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ABSTRACT: This work establishes the ability of valence-to-
core X-ray emission spectroscopy (XES) to serve as a direct
probe of N, bond activation. A systematic series of iron-N,
complexes has been experimentally investigated and the energy
of a valence-to-core XES peak was correlated with N—N bond
length and stretching frequency. Computations demonstrate
that, in a simple one-electron picture, this peak arises from the
N, 2s2s o* orbital, which becomes less antibonding as the N—
N bond is weakened and broken. Changes as small as 0.02 A in
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the N—N bond length may be distinguished using this approach. The results thus establish valence-to-core XES as an effective
probe of small molecule activation, which should have broad applicability in transition-metal mediated catalysis.

B INTRODUCTION

The controlled activation of small molecules by transition metal
catalysts is vital to countless chemical, biological, and industrial
processes, including N, reduction,’ ™ water splitting,4_6 and
hydrocarbon functionalization.” Crucial to understanding the
mechanisms of these transition metal mediated reactions is the
need to experimentally probe the process by which the metal
“activates” (i.e., weakens) bonds in a small molecule substrate.
The extent of bond activation is traditionally probed using
vibrational spectroscopy, but there remain numerous examples
where reactive intermediates have eluded characterization by
conventional vibrational techniques.* "' This may be attributed
in part to the selection rules that limit the number of modes
with significant intensity in IR and Raman spectra. For example,
the N—N stretching modes of centrosymmetric bridging N,
compounds are not IR active, necessitating Raman spectrosco-
py of compounds that may not be stable to laser irradiation. For
this reason, site selective methods such as nuclear resonance
vibrational spectroscopy (NRVS) have had a large impact on
the identification of vibrational states in iron complexes.>”'*
However, NRVS requires elements with accessible nuclear
excited states, limiting its practical applications in catalysis to
iron systems.

In the present study, we take a different approach and use
valence-to-core X-ray emission spectroscopy (XES) to examine
the differences in the electronic structures of Fe—N, complexes
in order to obtain insight into the degree of N—N bond
activation. Though the examples given here focus on iron and
the activation of N,, the strategy should be applicable to any
accessible transition metal and to the activation of various small
molecules (e.g,, O, CO,, CO, H,0, C,H,).
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XES is an element specific technique where high energy X-
rays generate a 1s core hole on a metal atom and the photons
emitted when electrons decay to fill the vacancy are measured
(Figure 1).">'* The intensity of these spectra is governed by
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Figure 1. Schematic representation of X-ray emission.

the dipole selection rule, whereby the oscillator strength is
modulated by the amount of metal np character present in the
donor orbital. Hence, transitions from metal 2p orbitals (Ka
emission) and 3p orbitals (K emission) are both possible and
give intense features. Moreover, any filled ligand-based valence
orbitals that possess appreciable metal p character will also
display emission features (Kf” and Kf,s “valence-to-core”
emission), albeit with relatively low intensity.

This latter region of the spectrum is of particular interest due
to its sensitivity to the chemical environment around a metal
center. It is known, for instance, that valence-to-core XES is

Received: December 4, 2012
Published: July 17, 2013

dx.doi.org/10.1021/ja3116247 | J. Am. Chem. Soc. 2013, 135, 1180311808


pubs.acs.org/JACS

Journal of the American Chemical Society

sensitive to ligand identity, hybridization, protonation state, and
metal—ligand bond length.m_16 Further, in previous studies, we
have shown that the valence-to-core region of the XES
spectrum can be interpreted using a simple molecular orbital
(MO) based picture and provides a map of any ligand MOs
possessing appreciable metal p character.'” For complexes with
simple ligands (e.g, ferrocene or Fe(CN):>),"”'® MO theory
can easily be utilized to predict and assign valence-to-core
spectra without any computational assistance. This is an
important point to stress, because, while the results of density
functional theory (DFT) calculated spectra often have excellent
agreement to experiment and aid in interpretation, analysis of
the XES spectra is not dependent on computational results.

It is for these reasons that XES holds promise as an effective
spectroscopic probe of small molecule activation. Given the
large energetic changes encountered during bond weakening
and the sensitivity of valence-to-core XES to ligand electronic
structure, XES should, in principle, provide a direct probe of
the extent of ligand bond activation. Here we explore this
possibility by investigating a series of iron complexes with
bound dinitrogen moieties (Figure 2). All of these complexes

2.8 A

N N
SFe—N=N—F{
N N
u

Bu i ‘Bu
N i N
SFe—N=N—F§
N i N

'Bu QS;‘ ‘2; '‘Bu

Figure 2. The compounds used in this study display various degrees of
N—N bond activation.

utilize f-diketiminate as a supporting ligand, but they achieve
varying degrees of N, activation that range from a partially
activated N—N triple bond in 2, to a more activated N—N bond
in 3, and a fully cleaved bis-nitride in 4; compound 1 serves as a
control and allows us to assess the contribution of the N-based
diketiminate ligand. The experimental valence-to-core XES data
are quantitatively assessed in an MO-based picture and further
correlated to DFT calculations. Using these data, together with
previously published data sets, linear correlations between the
energy of an XES peak corresponding to the N, 2s2s ¢* orbital
and the N—N bond length become evident. Hence, the present
study demonstrates valence-to-core XES as a novel probe of
small-molecule bond activation.

