LA-UR- co .- 1oz

Approved for public release;
distribution is unlimited.

Title: | Trends in Covalency for d— and and f-Element Metallocene
Dichlorides Identified Using Chlorine K-Edge X—Ray
Absorption Spectroscopy and Time Dependent-Density
Functional Theory

Author(s): | Stosh A. Kozimor, Ping Yang, Enrique R. Batista, Kevin S.
Boland, Carol J. Burns, David L. Clark,* Steven D.
Conradson,* P. Jeffrey Hay, Richard L. Martin,* Marianne P.
Wilkerson, Laura E. Wolfsberg

Intended for: | Journal of the American Chemical Society

*

. Los Alamos

NATIONAL LABORATORY
EST. 1943

Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by the Los Alamos National Security, LLC
for the National Nuclear Security Administration of the U.S. Department of Energy under contract DE-AC52-06NA25396. By acceptance
of this article, the publisher recognizes that the U.S. Government retains a nonexclusive, royalty-free license to publish or reproduce the
published form of this contribution, or to allow others to do so, for U.S. Government purposes. Los Alamos National Laboratory requests
that the publisher identify this article as work performed under the auspices of the U.S. Depariment of Energy. Los Alamos National
Laboratory strongly supports academic freedom and a researcher’s right to publish; as an institution, however, the Laboratory does not
endorse the viewpoint of a publication or guarantee its technical correctness.

Form 836 (7/06)



Cpstr Full JACS_SAK Feb 15 2009

Trends in Covalency for d- and and F~Element Metallocene
Dichlorides Identified Using Chlorine K-Edge X-Ray
Absorption Spectroscopy and Time Dependent-Density
Functional Theory

Stosh A. Kozimor, Ping Yang, Enrigue R. Batista, Kevin S. Boland,
Carol J. Burns, David L. Clark,* Steven D. Conradson,* P. Jeffrey Hay,
Richard L. Martin,* Marianne P. Wilkerson, Laura E. Wolfsberg

Los Alamos National Laboratory, Los Alamos, New Mexico 87545 (U.S.A.)
Received XXX, 2009

Submitted XXX; E-mail: diclark@lanl.gov

Abstract: We describe the use of Cl K-edge X-ray Absorption Spectroscopy {XAS) and both
ground state and time-dependent hybrid-Density Functional Theory {DFT) to probe electronic
structure and determine the degree of orbital mixing in M-Cl bonds for (CsMes).MCl; (M = Ti, 1;
Zr, 02; Hf, 3; Th, 4; and U, 5), where we can direclly compare a class of structurally similar
compounds for d- and f-elements. We report direct experimental evidence for covalency in M-Cl
bonding, including actinides, and offer insight into the relative roles of the valence f- and d-
orbitals in these systems. The Cl K-edge XAS data for the group 1V transition metals, 1 — 3,
show slight decreases in covalency in M-Cl bonding with increasing principal quantum number,
in the order Ti > Zr > Hf. The percent Cl 3p character per M-Cl bond was experimentally
determined to be 25, 22, and 21% per M—CI bond for 1-3, respectively. For actinides, we find a
shoulder on the white line for (CsMes),ThClo, 4, and distinct, but weak pre-edge features for

(CsMes)UCI;, 5. The percent Cl 3p character in Th-Cl bonds in 4 was determined to be 14 %,


mailto:dlclark@lanl.gov

Cpstr Full JACS_SAK Feb 15 2009

with high uncertainty, white the U-Cl bonds in 5 contains 9 % Cl 3p character. The magnitudes
of both of values are approximately half what was observed for the transition metal complexes
in this class of bent metallocene dichlorides. Using the hybrid density functional theory (DFT)
calculations as a guide to interpret the experimental Cl K-edge XAS, these experiments suggest
that when evaluating An-Cl bonding, both 5f and 6d-orbitals should be considered. For
(CsMes), ThClp, the calculations and XAS indicate that the 5f and Gd-orbitals are nearly
degenerate and heavily mixed. In contrast, the 5f and 6d-orbitals in (CsMes)UCI; are no longer
degenerate, and fall in two distinct energy groupings. The 5f-orbitals are lowest in energy and
split into & 5-over-2 pattern with the high lying U 6d-orbitals split in a 4-over-1 pattern, the latter
of which is similar to the d-orbital splitting in group IV transition metal (CsRs)MCl, (R = H, Me)
compounds. Time dependent-DFT (TD-DFT) was used to calculate the energies and intensities
of Cl 1s transitions into empty metal based orbitals containing Cl 3p character, and provide
simulated Cl K-edge XAS spectra for 1-4. However, for 5, which has two unpaired electrons,
analogous information was obtained from transition dipole calculations. The simulations
provide additional confidence in the interpretation of spectra based on ground state calculations.
Overall, this study demonstrates that Cl K-edge XAS and DFT calculations represent powerful
,,IQ_O!S that can be used to experimentally evaluate electronic structure and covalency in actinide
metal-ligand bonding. In addition, these results provide a framework that can be used in future

studies to evaluate actinide covalency in compounds that contain transuranic elements.

Introduction

The transition elements have been broadly defined as those elements that have partially
filled d- or f~shell orbitals in any of their commonly occurring oxidation states, and include the
main transition or d-block elements, the lanthanide or 4/-block elements, and the actinide or 5/~
block elements.! For d-block elements, the 3d-, 4d-, and 5d-orbitals extend well into the

periphery of the atom and can interact with ligand atoms to form covalent chemical bonds. In
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contrast, the 4forbitals of Ianthaﬁide elements are very core-like and their interactions with
ligands are of little chemical consequ@nce.2 The actinide elements lie in between these two
extremes, and there has been much debate over the ability of these elements to use either the 5/
or 6d—orbitals, or both, in chemical bonding interactions."

In order to evaluate trends in metal and ligand orbital mixing as a function of 34-, 44-,
5d-, and 6d/5f-metal orbitals, we report on the analyses of transition metal and actinide bis-
pentamethylcyclopentadienyl dichloride compounds (CsMes),MCl, (M = Ti, 1;'® Zr, 2;" Hf, 3;*
Th, 4;'* and U, 5. This series was carefully selected for study since it provides a unique
family of structurally similar compounds with which to evaluate trends in metal and Cl orbital
mixing down the series of 3d-, 4d-, 5d-, and 6d/5f-elements. The C;Me," system is important

B2 Moreover, since these bent

since the CsH,' systems are not stable for actinide elements.
metallocene dichlorides are among the most extensively utilized systems in organometallic
research,”” developing an unders@nding of covalency in their bonding is especially important
and could have widespread impact.

Of the approaches to experimentally measure covalent metal-ligand bonding interactions,
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ligand K-edge X-ray Absorption Spectroscopy (XAS) has been established as a powerful
technique to quantify ligand and metal orbital mixing in transition metal bioinorganic and
inorganic compounds.’** This technique probes bound state transitions that occur on the low
energy side of the ligand K-edge, and involves excitation of ligand ls electrons into molecular
orbitals of primarily metal character® that also contain some ligand p character, due to covalent

mixing. The intensity of the pre-edge transition is a direct measure of the ligand p orbital
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contribution to the primarily metal-based antibonding orbital. Hence, ligand K-edge XAS
provides a direct experimental measure of covalency in metal-ligand bonding.”

‘The goal of this contribution is to establish that Cl K-edge XAS in combination with
modern density functional theory (DFT) simulations can be used to probe electronic structure,
bonding, and covalency in light actinide (5//6d) compounds for direct comparison with their 54,
4d, and 3d counterparts. Given that 1 — 5 and (C;H;),MCl, (M =Ti, Zr, Hf, Th, and U; 6 — 10,
respectively) have been the center of recent theoretical®>*™* and experimental®*****% gtudjes,
they are well suited for the Cl K-edge XAS and DFT experiments reported here, which provide a
quantitative analysis of covalency in actinide bonding in comparison to analogous transition

metal complexes.

