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Abstract

Photo-assisted catalysis using Ni complexes is an emerging field for cross-coupling reactions in organic
synthesis. However, the mechanism by which light enables and enhances reactivity of these complexes
often remains elusive. Although optical techniques have been widely used to study the ground and excited
states of photocatalysts, they lack the specificity to interrogate the electronic and structural changes at
specific atoms. Herein we report metal-specific studies using static and transient Ni L- and K-edge X-ray
absorption spectroscopy of a prototypical Ni photocatalyst, (dtbbpy)Ni(o-tol)Cl (dtb = 4,4’-di-tert-butyl, o-
tol = ortho-tolyl). We discovered that the ground state of this complex has a mixed-spin character of
~70/30% singlet/triplet. Furthermore, we confirm that the long-lived (~5 ns) excited state is a tetrahedral
metal-centered triplet state. These results pave the way for the future design of Ni-bipyridine based
photocatalysts by, for example, judiciously tuning the electronic and geometric properties of the ligands

with the goal of increasing excited-state lifetimes and quantum yields of reactive species.



1. INTRODUCTION

Over the past several years, light-driven bond-forming reactions have become ubiquitous in synthetic
organic chemistry'*. Of particular interest is the merger of photochemistry with transition metal (TM)
cross-coupling catalysis (e.g. photoredox catalysis), wherein a precious metal photosensitizer absorbs light
and undergoes electron transfer with a TM catalyst, forming a highly reactive high-valent TM species that
can unlock reactivity that is inaccessible in the ground state®®. These photosensitizers can also undergo
energy transfer to the TM complex, forming excited states via indirect light excitation pathways that have
enhanced reactivity in comparison to the ground-state catalysts®®. In some cases, the specific bond-forming
process occurs with direct photoexcitation of the metal center and its tunable ligand system, eliminating the
need for an exogenous, precious metal photosensitizer to absorb light’". These properties provide the
opportunity to access previously elusive or unknown mechanistic pathways and enable the invention of a
wide variety of nontraditional bond constructions in medicinal chemistry, natural product synthesis, and

polymerization reactions®** 22,

To optimize the reactivity of photocatalysts, it is necessary to understand both their ground- and
excited-state properties. X-ray absorption spectroscopy (XAS) is a powerful technique that can be
implemented in any medium (gas phase, solution, solid) and provides an element-specific local probe of
the electronic and geometric structures surrounding specific elements. XAS in the soft and hard X-ray
ranges has been successfully used to reveal the ground- and excited-state properties of heterogeneous and

homogeneous TM-based (photo)catalysts® .

TM complexes based on earth-abundant Ni(Il) and featuring the bidentate 2,2'-bipyridine (bpy) ligand
have received significant attention in the field of photoredox and light-promoted catalysis in recent

ILILI8194647 The ground spin states and structures of Ni(II) d® complexes are highly dependent on the

years
ligand field. Complexes with weak-field ligands typically adopt a tetrahedral or octahedral structure and a
high-spin configuration while complexes with strong-field ligands favor a square-planar coordination and

a low-spin configuration*® ", Exceptions to these rules have been reported. For example, the family of Ni[z-
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bu,P(O)NR], complexes, where R = iPr or c-hexyl, adopt square-planar geometries with S=1 spin states”'.
The ground-state spin and geometry of Ni(Il) complexes have implications for their excited-state properties

and reactivity, such as the ability to undergo triplet-triplet energy transfer’.

