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ABSTRACT: A series of b-diketiminate Ni-NO complexes 
with a range of NO binding modes and oxidation states 
were studied by X-ray emission spectroscopy (XES). 
The results demonstrate that XES can directly probe and 
distinguish end-on versus side-on NO coordination 
modes, as well as 1-electron NO reduction. Density 
functional theory (DFT) calculations show that the tran-
sition from the NO 2s2s s* orbital has higher intensity 
for end-on NO coordination than for side-on NO coordi-
nation, whereas the 2s2s s orbital has lower intensity. 
XES calculations in which the Ni-N-O bond angle was 
fixed over the range from 80-176° suggest that differ-
ences in NO coordination angles of approximately 10 
degrees could be experimentally distinguished. Calcula-
tions of Cu nitrite reductase (NiR) demonstrate the utili-
ty of XES for characterizing NO intermediates in metal-
loenzymes. This work shows the capability of XES to 
distinguish NO coordination modes and oxidation states 
at Ni and highlights applications in quantifying small 
molecule activation in enzymes. 

INTRODUCTION 

Metalloenzymes play key roles in biological signaling 
of nitric oxide (NO) and reduction of NOx species, with 
metal nitrosyls (M-NO) oftentimes invoked as key in-
termediates. M-NO species are known or proposed as 
intermediates in enzymatic reduction of NO2

-,1 reduction 
of NO, 2,3,4 and conversion of hydroxylamine to N2O,5 
although full mechanisms are generally unknown for 
these systems.4,6 An understanding of the mechanisms of 
enzymatic NO or NOx reduction would greatly impact 

development of catalysts for NO and NOx reduction or 
activation.  

A particular challenge in metal-NO complexes is the 
ability for both the metal and the ligand to participate in 
redox events and the difficulty in distinguishing these, 
especially for first row transition metals.7 NO is regular-
ly found as NO1+, NO, NO1- and NO2-, but commonly its 
interactions with metal centers are highly covalent and 
difficult to discern. Therefore, the Enemark-Feltham 
notation is generally used to account for the total va-
lence electrons in a system by using the sum of metal d-
electrons and NO p* electrons.8 However, a more de-
tailed understanding of the metal and NO oxidation 
states would add clarity to ligand activation and enzyme 
mechanisms in NO redox chemistry. 

Infrared spectroscopy (IR) is generally used to charac-
terize the presence of a metal nitrosyl, and the IR stretch 
is sensitive to NO activation/NO bond length and the 
metal-N-O bond angle.9,10,11 The contributions from ac-
tivation and bond angle, however are difficult to decon-
volute and not well-quantified.9,12 A further complication 
is the limited ability to correlate calculated electronic 
structures and M-N-O bond angles with IR data.13 As 
such, electronic structure characterization of M-NO spe-
cies generally involves significant spectroscopic and 
computational efforts. Determination of the M-N-O 
bond angle is especially important in enzymes such as 
the reduced forms of nitrite reductase (NiR) that exhibit 
side-on NO bonding. Crystallography allowed for a side-
on nitrosyl to be observed for copper, however X-ray 
structures are often difficult to obtain for enzymes.1    

X-ray absorption spectroscopy (XAS) is often used to 
characterize enzyme metal centers and intermediates 
when crystal structures are not obtainable. Bond distanc-



 

es from the metal center can be determined to reasonable 
levels of accuracy (0.02 Å) with XAS.14 A significant 
limitation for NO chemistry is that XAS cannot distin-
guish differences in coordination number of ±1, similar 
light atoms such as C, N, and O, and protonation states. 
This implies that variations in M-N-O angles including 
end-on, bent, and side-on coordination modes of NO 
could not be distinguished or quantified by XAS alone. 