Experimental Section

General Considerations. All compounds and samples were manipulated under helium
or argon with rigorous exclusion of air and moisture by Schlenk, gldvebox, and glovebag
techniques. Toluene was distilled over sodium and benzophenone and degassed by three freeze-
pump-thaw cycles. Polystyrene was acquired from PolySciences Inc. as 3.0 Micron Dry Form,
exposed to vacuum (107 Torr) for 24 h before use, and verified to contain no chlorine by Cl K-
edge XAS. The D,,-Cs,CuCl,” intensity and energy calibration standard®*****® was prepared as
previously described. The (CsMes),MClL, M = Ti, 1;® Zr," 2; and Hf,® 3) compounds were
obtained from Aldrich and crystallized from saturated solutions of hot toluene that wére slowly
cooled to -25 °C. The (CsMes),AnCl, (An = Th,*? 4, and U,'* 5) compounds were synthesized
as previously described and purified by crystallization from saturated solutions of hot toluene
that were slowly cooled to -25 °C. Sample purity for all compounds was confirmed by '"H NMR
spectroscopy.’**

XAS Sample Preparation. Samples were prepared by finely grinding the analyte (0.007
g) with polystyrene beads (0.120 g) to obtain a homogenous mixture that contained, by mass, 5.5

% analyte as described previously.*® An aliquot of this mixture (0.010 g) was transferred to a vial
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that contained polystyrene (0.070 g) and this new diluted mixture, which contained 0.69 %
analyte by rﬁass, was ground with a mortar and pestle for 2 min to achieve small and finely
divided particles. An aliquot of this mixture (0.060 mg) was transferred to a vial and toluene
(400 pL) was added. The mixture was stirred with a glass stir rod until everything dissolved and
the solution was transferred into a 5 x 11 x 4 mm well that had been bored into an aluminum
block. The toluene was allowed to evaporate for 48 h under the helinm atmosphere of the
glovebox, leaving a robust film fixed within the sample block. This approach is important for
two reasons. First, the polystyrene gives a suitable matrix for encapsulating radioactive
materials (Th, U), and the analytical procedure gives high reproduceability for sample
preparation, which has been shown to eliminate self-absorption effects in C1 XAS.

Chlorine K-edge XAS Measurements. The room temperature Cl XAS data were
recorded at the Stanford Synchrotron Radiation Laboratory (SSRL) and analyzed using the 54-
pole wiggler beamline 6-2 under ring conditions of 3.0 GeV and 85-100 mA in high magnetic
field mode of 0.9 Tesla with a Ni-coated harmonic rejection mirror and a fully tuned (3150 eV)
Si(111) double crystal monochromator. A chamber similar to that previously described was
used,® with the exception that two additional layers of ;‘adioiogical containment were introduced,
first with a beryllinm window (50 um thick) to separate the I, chamber from the beam pipe,
followed by a 4.5 um polypropylene window to separate the I, and I, chambers. The sample
excitation fluorescence was measured under vacuum (107 Torr), and the Cl K—edge XAS was
collected against the incident beam using pairs of backward facing International Radiation
Detector XUV100 type photodiodes coated with 1000 A of Al The photodiodes were
closely spaced so that a 1-2 mm wide beam passed between them. Incident beam intensity was
measured as the scatter off of the He atmosphere with a photodiode pair in a front chamber.
Fluorescence from the sample was measured by an identically configured photodiode pair facing
the sample that was mounted at normal incidence to the oncoming beam that collected over a
wide solid angle because of its proiimity 5-10 mm to the sample. The energy calibrations for the

Cl K-edge XAS were repeatedly conducted between sample scans, and based on the maximum
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of the first pre-edge feature in the Cl K-edge XAS of D,,-Cs,CuCl,,****® at 2820.20 eV.

The Cl K-edge XAS data were collected with three different step sizes, which were
4.000, 0.072, and 3.899 eV for the pre-edge (2705 — 2801 eV), edge (2801 — 2835 eV), and post-
edge (2835 — 3140 eV) regions, respectively. To obtain adequate statistics, 4 s counting times
were employed and thé spectra were collected twice. Different samples of crystalline 1 — 5 were
examined during three different synchrotron runs to confirm reproducibility and establish error
limits with the measurements. Error limits associated with the intensities for the resolved pre-
edge features for 1 -3 and S are 2%, while a larger margin of error, 10 %, is associated with the
intensity of the poorly resolved pre-edge shoulder in the Cl K-edge XAS of 4.

XAS Data Analysis. In typical data analysis for the Cl K-edge XAS, a first-order
polynomial was fit to the pre-edge region (2780.0 — 2817.0 eV) and then subtracted from the
experimental data to eliminate the background of the spectrum. As described previously, the data
were normalized by fitting a first-order polynomial to the post-edge region of the spectrum
(2830.0 — 3032.0 eV) and by setting the edge jump at 2835.0 eV to an intensity of 1.0.*® Curve-
fitting analyses were conducted using the program IGOR 6.0 with mathematical expressions
employed by EDG_FI”I‘,G4 and fits were performed over several energy ranges. The 1* and e
derivatives of each spectrum were used as guides to determine the number and positions of the
spectral features for the curve-fitting analyses. Curve fits utilized pseudo-Voigt line shapes and
a step function to model the pre-edge and rising edge spectral features.” For the pre-edge and
white line features, a fixed 1:1 ratio of Lorentzian to Gaussian contributions were used, and for
the step function, a 1:1 ratio of arctangent and error function contributions were employed.™

Electronic Structure Calculations. Electronic structure calculations were conducted on
the (CsMey),MCl,, (M = Ti, Zr, Hf, Th, and U; 1 -5, respectively) and (CsHs),AnCl, (An = Th, 9,
and U, 10) complexes using B3LYP hybrid density functional theory (DFT)® in the Gaussian 03
code.® The Stuttgart 97 relativistic effective core potential and associated basis sets (minus the
most diffuse function) were used for Ti, Zr, Hf, U, and Th. For the C and H atoms the 6-31G*

. basis sets were used, while for Cl the 6-31G* basis set was modified by re-contracting the p
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functions to the B3LYP 2p through 6p atomic orbitals of CI'" (See Supporting Information). The
re-contraction 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 shown to give good agreement with experimental data.®”’* The
populations of the Cl 3p orbitals of each compound were then obtained by Mulliken population
analysis of each particular molecular orbital.

Simulated Cl K-edge Spectra. For (C;Me;),MCl, M = Ti, Zr, Hf, and Th; 1 - 4,
respectively) and (C;H;),ThCl,, 9, Cl K-edge XAS were simulated using time dependent density
functional theory (TD-DFT). This approach involves evaluating core electron excitations by
exploiting the small amount of mixing of the core orbitals with the high lying unoccupied virtual
orbitals. Specifically this analysis involves a linear response calculation, which enables the
probability amplitudes to be 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, relaxations for other the occupied
orbitals associated with the core hole were 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 computation technique is capable of providing simulations
that are in very good agreement with experimental measurements made on transition metal
compounds. This was achieved by establishing a constant shift of 64.9 eV for all calculated
spectra, to account for the omission of the atomic and extra-atomic relaxation associated with the
core excitation, relativistic stabilization, and errors associated with the functional.”

Our first approximation to the DFT linear response methodology consisted in calculating
transition dipoles among moelecular orbitals. This approach was tested against TD-DFT by

calculating the spectra of 1, 2, 3, and 4 with both transition dipole and TD-DFT methodologies.
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The spectra calculated fl'orﬁ the MO transition dipoles'are essentially identical to those from the
TD-DFT calculations including the most salient features such as pre-edge features, relative
intensity of peaks and the position of rising edge (see supporting information for the
comparison). With this validation of the transition dipole method on closed-shell systems (1 — 4),
we employed the transition dipole approach to simulate spectra for the open-shell (C;R;),UCI, (R
= Me, 5, and H, 10) systems. The multiplet effects for uranium (5/ %y is expected to be small in
this system because the two unpaired f-electrons are mostly localized on f~only orbitals resulting
in little effect on the U-Cl bonding. A rigorous analysis for this open-shell system is underway
which includes the four component relativistic effects, spin-orbital interactions, open-shell TD-
DFT, and multiplet effects. All the‘ calculated transition intensities were evenly broadened with a
pseudo-Voigt function of half-width at half maximum of 0.33 eV and equal amounts of Gaussian

and Lorentzian functions to emulate, as close as possible, the experimental spectrum.

Results and Discussion
The background subtracted, normalized chlorine K-edge XAS of the (CsMes),MCl, (M =

Ti, Zr, Hf, Th, and U; 1 - 5§, respectively) compounds are shown in Figure 1. Ligand K-edge
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Figure 1. Experimental Cl K-edge X-ray absorption spectra for polystyrene encapsulated
samples of (CsMes),MCl, (M = Ti, black, Zr, brown; Hf, blue; Th, green; U, red; 1 -5

respectively).
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XAS of 1 -5 were conducted on samples encapsulated in polystyrene matrices (0.7 % by mass
of analyte). This represents a new approach to acquire high quality XAS data while minimizing
X-ray self—absmptionfo and simultanebusly providing a layer of containment for radioactive
materials by essentially fixing the analyte within the polystyrene. This also avoids the
implementation of additional windows and chambers that can attenuvate the incident beam and
sample fluorescence.