B EXPERIMENTAL SECTION

Sample Preparation. The compounds studied here were prepared
according to published procedures.'”*® Because of the extreme air
sensitivity of these compounds, all sample preparations and
manipulations were conducted in a glovebox under an atmosphere
of dry, purified N,. Samples for X-ray emission analysis were prepared
by grinding the solid to a fine powder with boron nitride, packing into
a 1 mm aluminum cell, and sealing with 38 ym Kapton tape.

Data Collection and Processing. All XES spectra were collected
at SSRL beamline 6—2 (54 pole wiggler, 1 T) with ring current of 350
mA. The incident beam energy was set to 8 keV using a Si(111) liquid
nitrogen cooled monochromator and was calibrated using a Fe foil.
Focusing mirrors were used to achieve a 140 ym X 400 ym beam at
the sample, providing ~10"® photons/second. If necessary to prevent
sample damage or detector saturation, aluminum filters were inserted
before the sample to attenuate the incident beam. Energy resolution of
the XES spectrometer was achieved using a crystal array spectrometer
employing five spherically bent Ge(620) crystals (100 mm diameter, 1
m radius of curvature) aligned on intersecting Rowland circles."*
Samples were maintained at <20 K in an Oxford CFI208 continuous
flow liquid helium cryostat and were positioned at 45° with respect to
the incident beam. A He filled flight path was used between the sample
and spectrometer to reduce signal attenuation and emitted X-rays were
detected using an energy resolving Si drift detector with a 3 mm
vertical slit.

Spectra were collected over the energy range of 7020 to 7130 eV
with steps of 0.2 eV (7020—7080 eV) and 0.15 eV (7080—7130 eV).
The signal was normalized with respect to the incident flux measured
in a He filled ion chamber. The spectrometer energy was calibrated
using scans of Fe,O; with reference energies of 7044.22, 7060.71,
7092.38, and 7107.42 eV. Damage was assessed by performing
successive scans at the same spot to determine appropriate exposure
times. All scans that showed no evidence of damage were averaged
using PyMCA,>" and the area under the entire spectrum was set to
1000. Averaged spectra were fit using BlueprintXAS22 version 1.2;
reported values are the average of at least 30 good fits.

Computations. All calculations were performed using the ORCA
version 2.9 quantum chemical suite.”> Geometry optimizations and
XES sgectral calculations were performed using the BP86 func-
tional>**® and the scalar-relativistically recontracted def2-TZVP basis
set.?® The expanded CP(PPP) basis set®” was used for Fe along with a
special integration accuracy of 7. Starting coordinates for optimizations
were obtained from crystal structures.'”*® Calculated XES spectra
were shifted by a constant value of 182.5 eV, based on a previous
calibration study.'* Molecular orbitals were visualized with contour
levels of 0.035 using Chimera 1.5.3%® and deconvolution of the N,
contribution to the spectra was performed using MOAnalyzer.”

B RESULTS AND ANALYSIS

To test the ability of XES to monitor small molecule activation,
a series of previously reported iron f-diketiminate complexes
were investigated (Figure 2).'"”*° As noted above, these
compounds use similar supporting ligands to achieve varying
degrees of N—N bond activation, including systematic
lengthening of the N—N bonds from 2 to 3 and complete
N-N bond cleavage in 4. Thus, these compounds provide an
ideal test case for studying the sensitivity of XES to small
molecule activation.

XES spectra were collected on all four compounds shown in
Figure 2 and an overlay of the valence-to-core region is shown
in Figure 3a. These spectra are highly featured and, most
importantly, show the appearance of a peak at approximately
7100 eV only for the compounds that contain N,-derived N (2,
3, and 4); a feature at roughly this energy previously has been
associated with ligated N, in bis(imino)pyridine-supported
iron-N, compounds.”® From the selection rules governing XES
and simple MO considerations, all filled N,-based orbitals
should in principle contribute to the spectra. However, previous
work on compounds with the isoelectronic cyanide ligand has
revealed that this region of the spectrum is dominated by the
2s2s o* orbital of the diatomic, the diffuse nature of which
allows for strong interaction with the metal np orbitals;"”
computational evidence to support this assignment and further
discussion is presented below (vide infra). Notably, the position
of this peak shifts to lower energies as the N—N distance is
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Figure 3. Significant differences in the valence-to-core XES spectra are
seen between the investigated compounds, most notably the
appearance of a feature around 7100 eV when N,-derived N is
present. The experimental spectra (A) are in good agreement with the
calculations (B).

lengthened, suggesting sensitivity to the degree of N—N
activation.