In contrast to their second- and third-row transition metal counterparts, the ultrafast photophysics of Ni
photocatalysts has only been scarcely studied, and the results of recent studies are often in conflict with one
another’>>*. The unambiguous determination of the nature and lifetime of excited states is crucial, as these
states may be indirectly or directly responsible for the reaction outcome (i.e. product yield, selectivity,
specificity, and byproducts). For example, the metal-to-ligand charge transfer (MLCT) state lifetime in
second- and third-row transition metal d® complexes such as Ru(bpy); is in the nanosecond (ns)-to-
microsecond (ps) regime™. Such long-lived MLCT states leave sufficient time for bimolecular processes
to occur in solution. In contrast, the MLCT excited states of first-row transition metals are generally
deactivated rapidly (within tens of picoseconds (ps)) due to the presence of low-lying metal-centered d-d
states>®. In the case of Ni(bpy)-based photocatalysts, two mechanisms for light-promoted catalysis have
been proposed. Ab initio calculations have suggested that reductive elimination from the triplet MLCT state
directly leads to the formation of new C-heteroatom bonds’’®. Other experimental and theoretical work
has proposed the population of ligand-to-metal charge transfer (LMCT)** or (d-d)'"*** states, in which metal
d-orbitals mix with antibonding ligand c-orbitals, promoting metal-ligand bond cleavage and forming
highly reactive intermediates (such as Ni(I) species) via a unimolecular process'’. These reactive
intermediates would then undergo a “dark” catalytic Ni(I)/Ni(II) cycle without the involvement of photons.
However, there is no direct experimental evidence for any of these states or photocatalytic pathways, and

their assignments heavily rely on ab initio calculations.

We present L- and K-edge XAS, supported by Evans method nuclear magnetic resonance (NMR) and
superconducting quantum interference device (SQUID) magnetometry, of a characteristic Ni photocatalyst,
(dtbbpy)Ni(o-tol)CI (dtb = 4,4’-di-tert-butyl, o-tol = ortho-tolyl), which is the proposed ground-state analog

to the intermediate species formed in the Ni photocatalytic cycle for carbon-heteroatom bond coupling



reactions®®*’. We show that the ground state of (dtbbpy)Ni(o-tol)Cl exhibits a mixture of singlet and triplet
character, rather than a pure singlet state as previously assumed®. The admixture of triplet character is
expected to increase the relaxation rate for distorted triplet excited states back to the ground state by making

the transition partially spin-allowed.

In addition to determining the ground-state properties of (dtbbpy)Ni(o-tol)Cl, we aimed to elucidate its
excited-state dynamics upon light excitation. Previously, Doyle and co-workers reported that this complex
exhibits an excited state that decays back to the ground state on the time scale of 3-8 ns, depending on the
solvent’>*®. They initially assigned this state to a long-lived MLCT state®?, which was later revised to be a
tetrahedral *d-d state based on density functional theory (DFT) calculations™. While the latter study
provides compelling evidence for the disappearance of the MLCT state within ~10 ps via time-resolved
infrared (IR) spectroscopy, no direct experimental evidence is provided for the identity of this long-lived
excited state. Optical spectra are congested and non-specific making unambiguous identification of metal-
centered states difficult. X-ray absorption spectroscopy, on the other hand, offers a distinctive view since it
is element-specific and directly sensitive to the metal-ligand interactions. In this work, we employ
picosecond-resolved Ni L- and K-edge XAS to unambiguously determine the identity of the ~5 ns excited
state in (dtbbpy)Ni(o-tol)Cl as a tetrahedral *d-d state. While ultrafast K-edge spectroscopy is well-

39,40,60,61

established for Ni coordination compounds , the Ni L-edge has been completely unexplored so far

in this time regime.

The determination of ground- and excited-state properties using X-ray spectroscopy and magnetometry
in this work has profound implications for the future development of Ni(Il) photocatalysts where careful

synthetic ligand design may enable tuning of excited-state lifetimes, reaction pathways, and quantum yields.



2. RESULTS AND DISCUSSION
2.1 Ground-State Characterization

2.1.1. L-edge X-ray Absorption Spectroscopy. In first-row TM complexes, soft X-ray Lj,-edge
spectroscopy locally probes the empty 3d density of states at the metal center through dipole-allowed
2p—3d transitions and is thereby sensitive to metal-ligand covalency, the metal oxidation state, spin state,

and local coordination symmetry 26>

. We performed solution-phase Ni L-edge spectroscopy in
transmission mode to characterize the ground state of (dtbbpy)Ni(o-tol)Cl in dimethylformamide (DMF)
(see Supporting Information (SI) Section S1 for synthetic details). The Ni L,3-edge transitions lie at
approximately 850 eV (2ps;-core excitation, L3 edge) and 870 eV (2p1.-core excitation, L, edge). Because
soft X-rays at these energies are heavily absorbed and scattered by matter, a very thin liquid sheet of sample
must be formed in a vacuum chamber. For this purpose, we used a vacuum-compatible colliding liquid jet

with a sheet thickness of approximately 2 um as part of the nmTransmissionNEXAFS end station at

beamline UE52_SGM of the BESSY II synchrotron facility®”*® (see SI Section S2 for more details).