Group IV Transition Metal Complexes. The Cl K-edge XAS for the transition metal
(CsMes),MCL, (M =Ti, 1; Zr, 2; and Hf, 3) complexes are similar to the Cl K-edge XAS reported
for the hydrogen substituted (C,H),MCl, (M = Ti, Zr, and Hf; 6 — 8, respectively) analogs, in
that pre-edge features indicative of covalent M-Cl interactions are apparent between 2821 — 2824
eV, Figure 1 and Table 1.°** For these compounds, the energy position of the pre-edge peak.é are
not largely affected by the identity of the ancillary ligand, i.e. (CsMes)" vs. (CsHJ)", Table 1.
However, significant energy shifts occur when changing the metal ion from 3d to 4d to 5d. For
example, the pre-edge peaks at 2822.41 and 2823.62 eV for (C;Me;),Zr(Cl, are resolved from the
rising edge and at lower energy than the analogous features observed for (CsMe,),HfCl,, at
2822.86 and 2823.93 eV, Table 1. This is consistent with trends observed for the (CsHs),MCl,
complexes, which demonstrated that as the principal quantum number is increased, the pre-edge
energy decrevase:s,"’0 such that Ti < Zr < Hf, which reflects the expected rise in energy for the 3d-,
44-, and Sd-orbital final states.

Although the pre-edge features in the Cl K-edge XAS for 1 ~ 3 are well séparatcd from
the white lines, the close proximities of 2 and 3 to the rising edges complicates rigorous
determination the inflection points for the white lines, Figure 1. The spectra for 1 — 3 also
contains a shoulder on the rising edge that further clouds identifying the inflection point, which
is more pronounced in the (C;Mes),HfCI, case than for (C;Me;),TiCl,. Extrapolation of the rising
edge, near 2826 ¢V, to the base line suggests that the energy of the white line is highest for 1,

intermediate for 2, and lowest for 3. This implies deeper binding energies for the Cl 15 orbitals in
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1 and implies that the covalency of the M-Cl bond changes in the order Ti-Cl > Zr-Cl > Hf-
C1.*>* The relative intensities of the pre-edge features for (CsMes),MCl, (1 — 3) are consistent
with this qualitative edge analysis, Figure 1.

The spectral features of 1 - 3 were modeled using pseudo-Voigt line shapes with a fixed
1:1 Lorentzian to Gaussian ratio, Figure 2.”* For (C;Mes),MCl,, 1 and 2 (Ti, Zr), the curve-fitting
analysis and the 1* and 2" derivatives of the data reveal that the pre-edge feafures are weil
modeled by two functions. Another gauge that can be used to assess the curve-fitting model
relies on evaluating the shapes of residual peaks, which are obtained by subtracting from the data
the functions used to generate the fit, with the exception of the function used to model the peak
of interest. For 1 and 2, the residual peaks (Supplemental data) are symmetric and similar in
shape to the corresponding pseudo;Voigt functions. This indicates a good fit-and suggests that
the two pre-edge features can be resolved with confidence. This type of analysis is common for
evaluating curve-fitting in EXAFS,”>’*" and we find it to be extremely useful in evaluating XAS
for covalency studies.

The Cl K-edge XAS of (C;Me,),HfCl,, 3, provides an example where employing residual
data and residual peak shape analysis provided unique insight. For example, fitting the pre-edge
region of the Cl K-edge spectrum of 3 with two pre-edge features in analogy to (C;Mey),7ZrCl,, 2,
and (CH,),MCl, (M = Ti, Zr, Hf; 6 — 8, respectively) provided an adequate model with good
correlation coefficients. However, the residual data deviated significantly from zero near 2824
eV, and the residual pre- and post-edge peaks were highly asymmetric. This prompted closer
analysis of the 1% and 2" derivatives (see Supplemental Data) which suggested that a ‘third
feature had been missed and should be considered for analysis of the Cl K-edge XAS of 3,
Figure 2. Including this third pi'é-edge feature in the curve-fit did improve the correlation
coefficient. Moreover, with three features, the residual data does not appreciably deviate from
zero and the three resulting highly symmetric pre- and post-edge residual peaks were similar in

shape to the pseudo-Voigt functions used to generate the fit. The presence of this third feature
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Figure 2. Cl K-edge X-ray absorption spectra (black), curve fits (red dashes), and pre-edge

pseudo-Voigt peaks used to generate the fit (blue, orange, and green lines) for polystyrene film

samples of (CsMes),MCl, (M = Ti, top, Zr, center; Hf, bottom, 1, 2 and 3 respectively).
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does not appreciably affect the peak positions of the first two features or the total pre-edge peak
intensities. It does, however, represent a significant difference between the electronic structure
model of (C;Me),HfCl, relative to 1 and 2 and to the (C;H;),MCl, analogues, vide infra. Hence,
the Cl K-edge XAS of (C;Me,),HfCl, demonstrates the limitations associated with relying too
heavily on correlation coefficients alone for evaluating modeled data, and suggests that residual
data and residual peak analysis can provide useful insights and additional confidence for
interpreting Cl K-edge XAS.

The percent Cl 3p character per M-Cl bond was determined for 1 — 3 using the pre-edge
intensities for the pseudo-Voigt functions and the D,,-Cs,CuCl, intensity standard, defined as
having 7.5 % Cl 3p character per Cu-Cl bond,**>*® Table 1. The two pre-edge intensities of
0.30 and 1.48 for (C;Me;),TiCl,, 1, and 0.51 and 1.08 for (C;Me,),ZrCl,, 2, correspond to 25 and
23% Cl 3p character per M-Cl bond for 1 and 2, respectively. For compound 1 attempts to
reproduce its spectrum showed greater variability in the pre-edge intensities for 1 than for the
compounds analyzed in this study, Tables 1 and 2. For (C;Mes),HfCl,, 3, the three pre-edge peak
intensities of 0.62, 0.56, and 0.35 and correspond to 22% Cl 3p character for each Hf-Cl bond.
Despite the greater electron donating (CsMes)' ligand, these values are remarkably similar to the
total % Cl 3p character recently determined by Cl K-edge XAS for the hydrogen substituted
(C4Hy),MCl, analogues, 6 - 8, which demonstrated that as the principal quantum number is
increased in group IV transition metal metallocenes,* the covalency of the M-CI bond decreéses,
such that Ti1 > Zr > Hf, Table 2.

Cl K-edge Spectra of Actinide Complexes. The Cl K-edge XAS for (C;Me;),ThCl,, 4,
and (CsMe;),UCl,, 5, both contain pre-edge features indicative of An-Cl covalency. For 4, the
pre-edge region differs from that of the transition metal analogues, in that it contains only a
single pre-edge shoulder at 2825.58 eV. This shoulder was modeled using pseudo-Voigt line
shapes with a fixed 1:1 Lorentzian to Gaussian ratio, and the correlation coefficient, the residual

data, and residual peak shape indicate a high quality curve-fit, Figure 3. Since the pre-edge

12
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appears as a weak shoulder on the white line (Table 1), the intensity of 1.02 has a high degree of
uncertainty, complicating the quantitative comparison with the other compounds in the series.

In contrast to (CSMeS)ZThC_lz, 4, the Cl K-edge XAS for (CsMes),UCl,, 5, contains three
clear pre-edge features that can be résolved from the rising edge. These features were also

modeled using pseudo-Voigt line shapes with a fixed 1:1 Lorentzian to Gaussian ratio, Figure 3.
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Figure 3. The Cl K-edge X-ray absorption spectra (black line), curve fits (red dashes), and pre-
edge pseudo-Voigt peaks used to generate the fits (blue, orange, and green lines) for

polystyrene film samples of (CsMes).MCl, (M = Th, top; U, bottom, 4 and 5 respectively).

Two of the features are significantly low in energy, at 2821.17, 2821.99 eV, and one is at

2823.44 eV, which is higher in energy than the first pre-edge feature observed for the transition

13
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metal analogs, 1 - 3, and 6 - 8.°® The correlation coefficients, the residual data, and residual
peak shapes suggest that the curve-fitting analysis provides a good modél for the experimental
data. Using the in intensities of the pre-edge pseudo-Voigt functions, which are 0.05, 0.19, and
0.40, and the D,,Cs,CuCl, intensity standard,3»"*’35’6‘”63 the % Cl 3p character per U-Cl bond was
guantitatively determined to be 9% for 5, and the magnitude of this value is approximately half
what was observed in the analogous group IV transition metal counterparts, Tables 1 and 2. This
result is significant given that covalency in 5f-element chemistry has been highly debated for
decades.>'” The Cl K-edge XAS of 5 shows direct experimental evidence for covalency in
actinide metal-bonding, and provides a quantitative experimental method for evaluating the
degree of orbital mixing between Cl and U in the U-Cl bonds. For peak assignments, and
assessing the relative roles of 5f- versus 6d-orbitals in bonding, we turn to electronic structure
calculations as a guide.