X-ray emission spectroscopy (XES) overcomes some 
of the limitations of XAS,15,16 and is perhaps best known 
for being able to distinguish C and N from O, as demon-
strated in Cr compounds,17 Mn complexes,18 a cluster of 
iron centers, and the enzyme nitrogenase.19,20 These sig-
nificant findings highlighted the value of XES to bio-
inorganic chemistry the understanding of enzyme active 
sites. More recent enzyme studies included two-color 
VtC XES probing both Mn and Fe centers of intermedi-
ates in ribonucleotide reductase,21,22 peptidylglycine 
monooxygenase,23 and galactose oxidase.24  

Valence-to-core (VtC) XES probes occupied valence 
orbitals by detecting relaxation of electrons from ligand-
centered 2p and 2s orbitals to the metal-centered 1s or-
bital (Figure 1.A.).25 Gradual improvements in instru-
mentation and detectors have allowed the very low in-
tensity VtC to be observed with sufficient resolution to 
become a useful spectral tool for chemists. However, 
there is still much development needed using model 
complexes to fully understand effects of varying coordi-
nation environments on spectral features and render the 
technique more versatile. Recent work highlighted the 
ability for VtC XES to distinguish a) 1 versus 2 N2 or 
NO molecules coordinated at Fe (Figure 1.B.2.),26,27 b) 
N2 reduction (Figure 1.B.3.),28 c) bis µ-oxo versus µ-oxo 
versus µ-hydroxo,29 d) O2 activation (Figure 1.B.3.),30 
and nickel hydrides.31 In combining these results, it can 
be generally understood that portions of the VtC Kb2,5 
region increase in intensity upon additional ligand coor-
dination (Figure 1.B.2.).26,27 Additionally, some Kb2,5 
features shift to lower energy and the energy separation 
between the 2s s and s* decreases with increased bond 
activation (Figure 1.B.3.).28,30 The VtC Kb” is more dif-
ficult to experimentally detect, but decreases in energy 
with increased electronegativity of the ligand (such as C 
to N to O, Figure 1.B.1.).   

XES characterization of four-coordinate Fe-NO com-
plexes with SPh and OPh ancillary ligands determined 
that one versus two NO ligands bound could be distin-
guished by XES.27,32 Computationally, they reported that 
XES should be able to distinguish NO oxidation states 
based on differences in energies of the s2s* and s2p or-
bitals. However, the complexes in the study were suffi-
ciently similar that differences in NO oxidation states 
could not be fully experimentally distinguished. In the 
current work, two new areas for experimentally applying 
XES are reported, including heteronuclear ligand activa-
tion and ligand coordination mode (Figure 1).  

 

Figure 1. Schematic of (A) X-ray emission spectroscopy 
(XES) and (B) significant applications for determining lig-
and atom identity, coordination number, and ligand activa-
tion at metal centers. 

 

RESULTS AND DISCUSSION 

XES Spectra of Nickel Nitrosyl Complexes. Three 
previously reported b-diketiminate nickel(II) nitrosyl 
complexes were studied with end-on versus side-on co-
ordination geometries and NO oxidation states best de-
scribed as NO1- versus NO2-.33 The complexes 
[iPr2NNF6]NiNO (end-on Ni-(NO1-)), [iPr2NNF6]Ni(µ-
η1:η1-NO)K[2.2.2-cryptand] (end-on Ni-(NO2-)), and 
[iPr2NNF6]Ni(µ-η2:η2-NO)K(18-crown-6)(THF) (side-on 
Ni-(NO2-)) were synthesized as previously described 
(Scheme 1).33 These nickel(II) complexes were exten-
sively characterized by X-ray crystallography, Ni K-
edge XAS, and DFT analysis, making them ideal for 
probing capabilities of XES to distinguish NO oxidation 
states and coordination modes. It should be noted that 
end-on Ni-(NO2-) was crystallographically characterized 
and modelled as a disordered NO with 77% end-on and 
23% side-on NO2-.  

 
Scheme 1. Reduction of end-on Ni-(NO1-) to form 
end-on and side-on Ni-(NO2-). 

 



 

The Kb mainline XES spectra for the three complexes 
overlay (Figure S1), providing additional experimental 
support for these complexes having the same oxidation 
and spin states at nickel. Although spin states and cova-
lency can also affect the Kb mainline,34 this suggests a 
similar electronic environment at the nickel center in 
each complex. The VtC for the three complexes are dis-
tinct (Figure 2a), with differences in both the Kb” 
(~8300-8320 eV) and Kb2,5 (~8320-8336 eV) regions.  