Fig. 1 shows the ground-state L, 3-edge spectra of 20 mM (dtbbpy)Ni(o-tol)Cl in DMF, together with
several simulated spectra using the CTM4XAS code®. The energy was calibrated based on spectra reported
in the literature’. The L;-edge spectrum contains one main peak (A) at 853.4 eV, with a prominent shoulder
(A”) on the red side at approximately 852.6 eV and a weaker shoulder (A) on the blue side at approximately
854.6 eV. The L,-edge spectrum features one main peak; the lower energy shoulder visible in the simulation

could not be clearly resolved.

Based on the literature®>>

, we expected the (dtbbpy)Ni(o-tol)Cl complex to adopt a square-planar low-
spin structure. Previous work on four-coordinate low-spin Ni complexes such as porphyrins and
phthalocyanines shows a strong, sharp Ls-edge absorption feature at ~854 ¢V assigned to the 2p;»—>3d,2,2

transition and a well-separated feature about 1.5 eV higher in energy assigned to transitions from 2ps/; to

hybridized Ni 3d-N 2p orbitals’'. Single, sharp 2ps;»=>3d.2,2 absorption features are observed for
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Figure 1. Experimental Ls- and L,-edge XAS spectra (blue trace) with simulated spectra featuring different ratios
between singlet and triplet character in gray and black. The simulated spectra are arbitrarily scaled to match the
intensity of the L3-edge white line, and the L,-edge experimental data is arbitrarily scaled to match the intensity of the
resulting simulated L,-edge peak for a mixture of 70/30% singlet/triplet character.

bioinorganic low-spin Ni(Il) complexes such as [NiFe] hydrogenases as well as model complexes such as
NiF, and Ni[bis(diphenylbis((methylthio)methyl)borate)]’. This single peak splits into two peaks for high-
spin Ni(Il), nominally because there are now two d holes (d.> and 3d,2,2) available for the 2p3;»—>3d
transition’’. The presence of the high-energy shoulder (A,) alone is thus not a good indicator of either a

low- or high-spin configuration in Ni(II) complexes. We therefore focus on the low-energy shoulder (A”).

The low-energy shoulder (A’) observed in the L3-edge spectrum is atypical for low-spin Ni(Il). In order
to better understand this feature, we performed semiempirical ligand-field multiplet simulations using the
CTM4XAS software package®”’? (see SI Section S2.1 for details). This method uses a parametric
Hamiltonian that represents the crystal field strength and symmetry, describing the ground state as a linear
combination of crystal field configurations such as ¥ = ald;‘;d,zcydgzdgz_yz + azd;‘;d,zcydéz d,lcz_yz + -,
where the energy of each configuration is given by the crystal field parameters 10Dq, Ds, and Dt for a
system with D4, symmetry. In systems with appreciable covalency, additional configurations accounting
for charge transfer to/from a ligand are added and parametrized by the energy difference and coupling

strength between the d™L and d""'L" states. These configurations are mixed via spin-orbit coupling resulting



in a manifold of electronic states. Transition dipole matrix elements are then calculated between the 3d™

ground state and 2p°3d™"! excited states to produce an XAS spectrum.