Ground State Electronic Structure Calculations. The GS-DFT calculations performed
on (C;Me,),MCl, M = Ti, 1; Zr, 2; and Hf, 3) indicate that the electronic structure of 1 - 3 are
quite similar to their (C,H;),MCl, analogues, Table 3.>***** The calculations show that the
HOMO, and the subsequent three lower lying orbitals, have predominantly (C;Mes) character
with small contribution from the M-Cl bonds. These occupied orbitals are approximately 1 eV
higher in energy than a block of six primarily Cl 3p orbitals that span only ~1.2 eV. For 1 - 3,
the first five unoccupied orbitals have predominantly metal nd character with a calculated
HOMO/LUMO gap of 3.58, 4.22 and 4.51 eV for 1, 2, and 3 respectively. For all three
transition metal (CsMes),MCl, complexes, the LUMO has 1a, symmetry, and is best described as
M-CI m-antibonding. This oribital is significantly lower in energy than a higher lying set of four
primarily metal nd molecular orbitals (1b,, 1b,, 1a,, and 2a,), which are M-Cl o-, 7t-, 7t-, and o-
antibonding, respectively. For Ti and Zr (1, 2), these four nd-orbitals span only ca. 0.9 eV,
Figure 4, resulting in a 4-over-1 d-orbital splitting pattern similar to that reported for
(CsHy),MCl, M = Ti, Zr, and Hf)3**** In constrast, the d-orbital splitting pattern for

(CMes),HICl,, 3, differs from 1 and 2 in that there is a low lying orbital of la, symmetry, an
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intermediate 1b, orbital, and a manifold of three higher lying orbitals of 1b,, 1a,, and 2a,
symmetries, giving a 3-over-1-over-1 d-orbital spitting pattern, Figure 4. It has been shown
previously that all five nd-orbitals are necessary to understand the XAS intensities due to a
combination of o and 7 orbital interactions with the Cl levels at lower energy.’***** The resulting
d-orbital splitting pattern will be in&portant for the interpretation of the XAS spectrum of 3.

The DFT calculations conducted on the optimized structures of (CsRs),AnCl, (An = Th
and U; R = H and Me) shows that the electronic structure model of the actinide complexes
contains many similarities to their transition metal analogues. The calculations conducted on
(CsRs),UCI; (R = Me, 5, and H, 10) converged normally to the triplet ground state with two
unpaired predominantly 5/ electrons. For the occupied orbitals, these results are similar to the
closed-shell Xo-SW molecular orbital calculations previously reported for (CsHs),UCl,* 10, in
that both analyses show four occupied predominantly cyclopentadienyl orbitals above six
occupied orbitals that have mainly Cl 3p character. In this sense, these calculations are also
similar to what was observed in 1 — 3 and 6 — 9.%%*%* As opposed to the closed-shell Xc-SW
calculations,® which forced the highest lying two 5/ electrons to be spin paired, our open-shell
triplet calculations for 10 show that the two highest lying and singly occupied molecular orbitals
(SOMOs) have predominantly 5f’ character, and are close in energy to other occupied
cyclopentadienyl orbitals. For (CsMes);UCl,, 5, the highest two alpha spin orbitals are mainly
(CsMes) based. Since these two orbitals have matches found in the beta-spin orbitals they do not
represent unpaired spin density. The orbitals containing the unpaired spin lie lower in energy,
and are again dominated by U 5f character. This 1s confirmed by a natural orbital analysis, which
generates two largely U Sforbitals with occupation numbers close to 1. For both 5 and 10, there
are approximately 3 eV differences between the occupied and five unoccupied 5f-orbitals, which
span only 0.76 and 0.80 eV for (CsHs),UCl; and (CsMes),UCl,, respectively, Figure 4 and Table
4. However, caution must be exercised when interpreting these ground state DFT orbital energies
for open-shell systems to explain the peak splitting observed in experiments without including

spin-orbit interactions and multiplet effects.
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o4 4 e 1
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Figure 4. Calculated molecular orbital energy diagram for (CsMes)oMCl, (M = Ti, 1; Zr, 2; Hf, 3;
Th,? 4; and U® 5) showing orbitals that have primarly nd character (blue), primarily 5f (red), and

orbitals with >10% nd and >20 5f character are shown as half red and blue.

@Although orbital symmetry labels associated with the C,, point group are used to simplify the
electronic structure description for (CsMes).MCl, compounds, the optimized structures deviate
from pure C,, symmetry.

For (CsMes),UCl,, 5, and (CsH;),UCl,, 10, we find the well-known 4-over-1 splitting
pattern for the virtual 6d-orbitals, as shown for 5 in Figure 4 with C,, symmetry labels used for
comparison with the transition metal analogs, although the actual symmetry used in the

(CsMe;),UCI, calculation was C,. Superimposed on this picture is the addition of the 5f-orbital
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manifold, which has a combination of non-bonding, - and m-antibonding interaction with the Cl
lone pairs. For §, steric repulsion between the CsMe;' rings gave an optimized geometry with no
symmetry, which complicates the bonding comparison to the transition metal analogs. To
facilitate this comparison, rather than forcing the geometry of 5 to be rigorous C,, symmetric,
which decreases (CsMes ring centroid)-U-(CsMes ring centroid) angle and can have significant
electronic affects,” two calculations were performed on the (CsHs),UCl,, 10, analog. The first
calculation on 10 was conducted in rigorous C,, symmetry, and the second with the geometry
optimized, which results in C, symmetry. Both of these calculations, qualitatively, provide a
similar bonding descriptions to the what was observed for (CsMe;),UCl,, Table 4, and the

calculated Kohn-Sham orbitals for 10 in C,, symmetry are shown in Figure 5. From the figure it

1a1 1b2
(68) (69)
Figure 5. The relevant Kohn-Sham orbitals that have primarily 5f character for Cy,~(CsHs),UClI,.

Only the U 5f and and Cl 3p contributions are shown.

is easy to see the nature of U-Cl o- or s-antibonding interactions. The 1b, and 1b, orbitals are
essentially non-interacting 5f-orbitals. The la, and 2b, orbitals represent U-Cl m-antibonding

interactions that are within the UCl, plane, while the la, and 2b, orbitals represent U-CI -
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antibonding interactions that are perpendicular to the UCl, plane. The 2a, oribital is U-Cl o-
antibonding. There is no real reason for the pronounced 5-over-2 pattern of 5f-orbital energies,
and the stabilization of the 1a, and 1b, 5f~orbitals seen in Figure 4 is likely an artifact of those
orbitals being singly occupied in the calculation.

For (C;Me;),ThCl,, 4, and (C;H,),ThCl,, 9, the situation is more complicated due to the
near degeneracy of the 5f and 6d-orbitals and strong 5£-6d hybridization.*” All twelve of the
unoccupied metal based orbitals contain both 3f and 6d character and split into two groups: eight
and four. The lower eight Th-Cl antibonding orbitals, which span only 1.1 and 1.4 eV for
(C,H;),ThCl, and (C;Me;),ThCl,, 1‘e§pectively, Figure 4 and Table 4, correspond to the single
pre-edge shoulder in XAS spectra. The electronic structure model for occupied ofbitals of 4 and
9, which are closed shell systems, are similar to what was observed for the d° metallocenes, 1 —
3, in that the ten highest lying occupied orbitals can be described as containing a low lying block
of six orbitals, which have mainly Cl 3p character, separated by >1 eV from a block of four
orbitals that have predominantly cyclopentadienyl character.

vabrid-DF T Spectral Simulations. Time dependent density function theory (TD-DFT)
has been recently applied to simulate Cl K-edge XAS for d-block metallocenes.’***** The TD-
DFT simulated CI K-edge XAS for (C;Me,),MCl, (Ti, 1; Zr, 2; and Hf, 3) agree well with the
experimental data and show two pre-edge features for 1 and 2, and three features for 3, Figure 6.
Compared to previous reports for the (C;Hs),MCl, compounds, where M is Ti, Zr, and Hf, the
calculations show that the more electron donating (C;Me;)" ligand increases the energy of the
pre-edge features dnd decreases the covalency of M-CI bond, though the overall pre-edge
features are very similar between (CsHs)" and (CsMes)" containing complexes. For example, as
observed in the spectra for (CsHs),MCl,, the first pre-edge feature in the Cl K-edge XAS of 1 -3
are attributed to an electronic excitation from the Cl 1s orbital into a M-Cl n-antibonding orbital
that has a, symmetry, Figure 7. The second pre-edge feature of 1 and 2 (Ti, Zr) is attributed to an
electronic excitation from the Cl 1s orbital into the manifold of higher lying M-Cl o- and n-

antibonding orbitals of 1b,, Ib,, 1a, and 2a, symmetries. Since these four orbitals are very close
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Figure 6. The C| K-edge X-ray absorption spectra (black), the TD-DFT calculated spectrum
(red), and calculated transitions (red bars) for polystyrene films of (CsMes),MCl, (M =Ti, 1, Zr, 2
and Hf, 3). The height of the black bars represents the calculated oscillator strength for the

individual transitions.