 

Figure 2. VtC XES (a) of end-on Ni-(NO1-) (green), end-on 
Ni-(NO2-) (blue), and side-on Ni-(NO2-) (red), and calculat-
ed VtC XES (b). Left inset shows end-on versus side-on 
Ni-(NO2-) from 8300-8320 eV. A shift of 217.0 eV and a 
broadening of 2.5 eV were applied to the computed data. 

The VtC XES spectrum of end-on Ni-(NO1-) has a dis-
tinct shoulder at 8318.2 eV (Figure 2a, peak C), which 
has lower intensity for end-on Ni-(NO2-), and no intensi-
ty for side-on Ni-(NO2-). The Kb2,5 feature around 8326 
eV (Figure 2a, peak D) has the highest intensity for side-
on Ni-(NO2-), and decreases in intensity for end-on Ni-
(NO2-) followed by end-on Ni-(NO1-), with a corre-
sponding shift to lower energy. This suggests that the 
features at 8318.2 eV and 8326 eV are sensitive to both 
the NO oxidation state and coordination mode. The fea-
ture around 8309 eV (Figure 2a, peak B) was observed 
for all complexes with nacnac ligands. In the Kb” re-

gion, the side-on Ni-(NO2-) has a feature present around 
8306 eV (Figure 2a, peak A), which is notably absent in 
the spectra of the two end-on complexes. This supports 
the ability for XES to distinguish end-on versus side-on 
coordination modes for NO2-. 

 
DFT Calculations: Simulating XES Spectra. DFT 

calculations were conducted using the ORCA program35 
to offer insight into XES spectral features in the VtC. A 
simple one-electron, ground state model has been well-
established to offer good agreement with experimental 
VtC XES spectra for Cr,36 Mn,29,37 Fe, 19,20,26,28,38,39 Co,40 
and Cu.30,23 The calculated VtC XES spectra using BP86 
with the CP(PPP) basis set41 on Ni and TZVP42 on all 
other atoms on geometry optimized structures for the 
three complexes (Figure 2) are distinct, and in good 
agreement with experimental data with regards to both 
energies and intensities. The same general trends of a 
decrease in intensity for the feature at 8322 eV (Figure 
2b, peak C) and an increase in intensity for the feature 
around 8311 eV (Figure 2b, peak A) were observed from 
end-on Ni-(NO1-) to end-on Ni-(NO2-) to side-on Ni-
(NO2-). 

Spectral contributions were analyzed through visuali-
zation of molecular orbitals, since the transitions were 
calculated from valence orbitals to 1s orbitals in a 
ground-state model. Previous studies reported that high-
er sigma overlap of ligand orbitals with metal orbitals 
result in more intense spectral features.25 The calculated 
VtC XES for end-on Ni-(NO1-), end-on Ni-(NO2-), and 
side-on Ni-(NO2-) spectra along with orbital contribu-
tions highlight the lowest energy feature as resulting 
from NO-based orbitals for all three complexes (Figure 
3). For all three complexes, the feature at (a) 8308-8311 
eV is the 2s(N)-2s(O) s bonding combination, (b) 8314-
8316 is the nacnac ligand s and b1 s*, and (c) 8322 eV 
is the 2s(N)-2s(O) s* orbital. The higher energy features 
>8323 eV correlate to orbitals that are combinations of 
2p s, p and p* interactions of the NO and nacnac lig-
ands, with the feature around 8335 having significant 
NO p* contributions. 

A closer examination of the orbitals reveals a shift to 
higher energy for the 2s(N)-2s(O) s bonding orbital up-
on NO reduction from end-on NO1- at 8308.5 eV to end-
on NO2- at 8310.1 eV.  This is consistent with previous 
XES observations of increased energy of the 2s s bond-
ing orbital upon reduction of N2,28 NO,27 and O2.30 In the 
current work, the 2s(N)-2s(O) s* orbital shifts to slight-
ly higher energy upon NO reduction from end-on NO1- 
at 8322.1 eV to end-on NO2- at 8322.5 eV; however, the 
shift is much smaller. The energy difference between the 
2s(N)-2s(O) s and s* decreases from 13.6 eV for end-
on Ni-(NO1-) to 12.4 eV for end-on Ni-(NO2-) and 11.5 
eV for side-on Ni-(NO2-). These are consistent with dif-
ferences of 8.4 – 12.4 eV as calculated for free NO1-,  

a) 

b) 