Beginning with ligand-field parameters developed for low-spin Ni(Il)octacthylporphyrin’, we
adjusted the ligand field until we reproduced the low-energy shoulder. The best match between simulation
and experiment is shown in Fig. 1. The energy spacing between the main peak A and the low-energy
shoulder A’ as well as their intensity ratio show an excellent match to the experiment, though the strength
of the high-energy shoulder A, is overestimated in the simulation of the Ls-edge spectrum. Inspection of
the ground state generated by this ligand field reveals a quantum mixture of approximately 70% singlet and
30% triplet character. Small changes to the ligand-field parameters (+0.05 eV) also gave reasonable matches
to experiment, and the resulting ground states have triplet character ranging from 30% to 50% (Fig. S2A).
We were unable to reproduce the experimental low-energy shoulder A’ using any ligand field that produces
a pure-singlet ground state. Although the semiempirical nature of this calculation (which for example does
not account for the true C; symmetry of the molecule) does not allow a quantitative measure of the actual
triplet character, this analysis indicates that (dtbbpy)Ni(o-tol)Cl cannot be described simply as a singlet
ground state. As shown in Fig. S2B, a reasonable correspondence to the experimental spectrum can also be
obtained for a linear combination of pure-singlet and pure-triplet simulated spectra. Thus, the L-edge
spectrum alone is not sufficient to determine whether we have a quantum admixture of singlet and triplet
or a statistical mixture of the two. Below in Section 2.1.3 we confirm the former scenario with SQUID

magnetometry.

We note that the L3 » spectrum of (dtbbpy)Ni(o-tol)Cl in powder form is nearly identical to the solution-
phase spectrum (Fig. S1). Since the crystal structure shows a nearly square-planar geometry around the Ni
center’?, this rules out the possibility of solvent coordination and significant distortions away from square-
planar symmetry in solution. Paramagnetic square-planar ground states have previously been observed in
sterically hindered Ni(II) coordination compounds’. Here we report this admixture of singlet/triplet spin

state character for the first time for a prototypical Ni(Il)-bipyridine organometallic photocatalyst.



2.1.2. Nuclear Magnetic Resonance. Based on these intriguing results, we decided to investigate the
ground-state spin character using Evans method NMR (see SI Section S3 for details). This technique
enables the determination of the magnetic susceptibility in cases of paramagnetic samples’>®. The NMR
experiments were performed in deuterated solvents and with an internal standard for calibration of the peak
integrals. They were performed in DMF, dichloromethane (DCM), and tetrahydrofuran (THF) at varying
concentrations. All solvents and concentrations yield the same results. Variable-temperature Evans method

NMR was performed on the complex in DCM.

NMR measurements of the complex without an added internal standard exhibit sharp, diamagnetic
peaks that integrate to the expected values. However, adding an internal standard (benzodioxole) to the
NMR tube and spin integrating with respect to the standard peaks reveals a significantly decreased
integration of the peaks corresponding to the diamagnetic, singlet-state complex, suggesting that the
complex may contain only ~45% of diamagnetic material (Fig. S5). We therefore carried out Evans method
NMR measurements in which a capillary containing deuterated solvent and benzodioxole is placed inside
an NMR tube containing (dtbbpy)Ni(o-tol)Cl and benzodioxole, and the shift in the benzodioxole peaks is
quantified. The Evans method yields a pesr of 1.76 Bohr Magnetons (ug) at room temperature, which is an
intermediate value between the pure singlet value (u=0 pg) and the value of p ~ 4 pg expected for a four-

coordinate triplet Ni(II) complex’”’®. While this could indicate an S=" system (u=1.73), we are confident
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Figure 2. (A) Temperature dependence of ym7 determined from variable-temperature Evans method NMR on 10mM
(dtbbpy)Ni(o-tol)Cl in d2-DCM. (B) Linear dependence of 1/ym vs. T indicating that the Curie-Weiss law applies.
The slope corresponds to the Curie constant, C.



that the complex has a d® electron configuration based on the similarity of K-edge XAS experiments with
previous spectra of Ni d®* compounds (Section S6). The possibility of solvent binding to the Ni(II) center
causing a change to a triplet ground state was further ruled out by measurements in non-coordinating
solvents (DCM), which yield the same s values as in coordinating solvents (DMF or THF) (Table S2), as
well as by solid-state magnetometry experiments described below. The possibility of aggregation was ruled
out by Evans method NMR measurements in d2-DCM across a broad range of concentrations, and no

dependence of pg on the concentration of sample is observed (Fig. S8)”.