i energy, individual transitions could not experimentally be resolved. This assignment is
essentially identical to that previously reported for the (CsH;),MCl, analog spectra of 6 — 8 (Ti,
Zr, Hf). The Cl K-edge XAS of (C;Me,),HfCl,, 3, Figure 2, is unique among the
(CsHy),MCL,>%** and (CsMes),MCl, compounds, in that electronic excitations from the Cl 1s
orbital to the Hf-Cl o-antibonding 1b, orbital, can be resolved from transitions to the three

remaining higher lying d- orbitals.mcond pre-edge feature in the Cl K-edge XAS of
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Figure 7. A qualitative molecular orbital scheme that compares the interpretation of the pre-
edge transitions for (CsMes),ZrCl, (left), (CsMes),HfCl, (middle), and (CsMes),UCI, (right) (2, 3,

and 5, respectively).

3 is attributed to a Cl 1s — 1b, transition, and the third pre-edge feature stems from an electronic
excitation from the Cl 1s orbital tb the o- and m-antibonding orbitals of 1b,, la, and 2a,
symmetries, Figure 7.

The simulated spectra for 1 — 3 are in excellent agreement with the experimental spectra

with the 4-over-1 and 3-over-1-over-1 d-orbital splitting patterns predicted by the GS-DFT

calculations for (CsMes),MCl, (Ti, Zr, Hf), respectively, Figure 4. In addition, the experimental
Cl K-edge XAS provides validation for the d-orbital splitting in a quantitative manner, as

predicted by molecular orbital calculations. For example, for 2 the 1.21 eV peak splitting in the

experimental Cl K-edge XAS is similar to the theoretical predication of 1.1 eV. For 3, the three.

peaks are separated by 1.07 and 0.63 eV, which is close to the 1.1 and 0.6 eV prediction.
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The calculated Cl K-edge X-ray absorption spectrum of (C{Mes),ThCl,, 4, shows only
one pre-edge feature corresponding to transitions to the lower group of nearly degenerate and

heavily mixed 5f- and 6d-orbitals, Figure 8. This prediction is consistent with experimental
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Figure 8. (Top) The experimental Cl K-edge X-ray absorption spectrum for (CsMes),ThCly, 4,
(black) is compared to the simulated TD-DFT spectrum (red). (Bottom) The experimental Cl K-
edge X-ray absorption spectrum for (CsMes),UCly, 5, (black) is compared to the simulated dipole
transition spectrum (red). In both comparisons, the calculated transitions are indicated below
the spectrum as red bars whose height represents the calculated oscillator strength for the

individual transitions.
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spectra containing a single pre-edge feature that is close in energy to the white line. These results
indicate that the pre-edge shoulder in the experimental Cl K-edge XAS of 4 is attributed to CI 1s-
electron excitations into the manifold of eight metal based 5//6d Th-Cl antibonding orbitals. We
point it out that the calculated energy of this pre-edge feature does not match the experimental
data as well as was observed for the transition metal (C‘:-,I\«'Ies)2MCI2 compounds. This suggests
that the constant shift of 64.9 eV applied for actinide systems, which was applied to all
calculated spectra and appropriate for transition metal complexes, may not sufficiently account
for the omission of the atomic and extra-atomic relaxation associated with the core excitation,

relativistic stabilization, and errors associated with the functional in actinide systems.”

Due to the open-shell ground state of (CsMes),UCl,, 5, which contains two unpaired
electrons, the XAS spectrum was simulated using a dipole transition calculation as opposed to
TD~DFT. As discussed in the experimental section, TD-DFT and dipole transition calculations
gave essentially identical results for the closed-shell systems, 1 — 4. For 5, the dipole transition
simulated spectrum is in gbod agreement with the experimental data as shown in Figure 8. For
example, both calculated and experimental spectra show three pre-edge features. The first feature
is attributed to a Cl 1s electron excitation into the SOMO-1 and SOMO, Figures 4 and 8. The
second feature is attributed to electronic excitations from the Cl 1s orbital into a manifold of five
higher lying 5forbitals, while the third feature involves electronic excitations into a U-Cl n-
antibonding orbital, which has a, symmetry and primarily 64 character. These data suggest that
the spectrum of (CsMe,),UCI, differs from those of 1 ~ 4, in that the spectrum of 5 contains
distinct 5f and 64 components. Comparing the Cl K-edge XAS for (C;Me;),MCl, with M = Ti,
Zr, Hf, and U provides confidence in these assignments since it shows that descending the
periodic table results in energy increases for the 1s — a, transitions, which are 2821.31, 2822.41,
2822.86, and 2823.44 eV, respectively, and are consistent with the expected energies of the 3d,
4d, 5d, and 6d final orbital states, Figures 4 and 8. Since DFT-calculations predicted transitions
involving other higher lying 6d-orbitals to be high in energy, close to the white line, and most
likely could not be experimentally resolved, their contribution to covalency in the U-CI bond is

neglected in the following discussions.
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The experimental Cl K-edge XAS provides valuable validation for the electronic
structure analysis of (CsMes),UCl,, 5, by showing three pre-edge features. However, theoretical
calculations over-estimate the peak splittings. The calcualted SOMO-LUMO energy gap is 3.13
eV while only 0.82 eV was observed experimentally. The experimentally determined 1.45 eV
5f/6d-orbital energy gap is slightly larger than the calculation suggests, which is 1.12 eV. By
carrying out the ground-state DFT calculation without spin-orbit and multiplet effects, it is not
surprising to have this difference, and a thorough theoretical investigation on these effects is
underway. Overall, the DFT calculations are in agreement with the experimental Cl K-edge XAS
of (CsMes),UCl,, especially in predicting that the S/orbitals in 5 are split in a 5-over-2 pattern
and that the higher lying 6d-orbitals split in a 4-over-1 pattern.

Comparing the experimental and simulated Cl K-edge XAS of (C;Me;),MCl, (M = Ti,
Zr, Hf, Th and U; 1 - 5, respectively) offers unique opportunity to evaluate the relative roles of
the valence f- and d-orbitals in bonding. For example, comparing 4 and S provides insight into
how electronic structure varies as the actinide series is traversed from left to right. In this case,
transitions involving molecular orbitals that contain 5f character are lower in energy for
(CsMes),UCl, than for (CsMes),ThCl,, which is consistent with the previously reported Xa-SW
molecular orbital calculations performed on (CsH),M (M = U, Np, Pu, Am, Cm, Bk, Cf)’® and
(CgHg);M (M = Th, Pa, U, Np, and Pu).” The relative mixing of the metal and chlorine orbitals
can also be evaluated as a function of increasing principal quantum number by comparing the
intensities of the pre-edge features in the Cl K-edge XAS for 1 — 3, and 5, which are directly
related to the percentage of Cl 3p character per M-Cl bond.” Both the calculated and
experimental results indicate that the percentage of Cl 3p character per M-Cl bond follows the
trend 1 > 2 > 3. However, these data suggest that the difference is small in magnitude, similar to
observations made on the (CsH;),MCl, analogues.*” For example, the calculated % Cl 3p
character for 1, 2, and 3 are 16, 14 and 12 %, while the experimentally determined values are 25,
23 and 22 %, respectively, Table 2. For (C;Mes),UCl,, 5, the Mulliken population analysis of 9
% Cl 3p character per U-Cl bond, which excludes contributions from the four highest lying 64-