To better quantify the changes observed, deconvolutions of
the spectra were performed using BlueprintXAS*> (Figure 4,
Table 1). The quantitative results demonstrate a dramatic
downward shift of 2.1 eV in the peak position as the N—N
bond length is increased from slightly activated in 2 to fully
cleaved in 4. Furthermore, comparison to previously charac-
terized compounds®® that bind but do not activate N,
demonstrates a linear correlation between the energy position
of this putative 2s2s ¢* feature and the N—N bond length
(Figure Sa). The energy of this N, derived feature also
correlates very well with the experimental N—N stretching
frequencies, a standard measure for the degree of activation
(Figure 5b).** This latter point is especially important because
it calibrates and validates the utility of XES as a probe of N—N
bond length in these systems.

With the correlations to bond length and stretching
frequency established, DFT calculations were employed to
obtain further insight into the origins of these spectral changes.
Geometry optimized structures (see Supporting Information)
were used to calculate XES spectra using established methods'*
(Figure 3b). The calculated spectra qualitatively reproduce
experiment very well and capture all of the important features
present, including the shift to lower energy of the ~7100 eV
peak.

Importantly, the DFT calculations allow insight into the
nature of the spectral transitions. The spectra were calculated
using a one electron model, so each MO gives rise to a single
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Figure 4. Spectral deconvolutions for compounds 2, 3, and 4. Of
greatest interest is the solid blue peak that changes position with N—N
bond length. The guideline is centered at 7100.25 eV to allow easier
visualization of spectral changes.

Table 1. Bond Lengths, XES Energies, and Vibrational Data
for Relevant N,-Containing Compounds'*>%3%3!

N--N distance ~ XES energy  vibrational frequency
2 1.182 A 7100.25 eV 1778 cm™!
3 1232 A 7099.77 eV 1589 cm™
4 2.799 A 7098.14 eV
(P"PDI)FeN, 1.110 A 7100.56 eV 2046 cm™!
(P*PDI)Fe(N,), 1.097 A% 7100.69 eV 2089 cm™'?

“The two unique N—N lengths and stretches in this compound were
averaged to obtain these values.

XES transition, making deconvolution and assignments of the
peaks straightforward. This approach has been used pre-
viously'™?® to successfully assign contributions from single
atoms and various functional groups. Of greatest importance
here is to confirm that the XES feature of interest does indeed
derive from the N, moiety and that the supporting ligand does
not significantly contribute to this peak.

To this end, we have utilized MOAnalyzer to perform a
fragment deconvolution of the contributions to these valence-
to-core spectra (Figure S, Supporting Information). This
method of deconvolution requires that MOs can be cleanly
assigned to a given fragment. In the case of the N, fragments,
this is straightforward as the MOs of interest are relatively pure
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Figure S. Correlations between the energy of the N,-derived XES peak
and (A) the N—N bond length and (B) the N—N stretching
frequency.

and energetically well-separated from the p-diketiminate
orbitals. In the case of the p-diketiminate fragment itself,
however, the inherently larger number of MOs—particularly at
higher energies—makes this more complex, though meaningful
assignments may still be made.

To assess the N, contribution to the spectrum of 2, we began
by analyzing the Lowdin populations of the orbitals to identify
those that derive from the N, fragment. Three orbitals
immediately stand out in this analysis, labeled a, b, and ¢ in
Figure 6, which contain 98%, 94%, and 70% N, + Fe character,
respectively. Inspection of the contour plots for these enables
easy assignment: it is readily apparent that the N, 2s2s ¢
bonding and antibonding orbitals give transitions at 7088 and
7100 eV, respectively, while the 2p2p o orbital can be seen to
slightly higher energy at 7103 eV (Figure 6). Further, it is clear
that for the 7100 eV transition a large majority (~75%) of the
intensity comes from the N, 2s2s ¢* with minimal contribution
from surrounding features.