To further investigate the paramagnetic character of the ground-state complex, we performed
variable-temperature Evans method NMR experiments. Plotting ym7 versus temperature (7) yields a
relatively flat line with a value of approximately 0.4 cm® K mol™ after the diamagnetic correction (Fig. 2A).
This shows that the paramagnetic susceptibility is fairly constant in the temperature range of the experiment,
which is characteristic of paramagnetic species™. Plotting 1/xu versus T yields a linear plot, which indicates
that the complex is following the Curie-Weiss law for paramagnetic materials (Fig. 2B). The slope
corresponds to the Curie constant and is fitted to a value of 2.5 £ 0.05 m® K mol™'. These results corroborate

the findings from the L-edge data and confirms that the complex contains high-spin character.

2.1.3. SQUID Magnetometry. SQUID magnetometry measurements were carried out on the solid
sample at a constant dc field of 1000 Oe between 300 K and 2 K (Fig. 3) (see SI Section S4 for details).
Paramagnetic materials feature positive susceptibilities with a strong increase in susceptibility at low
temperature where magnetic interactions prevail over thermal fluctuations. The measured room temperature
auT is 0.43 cm® K mol™, in good agreement with the NMR results (Fig. 2A). A linear 1/ym versus T
dependence is obtained in the temperature range 2 K — 300 K (Fig. 3B). The slope yields a Curie constant
of 2.80 £ 0.05 m* K mol™!, which is in good agreement with the value determined from the variable-

temperature Evans method NMR data (Fig. 2B).
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Figure 3. (A) ymT vs T of (dtbbpy)Ni(o-tol)Cl in the solid state from SQUID magnetometry (blue squares) with a fit
to the zero-field splitting (ZFS) model (black dashed line, g = 2, D-value = -12 + 0.5 ¢cm’!, temperature-independent
paramagnetism = 0.00042 + 0.00001, triplet-state fraction = 30%), which is a model of a quantum-mechanical mixture
of singlet and triplet states. Simulated data sets using the ZFS model assuming a Boltzmann distribution of singlet and
triplet states with energy splitting between the singlet and triplet states of 20 cm™! and 100 cm™! between the triplet and
singlet states (statistical mixtures, light and dark gray solid lines, respectively). The gray dashed line denotes the
experimentally determined ym7 value determined from variable-temperature (VT) Evans method. (B) Linear
dependence of 1/xm vs T from the SQUID magnetometry experiment. The slope of the linear fit is the Curie constant,
C.

As discussed in Section 2.1.1 and Section S2, both a quantum-mechanical admixture and a linear
combination of singlet and triplet spectra adequately reproduce the ground-state L-edge spectra. Therefore,
we simulated the magnetometry ym7 vs T data using the zero-field splitting (ZFS) model with a temperature-
independent percentage of triplet character (i.e, a quantum admixture), or with a Boltzmann distribution of
singlet and triplet states (i.e, a statistical mixture, see SI Section S4 for details)®’. The Boltzmann
distribution clearly fails to adequately model the data, even for small (~20 cm™) energy differences between
singlet and triplet states (Fig. 3A). However, the ZFS model using the temperature-independent quantum
mixture of singlet/triplet states fits the data very well. In this model, the g-factor and triplet-state fraction
are highly correlated fitting parameters. For reasonable values of the g-factor between 1.9 and 2.2°*% the
triplet-state fraction is fitted to 25-33% (Fig. S10), in good agreement with the values determined from L-
edge X-ray spectroscopy (~30%, Section 2.1.1) and Evans method NMR (~45%, Section 2.1.2). The D-
value is fitted to -12 + 0.5 cm™, and the temperature-independent paramagnetism is fitted to 0.00042 +

0.00001 cm® mol™'; both are reasonable values compared to those reported in the literature®'-*,
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We thus conclude that the (dtbbpy)Ni(o-tol)Cl complex exhibits a quantum mechanically mixed-spin
ground state, instead of a pure singlet ground state as previously assumed®>>*. Such spin-state mixtures
have been previously observed in heme systems®, but to our knowledge this is the first report of such a

quantum mixed-spin state in a Ni(II) organometallic complex.