 

 

Figure 3. Calculated VtC XES spectrum of end-on Ni-(NO1-), (left), end-on Ni-(NO2-) (middle), and side-on Ni-(NO2-), 
(right) with the molecular orbitals that strongly contribute to the observed transitions. A shift of 217.0 eV and a broadening of 
2.5 eV were applied.  

and NO2- (Figure S2). The magnitude is generally larger 
than reported 2s s and s* energy differences of 5-6 eV 
in Fe-NO,27 6-8 eV in Cu-O2

2- and Mn-O2
2-,30,43 and 12 

eV in Fe-N2,28 which is consistent with more activate 
NO. The highest energy NO p* signal shifts to lower 
energy from 8334.0 eV to 8333.6 eV upon reduction. 
This suggests that XES is sensitive to NO reduction, 
although the intensity of 2s(N)-2s(O) s bonding orbital 
is too low to be experimentally resolved within current 
detection limits for nickel. Therefore, the shift in higher 
energy of the 2s(N)-2s(O) s* orbital and the shift to 
lower energy of the NO p* can be used to assess NO 
reduction from NO1- to NO2- using XES. 

 
Connecting XES Spectra with Ni-NO Molecular 

Orbitals. The observed effects on the XES spectrum of 
NO coordination geometry as end-on or side-on are clar-
ified by examining the molecular orbitals (Figure 3). 
The 2s(N)-2s(O) s bonding feature at 8308-8311 eV has 
a greater intensity for side-on Ni-(NO2-) than end-on Ni-
(NO2-).  This is a result of increased orbital overlap be-
tween Ni and the oxygen atom of NO. Strong overlap of 
the side-on NO2- p orbital with Ni results in the feature 
at ~8328 eV having higher intensity for side-on NO2- 
than end-on NO2-. For all three complexes, transitions 
from the NO p* orbitals are at energies >8325 eV. 

From previously reported geometry optimization cal-
culations,33 strong orbital overlap of the Ni dxy and dyz 
orbitals with the NO p* orbitals contribute to complex 
formation for end-on Ni-(NO1-) and NO activation. Up-
on one-electron reduction to Ni-(NO2-), the Ni-N bond 
distance lengthens, while the Ni-nacnac bond distances 
shorten. Since the Ni dyz orbital also has the correct 
symmetry to interact with nacnac p* orbitals, the Ni dyz 
orbital can be stabilized through backbonding to nacnac 

p* orbitals, allowing the NO p* orbitals to accept the 
electron and be further activated. These effects are mani-
fest in the VtC XES spectra by the slight shift to lower 
energy of the nacnac peak b observed upon reduction 
from Ni-(NO1-) to Ni-(NO2-). Similarly, the highest en-
ergy peak, which has NO p* contributions, shifts to low-
er energy upon reduction from Ni-(NO1-) to Ni-(NO2-). 
Since the dyz orbital has weaker backbonding to NO2-, 
both end-on and side-on coordination are possible with 
minimal effects on the orbital energies.  

Probing the Effect of Ni-N-O Bond Angle. To probe 
capabilities for XES to distinguish NO coordination 
modes, XES calculations of Ni-NO complexes with hy-
pothetical Ni-N-O angles ranging from 102-176° for Ni-
(NO1-) and 80-160° for Ni-(NO2-) were commenced 
(Figures 4, S3-6). A geometry optimization was con-
ducted at each probed angle, while keeping the Ni-N-O 
angle fixed. It was not possible to find solutions for Ni-
(NO1-) complexes with angles smaller than 102.3°. For 
both Ni-(NO1-) and Ni-(NO2-), the feature to lowest en-
ergy (around 8306-8311 eV) increases in intensity for 
decreasing Ni-N-O angles, while the feature around 
8322 eV decreases. The lowest energy feature around 
8310.7 eV corresponds to the 2s(N)-2s(O) s bonding 
orbital and increases in intensity for smaller Ni-N-O 
angles due to increased overlap with metal orbitals (Fig-
ure S5). The Ni p-character of the 2s(N)-2s(O) s bond-
ing orbital increases the most strongly with increased 
intensity by approximately 2%, however both Ni s-
character and d-character also increase with intensity 
over the calculated range of angles for Ni-(NO2-). Nitro-
gen s-character (~25%) and p-character (~13%) as well 
as oxygen s-character (50%) and p-character (~8%) of 
the 2s(N)-2s(O) s bonding orbital remain relatively con-
sistent over the calculated range of angles for Ni-(NO2-).  