orbitals since transitions involving these orbitals were not experimentally resolved, is in
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excellent agreement with the experimental result of 12 %, Table 2. Both the theory and
experiment show that the U 5forbitals are involved in covalent bonding to form antiboning
orbitals, which were experimentally determined to contain a total of 4 % Cl 3p-character.
Moreover, these data also indicate that the U 6d-orbitals are involved, and provide the
opportunity to evaluate the 6d vs. 5f contributions to covalency. Hence for 5, the experimental
data suggests that the antibonding molecular orbital of 3a, symmetry, Which is primarily a U 6d-
orbital, contains 6 % Cl 3p character. This value is similar in magnitude and slightly larger than
the total orbital mixing between the U 5 and Cl 3p-orbitals. In addition, the % Cl 3p character
in the 3a, orbital in 5 is also simila.r to what was observed in the analogous molecular orbitals of
la, symmetry of the d-block metallocenes, but slightly less than the 9 % Cl 3p character
associated with (C;Mes),HfCl,. Overall, these covalency trends are similar to the trends revealed

by previously reported measurements that used gas-phase photoelectron spectroscopy to probe

the occupied orbitals of metallocene complexes.”**

Concluding Remarks

In summary, grouhd state and hybrid-DFT calculations were used in conjunction with Cl
K-edge XAS to evaluate trends in metal and ligand orbital mixing as a function of 3d, 4d, 54,
and 64d/5f metal orbitals in a series of structurally similar (CsMe;),MCl, (M = Ti, Zr, Hf, Th, and
U; 1 - 5, respectively) complexes. For the Ti, Zr, and Hf containing compounds, the
interpretation of the experimental and theoretical data are quite similar to the (C;H;),MCl, (M =
Ti, Zr, and Hf; 6 — 8, respectively)****** analogues, in that the % Cl 3p character in the M-Cl
bonding decreases as group IV is descended. These results also indicate that for group IV
metallocene, all five metal-based orbitals (1a;, 1b,, 151, 1a,, and 2a,) should be considered when
evaluating M-Cl bonding, and show that for 1 and 2 the d-oribitals split in a 4-over-1 pattern,
which is similar to previous reports on 6 — 8. For (C;Me;),HfCl,, 3, a similar trend is
observed with the exception that there is a large energy separation between the transitions
involving the 1b, and 1b, orbitals. Hence for 3, the theoretical and experimental analyses

suggests that the d-orbitals are split in a 3-over-1-over-1 pattern.

24



Cpstr Full JACS_SAK Feb 15 2009

The analyses of 1 — 3 provide a basis to evaluated (CsMe;),AnCl, compounds, and
surprisingly pre-edge features indicative of covalency were also present in the Cl K-edge XAS
for (C;Me.),ThCl,, 4, and (C;Me;),UCl,, 5. The Cl K-edge XAS of 4 and § are significantly
different than the group IV transition metal ‘analogues, and these results indicate that both 5/ and
6d-orbitals should be considered when evaluating An-Cl bonding. For 4, the 5f-orbitals involved
in the Th-Cl bonds are similar in energy and heavily mixed with the 6d-orbitals. However, the
close proximity of the pre-edge feature associated with these orbitals to the white line inhibited a
quantitative evaluation of CI and Th orbital mixing. |

In contrast, the pre-edge features for 5 were resolved from the white line and provide
direct and quantitative experimental evidence for covalency in actinide ligand bonding. The
intensity of the experimental resolved pre-edge features, indicate that the U-Cl bond contains
approximately half the Cl 3p character as the analogous Ti, Zr, and Hf complexes. Moreover, the
Cl K-edge XAS of 5 provides an opportunity to evaluate the relative roles of the 5/ vs. 6d-
orbital in bonding, which represents a long-standing challenge in f-element chemistry. For
example, the experimental data is consistent with the DFT analysis, and suggest that the low
lying U 5/-orbitals are split in a 5-over-2 pattern and involved in covalent mixing with the Cl 3p
oribitals. In addition, the experimental data indicates that the high lying U 6d-orbitals, which are
split in the same 4-over-1 pattern as observed in 1 — 3, provide the major covalent component for
the U-C] bond in (C;Mes),UCl,.

The use of ligand K-edge XAS in conjunction with ground state and hybrid-DFT
calculations provides a unique approach to probe electronic structure, bonding, and covalency in
J-element compounds in comparison to d-block elements, which is not easily accessible by
conventional spectroscopy. These results also offer a foundation with which to further explore
covalency in actinide-ligand bonding, which is important for controlling 5f-element chemical
reactivity and actinide physical properties. Current efforts are currently underway to expand the
use of ligand K-edge XAS and DFT to evaluate compounds containing transuranic elements,

where both 5f- and 6d-orbitals are expected to play a role in M-CI bonding.
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Table 2. A comparison of experimental and calculated total pre-edge peak intensities and

total % Cl 3p character” for (CsR,),MCl, complexes (M = Ti, Zr, Hf, Th, and U).*

Compound Int. %Cl3p %Cl3p
exp. exp. calc.
D, -Cs,CuCl,” 0.54 7.5 -
(CsMey),TiClL, 1 1.78 25 16
(C;Me,),ZrCl,, 2 1.59 23 14
(CsMe,),HfCL,, 3 1.53 22 12
(CsMe;),ThCl,, 4° 1.02 14 9
(CMe,),UClL, 5 0.64 9 12
(CHy),TiCl,, 6° 1.81 25 20
(CsHy),Z1Cl,, 7% 1.78 25 18
(C5H,),HfCl,, 8% 1.34 19 17
(CH;),ThCl,, 9 - - 17
(CsHy),UCL, 10 - - 16

*The percent Cl 3p character is reported per M-Cl bond.

®Given the difficulty in resolving the pre-edge shoulder for 3, caution must be taken when
drawing conclusions based on the pre-edge peak intensity.

°Although compound 5 has been the focus of previous experimental and theoretical
investigations,’***** the experimental values in Table 2 are from previous analyses made
on samples that had been encapsulated in polystyrene,’® and the calculated values were
conducted in a similar fashion as those for compounds 2 — 4.
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Table 3. Orbital composition for the five metal d-based orbitals in (C;Mes),MCl, (M =

Ti, Zr, and Hf).

Energy (eV)
Total % Ti 3d
Total % Tidp
Total % C1 3p
Total % (CsMes)"

Energy (eV)
Total % Zr 4d
Total % Zx S5p
Total % Cl13p
Total % (CsMes)"

Energy (eV)
Total % Hf 5d
Total % Hf 6p
Total % Cl 3p
Total % (CsMes)"

Cpstr Full JACS_SAK Feb 15 2009

MO Label
(Symmetry)
59 60 61 62 63 Total
&%?MO) (1by) (lb%) (1a,) (2a)
(CMe,),TiCL, 1
-2.14 -1.29 -1.17 -1.04 -0.86
79.4 57.2 70.4 68.4 72 347.4
0.5 1.8 0.0 0.0 0.1 2.4
9.8 13.5 1.8 1.3 54 31.8
10.3 27.5 27.8 30.3 22.5 118.4
(CsMe),ZrCl,, 2
-1.73 -0.77 -0.30 0.00 0.11
71.9 49.2 67.7 63.3 60.3 312.4
0.6 3.2 0.0 0.0 1.8 5.6
9.8 8.2 2.4 2.4 5 27.8
17.7 39.4 29.9 34.3 32.9 154.2
(C-Me,),HfCL, 3
141 056 011 040 044
67.0 45.4 60.9 34.6 50.3 258.2
1.0 2.8 0.4 2.1 0.3 6.6
9.4 5.6 1.8 4.8 2.2 23.8
22.6 T 46.2 36.9 ’58.5 472 211.4
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= Figure S1. A plot of normalized intensity vs. energy for the Cl K-edge X-ray absorption S2
spectrum of (CsMes); TiCly, 1, that had been encapsulated in polystyrene.

* Figure S2. A plot of normalized intensity vs. energy for the Cl K-edge X-ray absorption S3
spectrum of (CsMes)ZrCly, 2, that had been encapsulated in polystyrene.

» Figure S3. A plot of normalized intensity vs. energy for the Cl K-edge X-ray absorption S4
spectrum of (CsMes), HfCl,, 3, that had been encapsulated in polystyrene.

= Figure S4. A plot of normalized intensity vs. energy for the Cl K-edge X-ray absorption S5
spectrum of (C,Me;),HfCl,, 3, showing the data, curve fit, the residual
data, and the residual functions vs. the pseudo-Voight functions used to
generate the fit.

* Figure S5. A plot of normalized intensity vs. energy for the Cl K-edge X-ray absorption S6
spectrum of (CsMes), ThCl,, 4, that had been encapsulated in polystyrene.

» Figure S5. A plot of normalized intensity vs. energy for the Cl K-edge X-ray absorption S7

spectrum of (CsMes),UCI, §, that had been encapsulated in polystyrene.

» Table S1. The average experimental bond lengths and the calculated bond lengths for the S8
optimized structures of (C;Me,),MCl, (M = Ti, 1; Zr, 2; Hf, 3; Th, 4; and U, 5).

