoriented polycrystalline particles.

Data Analysis. The data were normalized in MATLAB using the
MBACK algorithim,** and by setting the edge jump at 295 €V to an
intensity of 1.0. Fits to the C K-edges were performed using the
program IGOR 6.0 and a modified version of EDG_FIT.** Second-
derivative spectra were used as guides to determine the number and
position of peaks. Pre-edge and rising edge features were modeled by
Gaussian line shapes and a step function. For the step function, a 1:1
ratio of arctangent and error function contributions was employed. Fits
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were performed over several energy ranges. Assignment of merit for
the curve fit was given by inspection of the residual intensity, which is
obtained by subtracting the fit from the experiment and should
resemble a horizontal line at zero (see Supporting Information). The
area under the pre-edge peaks (defined as the intensity) is equal to the
fwhmXph (fwhm = full width at half-maximum height (eV); ph = peak
height (normalized intensity). Using the sample preparation method-
ology discussed above, the reported pre-edge intensities were
reproduced with a standard deviation of less than 10%.

Electronic Structure Calculations. Ground state electronic
structure calculations were performed on the (CsH;),MCl, complexes
using B3LYP hybrid density functional theory (DFT)**® in the
Gaussian 09 code.®® Ti, Zr, and Hf were modeled with the effective
core potential of Hay and Wadt (LANL2DZ)*” augmented with the
addition of f-polarization functions (exponents = 1.506, 0.87S, and
0.784).% C and H were modeled using a Pople style double-¢
6-31G(d’,p’) basis set with polarization functions optimized for heavy
atoms.” These functionals and basis sets have demonstrated good
agreement between experimental and simulated ligand K-edge XAS for
organometallic and inorganic systems.””>7*%% The molecular orbital
compositions of each compound were obtained by Mulliken
population analysis of the individual molecular orbitals.

Simulated C K-Edge Spectra. For the (C;Hs),MCl, compounds,
the C K-edge XAS were simulated using time-dependent density
functional theory (TDDFT). These calculations were conducted as
described previously.*”***” Specifically, this analysis involves a linear
response calculation generating the transition densities and transition
dipoles between the calculated excited states and the ground states.”
The excitations originating from all of the intermediate states between
the C 1s and the HOMO were excluded 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 carbon
core hole. Relaxations for the other occupied orbitals associated with
the core hole are not included. Although excluding relaxations in the
occupied orbitals associated with the core hole results in large errors
associated with absolute calculated transition energies, this computa-
tional technique addresses the first order changes in virtual orbitals
accompanying the core hole excitation. As discussed previously,*® an
energy shift must be established to account for the omission of the
atomic relaxation associated with the core excitation, relativistic
stabilization, and errors associated with the functional. This was
achieved by shifting the calculated energies for the especially well-
resolved 1s — 1b,* transitions so that they were equivalent to those
measured in the experimental spectra, which resulted in energy shifts
of +10.09, +10.30, and +10.17 eV for (C¢H,),TiCl,, (CsHs),ZrCl,,
and (CiH;),HfCl,, respectively. While natural transition orbital
analysis was performed to validate the individual excitations,”" the
complex systems contained well over 100 transitions in a small
energetic window (Figure 6). Hence, to facilitate assigning various
spectral features to excited states associated with specific orbitals, a
partial density of states (PDOS) was derived from the TDDFT by
isolating contributions to each excited state from excitations into a
specific virtual molecular orbital, and plotting the contributions
separately (Figure 7). While these graphical representations of the
PDOS provided valuable guidance for spectral assignments,
quantitative oscillator strengths were derived directly from the
TDDFT output (Table 1).

B ASSOCIATED CONTENT
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Additional X-ray absorption spectra and analysis; complete refs
34, 58, and 86. This material is available free of charge via the
Internet at http://pubs.acs.org.
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