 

The feature around 8322 eV corresponds to the 2s(N)-
2s(O) s* orbital and decreases in intensity with decreas-
ing bond angle. The Ni p-character of the 2s(N)-2s(O) 
s* orbital increases by 2.6% with increasing signal in-
tensity over the 70° range of angles probed for Ni-(NO2-

), while both Ni s-character and d-character increase by 
approximately 2% (Figure S6). With increasing intensi-
ty, the nitrogen s-character and p-character generally 
increased by 8-10%, while oxygen s-character and p-
character generally decreased by 8-10% in the 2s(N)-
2s(O) s* orbital over the calculated range of angles for 
Ni-(NO2-). One complication in the geometry optimiza-
tions is that the Ni-N bond distance lengthened by ap-
proximately 0.1 Å with decreasing Ni-N-O angle (Table 
S1), so the observed effects will be slightly affected by 
this (see following). The N-O distance only changed by 
0.05 Å across the series, so there is no significant activa-
tion. These results suggest that XES is potentially sensi-
tive to changes in Ni-N-O bond angle of as small as 10°.  

 

Figure 4. Calculated VtC XES spectrum of Ni-(NO2-) with 
varying the Ni-N-O angle from 80-160°. A shift of 217.0 
eV and a broadening of 2.5 eV were applied. 

 
Probing the Effects of Ni-N and N-O Distances. The 

effect of NO reduction on the XES spectral features was 
further examined through calculations of Ni-(NO1-) 
where the N-O bond distance was fixed from 1.459 – 
1.859 Å in a series of single point calculations without 
additional geometry optimization (Figure 5). These cal-
culations reveal that both the lowest energy nacnac fea-
ture around 8316 eV and the feature around 8330 eV 
shift to higher energy upon lengthening of the N-O 
bond. The lowest energy nacnac feature shifts from 
8315.9 eV to 8316.5 eV along with an increase in N-O 
bond length from 1.459 Å to 1.859 Å. The larger effect 
is observed in the 2p(N)-2p(O) feature at 8329.3 eV, 
which shifts to higher energy and significantly decreases 
in intensity along with an increase in N-O bond length 
from 1.459 Å to 1.859 Å. Notably, the 2s(N)-2s(O) s* 
feature around 8322 eV is not affected by the N-O bond 

distance, supporting that it is not sensitive to NO reduc-
tion in this nacnac ligand system. Combined, these cal-
culations support that XES is sensitive to changes in 
nitrosyl N-O bond distances and therefore sensitive to 
NO reduction.   

Effects of Ni-NO bond lengths were examined 
through XES calculations of Ni-(NO1-) where the Ni-N 
bond distance was fixed from 1.426 – 2.126 Å without 
geometry optimization (Figure 5). The resulting XES 
spectra reveal that features above 8318 eV sequentially 
increase in intensity with decreasing Ni-N distance, and 
that features below 8318 eV are not significantly altered. 
The increasing intensity of the NO 2s(N)-2s(O) s* fea-
ture around 8322 eV correlates with the increasing Ni 4s 
character in the molecular orbital contributing to the 
observed transition (Figure S7). A correlation of XES 
VtC intensity, as determined by the total oscillator 
strength, and Ni p-character was determined to have an 
exponential correlation (Figure S7). 

 

 

Figure 5. Calculated VtC XES spectrum of end-on Ni-
(NO1-) with fixed N-O distances (top) and fixed Ni-N dis-
tances (bottom). A shift of 217.0 eV and a broadening of 
2.5 eV were applied. 

 



 

The correlation of XES VtC intensity with metal np 
character has been well-established and is consistent 
with previous reports.39,44,45 The XES VtC intensity was 
also found to correlate exponentially to Ni s-character 
(Figure S7), which is in contrast to previous reports 
where no correlation of XES VtC intensity to metal s-
character was observed.46 It is likely that this is due to 
the low symmetry of the current system being studied, as 
compared to previous reports with higher symmetry 
molecules.  