The intensities of these three transitions—and the absence of
any appreciable intensity deriving from the 2p2p 7 bond—can
be rationalized according to the extent with which these orbitals
interact with the Fe np orbitals. Both the 2s2s 6* and 2p2p ¢
are relatively diffuse with significant electron density directed
toward the metal centers in a o fashion (Figure 6), thus
allowing strong mixing with the metal and high intensities. The
2s2s o bonding orbital also has a ¢ interaction with the metals,
though it is much more localized on the N, unit and thus mixes
less with the metal np, giving lower intensity. Finally, the 2p2p

7 orbital is both highly localized on the N, and lacks any o
interactions with the metals, giving rise to almost no p mixing
and negligible intensity. We note that, should the coordination
mode of the N, unit change (e.g, from end-on to side-on
binding), the orbitals givin% rise to intense XES features would
also be expected to change,”> > though these new peaks would
also be sensitive to the N—N bond length in a manner
analogous to the trends observed for the present series. For the
p-diketiminate ligand, a larger number of ligand-based MOs are
involved, which necessarily makes the assignment of individual
transitions to specific orbital less direct than in the case of N,
(see Supporting Information, Figure S1 for a demonstration of
this effect using 1). Nonetheless, the f-diketiminate derived
MOs are found at a higher energy than the N, MOs and,
importantly, the contributions are well separated from the N,
2s2s o* contribution.

Taking the energetic and intensity considerations together,
we can see that the analysis of diatomics is a fortunate case in
that an intense feature is present in a region of the spectrum
that is unobscured by the contributions from most other
ligands. This occurs because the strong triple bond between the
nitrogens pushes the 2s2s o orbital to high energy, away from
the region where many other ligands would contribute. This
same reasoning could be applied to other diatomics as well
(e.g, CO, O, NO), suggesting broad applicability of this
technique to assessing small molecule activation.

Thus, with the spectral feature at ~7100 eV assigned as the
N, 2s2s o* orbital, the shift to lower energy upon bond
lengthening and breaking that is observed can easily be
rationalized. As the N, unit becomes more activated, the
overlap between the orbitals on the two N atoms decreases
until, in the extreme case of 4, all that remains are
noninteracting N 2s and 2p orbitals. This decrease in overlap
lowers the energy of the 2s2s o* orbital until the bond is
completely cleaved, resulting in two isolated 2s orbitals,
accounting for the observed shift of this feature. These effects
are represented graphically in Figure 7. Thus, the computa-
tional results are entirely consistent with the view provided by a
simple MO-based analysis of the experiment.

B CONCLUDING REMARKS

These results demonstrate that the activation of N, by an iron
complex can be monitored by valence-to-core XES. The 7100
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Figure 6. Assignment of the important N,-derived features from the calculated XES spectrum for 2. The blue curve is the total calculated spectrum,
while the red represents only the contribution from the indicated N, orbitals.
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Figure 7. A qualitative MO scheme depicting the origin of the spectral changes observed from compounds 2 to 4. The total calculated spectrum is
shown (blue) along with the deconvoluted N—N contribution (red). Note that while the 2p2p 7* orbital is formally empty, there is a significant
backbonding interaction with the metal d-orbitals (~30% N character) and so we have included it on this plot to illustrate the collapse of the 2p
manifold. As the N—N bond is lengthened, the 2s2s ¢* orbital drops in energy until the bond is completely broken and all that remains are two
isolated N 2s orbitals. The calculated spectra have been shifted relative to one another to better visualize these effects.

eV feature in 2 can be assigned to the N, 2s2s ¢* orbital on the
basis of MO theory arguments and this assignment is further
supported by DFT calculations. As the N—N bond is
lengthened in 3 by 0.05 A, this peak shifts 0.5 eV to lower
energy, consistent with less destabilization of the antibonding
orbital at longer bond lengths. Finally, upon complete cleavage
of the N—N bond in 4, a large shift is observed as now only
isolated N 2s orbitals are present.

It thus is apparent that valence-to-core XES can provide a
very sensitive probe of small molecule activation, allowing for
discrimination of even small bond length changes in complex
systems; with an experimental precision of 0.2 eV, differences in
bond length as small as 0.02 A can be detected. This compares
favorably with vibrational techniques because, even though the
resolution of XES is relatively low, the energy differences
between the electronic states being probed are large and thus
they may be distinguished by XES. Importantly, the selection
rules governing XES dictate that any ligand-based orbital with
appreciable metal np mixing can potentially be observed,
allowing element specific access to many systems not amenable
to vibrational analysis. Further, recent developments in
dispersive spectrometers®” > increasingly allow XES to be
translated into a time-resolved domain, giving it promise as a
probe of chemical catalysis in real time.

B ASSOCIATED CONTENT
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Deconvoluted calculated XES spectrum of 1, ORCA input files,
optimized coordinates. This material is available free of charge
via the Internet at http://pubs.acs.org.
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