» Table S2. The pre-edge peak splitting for (CsMe,),MCl, for M =Ti, 1; Zr, 2; Hf, 3; Th, 4; S8
and U, 5).

» Table S3. The charge distribution (NBO Analysis) for the (C.Me;),MCl, M =Ti, 1; Zr, 2, S8
Hf, 3; Th, 4; and U, 5).

» Table S4. The average cxperimental bond lengths and the calculated bond lengths for the 9
optimized structures of (C;H,),MCL(M =Ti, 6; Zr, 7; Hf, 8; Th, 9; and U, 10).

= Table 85. The pre-edge peak splitting for (C;Hs),MCL,(M =Ti, 6; Zr, 7, Hf, 8; Th, 9;and 59
U, 10).

» Table S6. The charge distribution (NBO Analysis) for (C;H;),MCL, (M =Ti, 6; Zr, 7; Hf, 8; S9
Th, 9; and U, 10).

* Table S7. The orbital composition for representative occupied and unoccupied orbitals S10
in (CsMe;),TiCl,, 1.

= Table S8. The orbital composition for representative occupied and unoccupied orbitals Si1
in (C;Me;),ZrClL, 2.

» Table §S9. The orbital composition for representative occupied and unoccupied orbitals S12
in (C;Me,),HfCl,, 3.

= Table S10. The orbital composition for representative occupied and unoccupied orbitals Si3
from the geometry optimized calculation for (C;H;),ThCl,, 9.

= Table S11. The orbital composition for representative occupied and unoccupied orbitals S14

from the geometry optimized calculation for (C;Me;),ThCl,, 4.



S2

= Table S12. The orbital composition for representative occupied and unoccupied orbitals S15
from the geometry optimized calculation for (CsH;),UCl,, 10.
= Table S13. The orbital composition for representative occupied and unoccupied orbitals S16

from the geometry optimized calculation for (C;Me;),UCL,, 5.
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Figure S1. A plot of normalized intensity vs. energy for the Cl K-edge X-ray absorption
spectrum of (CsMes),TiCl,, 1, that had been encapsulated in polystyrene; the experimental data
(black), the curve fit (red dashes), and the functionals used to generate the fit (orange, blue,
maroon, aqua, brown, and green).
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Figure S2. A plot of normalized intensity vs. energy for the Cl K-edge X-ray absorption
spectrum of (CsMes),ZrCl,, 2, that had been encapsulated in polystyrene; the experimental data
(black) the curve fit, (red dashes), and the functionals used to generate the fit (orange, blue,
maroon, aqua, brown, and green).
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Figure §3. A plot of normalized intensity vs. energy for the Cl K-edge X-ray absorption
spectrum of (CsMes),HfCl,, 3, that had been encapsulated in polystyrene; the experimental data
(black), the curve fit (red dashes), and the functionals used to generate the fit (orange, blue,
purple, aqua, brown, and pink).
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Figure S4. A plot of normalized intensity vs. energy for the Cl K-edge X-ray absorption
spectrum with the experimental data (black line), curve fit (red dashes), residual data (red line),
residual peaks (brown, blue, and pink), and negative amplitudes of the pre-edge pseudo-Voight
functions (green) for polystyrene film samples of (C;Me;),HfCl,, 3.
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Figure S5. A plot of normalized intensity vs. energy for the Cl K-edge X-ray absorption
spectrum of (CsMes), ThCly, 4, that had been encapsulated in polystyrene; the experimental data
(black), the curve fit (red dashes), and the functionals used to generate the fit (maroon, green,
brown, and aqua).



§7

nmerd
N
1

Normalized Intensity

0.01#» I | ] L] L] I L] LI L I o K 1 I L] L] ] I L]
2820 2824 2828 2832 2836
Energy (eV)

Figure S6. A plot of normalized intensity vs. energy for the Cl K-edge X-ray absorption
spectrum of (C;Mes),UCl,, §, that had been encapsulated in polystyrene; the experimental data
(black), the curve fit (red dashes), and the functionals used to generate the fit (orange, blue,
green, aqua, brown, and navy).




Table S1. The average experimental bond lengths and the calculated bond lengths for the
optimized structures of (CsMes),MCl, (M =Ti, 1; Zr, 2; Hf, 3; Th, 4; and U, 5).

M-CI () M-Ceentroid (A)
Expt. (ave.) Calc. Expt. (ave.) Calc.
(CsMes ), TiCl, 2.349 2.363 2.128 2.153
(CsMes),ZrCly 2.462 2476 2.262 2.300
(CsMes),HCl, -- 2.467 -- 2.293
(CsMes), ThCl, 2.601 2.660 2.532 2.561
(CsMes),UCI, 2.585 2.604 2.465 2.485

S8

Table S2. The pre-edge peak splitting for (CsMes),MCl, (M =Ti, 1; Zr, 2; Hf, 3; Th, 4; and U,

5).

Pre-edge peak splitting (eV)

Expt.

Calc.

(CsMes), TiCl,
(CsMes),ZrCl,
(CsMes);HfCl,
(CsMes), ThCl,
(CsMes),UCl,

Table S3. The charge distribution (NBO Analysis) for (CsMes),MCl, (M =Ti, 1; Zr, 2; Hf, 3;
Th, 4; and U, 5).

0.80
1.10
1.10

3.50 & 1.60

M Cl Cp* ring
Natural Charges  Natural Charges  Natural Charges
(CsMes), TiCly +1.312 -0.435 -0.221
(CsMes)ZrCly +1.328 -0.420 -0.244
(CsMes),HICl, +1.558 -0.432 -0.347
(CsMe;s),ThCl, +1.701 - 0432 -0418
(CsMes),UCl, +1.516 -0418 -0.340
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Table S4. The average experimental bond lengths and the calculated bond lengths for the
optimized structures of (CsHs),MCl, (M =Ti, 6; Zr, 7; Hf, 8; Th, 9; and U, 10).

M-CI (&) M-Cceniroia (A)
Expt. (ave.) Calc. Expt. (ave.) Calc.
(CsHs), TiClp 2.356 2.355 2.121 2.085
(CsHs),ZrCly 2451 2.468 2.197 2257
(CsHs);HfCl, 2424 2.459 2.182 2252
(CsHs)>ThCl, a 2.643 - 2.544
(CsHs),UCI, - 2.589 - 2.442

Table S5. The pre-edge peak splitting for (CsHs),MCl, (M =Ti, 6; Zr, 7; Hf, 8; Th, 9; and U,
10).

Pre-edge peak splitting (eV)

Expt. Calc.
(CsHs)2 TiCly 09 0.9
(CsHs)2ZrCl, 1.26 1.15
(CsHs):HCl, 1.19 1.10
(CsHs)2ThCl, -- --
(CsHs)2UCl, -- 3.70 & 1.70

Table S6. The charge distribution (NBO Analysis) for (CsHs),MCl, (M =Ti, 6; Zr, 7; Hf, 8; Th,
9; and U, 10).

M Cl Cp ring

Natural Charges  Natural Charges  Natural Charges
(CsHs) TiCl, +0.881 -0.370 -0.071
(CsHs)2ZeCl, +1.215 -0.395 -0.212
(CsHs),HfCl, +1.475 -0414 -0.324
(CsHs)2ThCl, +1.602 - 0.382 -0.419

(CsHs),UCl, +1.384 -0.368 -0.324



Table S7. The orbital compositions for representative occupied and unoccupied orbitals in

(C5M65)2TiC12, 1.

MO Energy Ti Ti Cl Cp*
Label (eV) 3d 4p 3p total
103 -0.86 72.0 0.1 54 22.5
102 -1.04 68.4 0.0 13 30.3
101 AT 70.4 0.0 1.8 27.8
100 -1.29 57.2 1.8 13.5 27.5
Lovo 214 | 794 | 05 98 | 103
oo 572 | 136 | 0.1 178 | 685
97 -6.05 14.5 0.9 23.2 61.4
96 -6.07 10.2 3.6 134 72.8
95 -6.49 16.6 4.7 0.9 77.8
94 -7.10 2.9 2.8 85.9 8.4
93 -7.61 10.2 0.0 67.9 21.9
92 -7.64 0.2 14 75.0 23.4
91 -7.91 7.3 0.3 87.2 5.2
90 -8.42 79 0.6 751 16.4
89 -8.44 13.6 0.0 79.3 7.1

S10



Table S8. The orbital compositions for representative occupied and unoccupied orbitals in
(C5M65)zer12, 2.