Application of XES to Cu-NO in CuNiR. The ap-
plicability of these XES findings to metalloenzymes was 
probed through XES calculations of the active site in 
copper nitrite reductase (NiR). The crystal structures of 
a side-on Cu-NO and Cu-NO2 moiety within NiR were 
previously reported (Figure 6), and are a rare example of 
structural characterization of this motif within an en-
zyme.1 Structural coordinates for the side-on [(his)3Cu-
NO]+ and [(his)3Cu-NO2]+ centers and surrounding his-
tidine ligands were used directly for XES calculations 
without further optimization (Figure 6), and a hypothet-
ical end-on Cu-NO was also calculated.1 The reported 
crystal structures were consistent with either side-on 
Cu(I)-(NO+) or side-on Cu(II)-(NO-),1 so both possibili-
ties were input for XES calculations (see Figure S8). 

 

Figure 6. Calculated VtC XES spectrum of NiR for side-on 
Cu(I)-(NO+), end-on Cu(I)-(NO+), and Cu(II)-NO2 along 
with structural models (orange = copper, red = oxygen, 
purple = nitrogen, gray = carbon, white = hydrogen). Cal-
culated energies are not calibrated, and a broadening of 2.5 
eV was applied to calculated spectra. 

The calculated XES spectra for Cu NiR reveal that     
side-on Cu-NO, end-on Cu-NO, and Cu-NO2 centers 
should be experimentally distinguishable by XES. This 
is significant for potential mechanistic studies using 
time-resolved XES methods.47–50 A closer look at the 
spectra reveals similar trends and molecular orbital con-
tributions to what was observed in the Ni-NO system 
(Figures S9-S11). The lowest energy 2s(N)-2s(O) s 
bonding feature at 8278.3 eV for side-on Cu(I)-(NO+) is 

shifted 0.8 eV to lower energy than for end-on Cu(I)-
(NO+) and has higher intensity. The 2s(N)-2s(O) s* fea-
ture at 8736.6 eV has significantly lower intensity for 
side-on Cu(I)-(NO+) and shifts 0.7 eV to lower energy 
for end-on Cu(I)-(NO+). There is no equivalent feature 
around this energy for Cu-NO2. The 2p(N)-2p(O) feature 
around 8743 eV significantly decreases in intensity for 
Cu-NO2, supporting considerable nitrosyl contributions 
to this feature as was observed for Ni-NO.  

CONCLUSIONS 

 The Ni Kb VtC XES spectra of end-on Ni-(NO1-), 
end-on Ni-(NO2-), and side-on Ni-(NO2-) indicate that 
XES is sensitive to the oxidation states of NO1- versus 
NO2-, and end-on versus side-on NO coordination, and is 
among the first Ni Kb VtC XES reports.31 This is a new 
example of the sensitivity of XES to the coordination 
mode of a small molecule, as demonstrated by sensitivi-
ty to Ni-N-O bond angle changes of as small as 10°. 
Calculations of Cu NiR suggest that these results are 
applicable for characterizing side-on versus end-on NO 
in Cu metalloenzymes and that these intermediates can 
be distinguished from Cu-NO2. This expands capabili-
ties for XES to characterize bond activation of small 
molecules and demonstrates the potential for XES to be 
used to characterize enzyme intermediates in NO and 
NOx reduction. Specifically, future time-resolved XES 
experiments47–50 have the potential to probe previously 
uncharacterized intermediates in nitrite reductases.  
 

EXPERIMENTAL SECTION 

General Methods. Samples of [iPr2NNF6]NiNO (end-
on Ni-(NO1-)), [iPr2NNF6]Ni(µ-η1:η1-NO)K[2.2.2-
cryptand] (end-on Ni-(NO2-)), and [iPr2NNF6]Ni(µ-η2:η2-
NO)K(18-crown-6)(THF) (side-on Ni-(NO2-)) were syn-
thesized as previously reported.33 Structural coordinates 
for Cu NiR active sites including side-on Cu-NO and 
Cu-NO2 were taken from reported crystal structures of 
the full enzyme with PDB codes 1SNR and 1SJM.1 

XES Experiments. The X-ray emission spectroscopy 
experiments were conducted on beamline 6-2 (3 GeV, 
500 mA) at the Stanford Synchrotron Radiation 
Lightsource (SSRL).51 Beamline 6-2 is equipped with an 
LN2 cooled Si[111] monochromator, which was calibrat-
ed to a nickel foil at 8332.8 eV (first inflection point).  
The multi-crystal Johann spectrometer used three spher-
ically bent Si[551] crystals (100 mm diameter, 1 m radi-
us of curvature) on a Rowland geometry; a Si drift de-
tector (SDD) with a 1.5 mm vertical slit was used. The 
spectrometer energy was calibrated across its overall 
operational energy range using a sequence of elastic 
scattering measurements from the incident tunable mon-
ochromatic x-ray beam. Ni samples were sealed in am-
pules for shipment to the synchrotron facility. The sam-
ples were manipulated in an Ar glovebox at the synchro-



 

tron facility. Samples were finely ground and pressed 
into a 1 mm Al holder without further dilution and 
sealed with Kapton tape. The samples were transferred 
to the beamline under liquid N2 and attached to the sam-
ple rod under liquid N2. A liquid helium Oxford CFI208 
cryostat was attached to maintain a sample temperature 
of ~10 K. To reduce signal attenuation, a He-filled flight 
path was employed. To prevent sample damage, alumi-
num filters were utilized before the sample to attenuate 
the incident X-ray. Radiation damage scans were con-
ducted for each sample prior to measurements. In addi-
tion, two scans were collected per sample spot to assess 
radiation damage, and only scans that showed no evi-
dence for radiation damage were used for data averages. 
The incident flux was measured with a He-filled ion 
chamber and used to normalize the measured emission 
signal. Data were processed and normalized using 
PyMCA52 and visualized with Kaleidagraph.  

DFT Calculations. DFT calculations were conducted 
using the ORCA program as previously described,26,35 
and using the XSEDE computational resources.53 Avo-
gadro was used to center coordinates and modify struc-
tural inputs.54 Geometry optimizations were carried out 
at the B3LYP level of theory.55–57 B3LYP is a hybrid-
functional that has been shown to offer a more accurate 
description for metal-ligand bond lengths and interac-
tions in 3d transition metal compounds.58 The all-
electron Ahlrichs basis sets were applied,59–61 utilizing 
triple-ξ def2-TZVP basis sets on the metal center and all 
atoms directly bound to the metal center. All other atoms 
were described using double-ξ def2-SV(P) basis sets. 
Auxiliary basis sets were selected to match the orbital 
basis.62,63 The RIJCOSX approximation was used for 
computational expediency. For broken symmetry calcu-
lations, the notation BS(x,y) signifies x spin up electrons 
and y spin down electrons.64,65 The resulting coupled 
orbital pair was visualized by plotting the corresponding 
orbitals (uco). Orbitals and spin density plots were visu-
alized using the program Chimera.66  

The XES spectra were calculated using the simple 
one-electron approximation as previously described,26 
using the BP86 functional, the CP(PPP) basis set on 
nickel and copper,41 and the TZVP basis set on all other 
atoms.42 A dense integration grid with an integration 
accuracy of 7 was applied to increase radial integration 
accuracy. Calculated XES spectra (XESQ) were plotted 
using ORCA_MAPSPC over a range of 7500−8500 eV 
for Ni and 8000-9000 eV for Cu, with a weighting of 2.5 
eV, and 10,000 points. Calculated spectra for Ni were 
shifted by 271.0 eV, and Cu XES spectra were not ener-
gy calibrated. All orbitals and spin density distributions 
were plotted using Chimera.66 XAS and XES spectra 
were visualized using Kaleidagraph. 
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Synopsis: b-diketiminate Ni-NO complexes studied by X-ray emission spectroscopy (XES) demon-
strate that XES can directly probe and distinguish end-on versus side-on NO coordination modes, as 

well as 1-electron NO reduction. This work shows the capability of XES to distinguish NO coordination 
modes and oxidation states at Ni and highlights applications in quantifying small molecule activation in 

enzymes. 