MO Energy Zr Zr Cl Cp*
Label (eV) 4d 5p 3p total
103 011 | 603 | 18 50 | 329
102 000 | 633 | 00 24 | 343
101 030 | 677 | 00 24 | 209
100 077 | 492 | 32 82 | 394
L 173 | 719 | 06 98 | 177
K 5 595 | 110 | 02 14 | 774
97 607 | 60 4.9 40 | 851
96 628 | 136 | 01 180 | 683
95 651 | 134 | 44 14 | 808
94 750 | 08 16 | 936 | 40
93 787 | 93 00 | 744 | 163
92 790 | 65 03 | 812 | 120
91 821 | 74 0.1 889 | 36
90 867 | 67 03 | 767 | 163
89 876 | 105 815 | 7.7

0.3
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Table S9. The orbital compositions for representative occupied and unoccupied orbitals in

(CsMes)szCb, 3.

MO Energy Hf Hf Cl Cp*
Label (eV) 5d 6p 3p total
103 044 | 503 | 03 22 | 472
102 040 | 346 | 2.1 48 | 585
101 011 | 609 | 04 18 | 369
100 056 | 454 | 28 56 | 46.2
Lo 141 | 670 | 10 94 | 226
oo 592 | 100 | 01 104 | 795
97 608 | 58 48 38 | 856
96 624 | 127 | o1 160 | 71.2
95 650 | 125 | 44 10 | 821
94 758 | 07 16 | 936 | 41
93 793 | 79 00 | 762 | 159
92 798 | 39 30 | 815 | 116
91 829 | 74 09 | 878 | 39
90 879 | 6.7 02 | 680 | 251
89 88 | 94 00 | 792 | 114

S§12
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Table S10. The orbital compositions for representative occupied and unoccupied orbitals from the
geometry optimized calculation for (CsHs),ThCl,, 9.

MO Energy Th Th Th Cl Cp
Label (eV) 5f 6d 7s,7p 3p total
81 147 1.2 0.7 0.0 858 | 123
80 145 16 619 | 02 100 | 263
79 0.75 15 &b 0.1 698 | 12.0
78 0.58 302 | 263 | 04 96 335
77 0.57 222 | 373 | 02 48 355
76 0.33 219 | 519 | 00 3.3 229
75 2071 413 | 417 | 04 9.5 7.1
74 -0.90 831 | 106 | 01 3.2 3.0
73 100 | 931 16 0.2 3.6 15
72 119 786 | 83 0.0 43 8.8
71 141 78.9 3.8 0.0 8.6 8.7
70 146 78.8 6.9 0.0 0.9 13.4
69 -1.68 504 | 253 | 0.1 25 217
L::no 178 | 609 | 135 | 04 08 | 247
th " 6.96 3.1 19 22 5.9 86.9
66 6.99 7.1 48 0.3 38 84.0
65 7.28 42 9.0 0.0 118 | 75.0
64 737 0.0 95 17 6.4 82.4
63 -8.50 25 0.1 0.6 96.2 06
62 8.71 11 3.8 05 91.0 36
61 -8.87 10 8.2 0.0 823 85
60 -8.89 0.4 7.4 0.4 88.3 35
59 -9.31 18 111 0.9 815 47
58 -9.36 23 7.8 0.9 82.8 6.2
57 -10.54 0.2 41 38 0.0 91.9
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Table S11. The orbital compositions for representative occupied and unoccupied orbitals from the
geometry optimized calculation for (CsMes),ThCl,, 4.

MO Energy Th Th Th Cl Cp*

Label (eV) 5f 6d 7s, 7p 3p total
125 2.06 23 0.0 0.1 455 | 52.1
121 138 12 | 119 | 03 | 202 | e64
120 137 25 33 00 | 228 | 714
119 116 168 | 3567 0 06 | 469
118 1.01 240 | 461 | 02 16 | 2841
117 0.87 438 | 175 | 08 96 | 283
116 0.81 249 | 55 0.2 53 641
115 017 | 59 | 303 | o6 58 6.4
114 032 | 850 | 87 0.3 22 3.8
113 040 | 920 | 22 0.4 29 25
112 065 | 769 | 58 0 34 13.9
111 -0.91 765 | 75 0 0 16.0
110 097 | 673 | 83 0.1 06 237
109 120 | 394 | 365 | o4 17 | 223

L:J?\:O 126 | 523 | 221 | 03 12 | 241

H‘g;’no 579 44 25 19 26 88.6
106 6.05 26 9.0 12 26 | 846
105 6.07 43 8.5 0.8 23 | 841
104 6.25 3.0 127 | 00 5.0 79.3
103 7.95 0.7 0.0 04 | 977 12
102 -8.05 0.0 13 11 861 | 115
101 816 02 4.2 00 | 84 | 115
100 833 0.0 49 06 | 902 | 43
99 872 20 | 102 | 11 825 | 42
98 875 2.1 8.2 09 | 783 | 105
97 .87 0.5 40 23 72 | 86.0
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Table S12. The orbital compositions for representative occupied and unoccupied orbitals from the
geometry optimized calculation for (CsHs),UCl,, 10.

MO Energy U U U Cl Cp
Label (eV) 5f 6d 7s,7p 3p total
82 1.56 2.6 21.8 0.2 11.3 64.1
81 1.48 0.1 0.2 0 88.8 10.9
80 1.18 1.8 348 0 447 18.7
79 0.49 42 38.7 0 2.6 54.5
78 0.24 24 0 98.0
77 0.10 4.2 51.9 0.0 1.8 42.1
76 -0.13 7.3 314 0.7 6.8 53.8
75 -1.15 44 59.1 0.6 9.1 26.8
74 -2.56 85.0 949 0.0 2.0 7.5
73 -2.77 86.7 4.4 0.0 2.7 6.2
72 -2.90 89.8 23 0.1 2.8 5.0
71 -3.15 87.3 1.8 0 2.6 8.3
LJ:‘IO -3.32 92.4 1.7 0 0.9 5.0
69 -6.51 70.6 4.6 0 9.6 15.2
68 -6.84 92.7 1.3 0.1 1.2 4.7
67 -7.09 10.2 1.7 2.2 7.3 78.6
66 -7.15 14.1 52 03 5.7 74.7
65 -7.45 2;1 10.1 1.5 7.5 78.8
64 7.49 21.9 7:5 0.1 10.8 59.7
63 -8.42 4.7 0.2 0.6 93.2 1.3
62 -8.67 2.2 4.2 0.5 87.5 5.6
61 -8.84 1.7 8.1 0 78.2 12.0
60 -8.84 1.1 Tl 0.3 87.2 43
59 -9.30 39 7.9 0.6 81.1 6.5
58 -9.32 5.9 10.1 0.4 78.8 4.8
57 -10.5 0.3 34 4.1 0 92.2
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Table S13. The orbital compositions for representative occupied and unoccupied orbitals from the
geometry optimized calculation for (CsMes),UCl,, 5.

MO Energy u U U Cl Cp*
Label (eV) 5f 6d 7s, 7p 3p total
125 2.07 0.4 6.2 0.4 39.9 53.1
121 1.52 0.2 10.0 1.0 22,5 66.3
120 1.42 0.3 0.7 05 28.2 70.3
119 0.99 3.7 29.9 0 1.3 65.1
118 0.74 5.0 375 0.2 1.9 55.4
117 0.55 4.9 18.7 13.6 24 60.4
116 0.35 10.9 30.1 1.3 9.3 48.4
115 -0.81 2.5 61.7 0.6 7.3 27.9
114 -1.93 87.1 4.3 0.1 1.8 6.7
113 207 84.5 5.0 0.4 1.5 8.6
112 -2.35 88.4 3.3 0 2.7 5.6
111 -2.53 88.4 2.9 0 2.5 6.2

o 273 | 892 | 29 | o0 15 6.4
109 -5.86 12.3 2.9 2.2 2.1 80.5
108 -5.93 441 6.2 1.0 3.6 45.1
107 -6.04 43.6 33 0.3 4.1 48.7
106 -6.16 18.4 8.6 1.0 47 67.3
105 -6.25 59.7 5.3 0.2 0.7 34.1
104 -6.47 37.6 8.4 0.1 2.2 51.7
103 -7.93 3.4 0.1 04 94.8 1.3
102 -8.08 2.2 1.5 1.3 83.4 11.6
101 -8.16 29 3.9 0.1 85.1 8.0
100 -8.42 15 5.8 05 87.1 5.1
99 -8.77 3.2 7.8 0.7 74.2 14.1
98 -8.81 3.2 9.1 0.6 77.5 9.6
97 -8.86 1.3 3.7 2.2 8.1 84.7
96 -9.15 0.2 0.1 0 1.2 98.5