2.2 Nature of the Long-Lived Excited State

Armed with new knowledge on the ground-state properties of (dtbbpy)Ni(o-tol)Cl, we aimed to determine
the identity of the long-lived photoinduced excited state using X-ray transient absorption (XTA)
spectroscopy. Previous optical and IR transient absorption experiments were done with excitation at >400
nm, and showed features of vibrational cooling in the MLCT manifold on the ~1 ps timescale, decay into a
metal-centered triplet state on the 5-10 ps timescale, and back-relaxation to the ground state on the few ns
timescale™. In the L-edge XTA experiments reported here (Section 2.2.1), the pump wavelength was chosen
to be 343 nm overlapping with the red edge of the ligand n->n* transition (Fig. S11). Our optical transient
absorption (OTA) data (SI Section S5.1) show that for this excitation wavelength, the MLCT states are
populated promptly, and the consequent dynamics is similar as for longer excitation wavelengths. We
conclude that in our XTA experiments at ~100 ps time delay, the same long-lived state with a lifetime of ~

5 ns is populated as in previous studies with lower-energy excitation®**,

2.2.1. Transient L-edge XAS. We performed laser pump — soft X-ray probe experiments at the UES52-
SGM beam line at BESSY 11°” on a 20 mM solution of (dtbbpy)Ni(o-tol)CI in DMF (see SI Section S4 for
experimental details). The transient (laser on minus laser off) Ni L;,-edge spectra at ~100 ps time delay
(343 nm, 350 fs pump, 208 kHz, 3 mJ/cm* absorbed fluence) are shown in Fig. 4A, together with the
ground-state spectra for comparison. On first sight, both edges seem to shift to lower energy upon

84-86

photoexcitation, which may be due to changes in charge density at the Ni center or changes in ligand-

field strength and/or symmetry’®*’. Kinetic monitoring at 852 eV, corresponding to the peak of the L;-edge
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transient, yields a single-exponential decay with a decay time of 4890 ps + 230 ps, in excellent agreement
with the ground-state recovery time determined in OTA experiments (Fig. S14). This confirms that we are
probing the longest-lived excited state of (dtbbpy)Ni(o-tol)Cl whose nature we seek to unambiguously

determine here.
To this extent, we investigated several excited-state scenarios using the ligand-field multiplet method

described in Section 2.1.1 (details are provided in SI Section S2.1). First, we calculated the spectra for Ni

with d” and d° electron configurations, instead of d® for Ni(II), in order to qualitatively simulate square-
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Figure 4. (A) Ls-edge transient spectrum of 20 mM (dtbbpy)Ni(o-tol)Cl in DMF at ~100 ps after photoexcitation at
343 nm (red) together with the ground-state spectrum in blue; (B) Kinetic trace collected at 852 eV (peak of the L3
transient, green arrow in panel A) with the single-exponential fit shown in the dashed line; (C) Simulated difference
spectra using d’ (solid black, “MLCT state) and d° (dashed black, “LMCT state™) electron configurations for Ni,
together with the experimental transient spectrum (red; same as in A); (D) Simulated difference spectra using high-
lying 3d-d (solid black) and 'd-d (dashed black) states with the square-planar ground-state ligand field symmetry and
parameters. The simulated difference spectrum using a tetrahedral ligand field is shown in gray. The experimental
transient spectrum (red) is added for comparison (same as in A). Shaded areas in A and B denote standard error. The
simulated spectra in C and D have been arbitrarily scaled to match the intensity of the experimental data at 853.4 eV.
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planar excited states with MLCT or LMCT character (Fig. 4C). All simulations were performed with the
same ligand-field and charge-transfer parameters as the best-match simulation for the ground state (Fig. 1);
however, the d° state did not include charge transfer, as the addition of charge transfer would invoke a d
state, which has no Lj,-edge intensity. The simulated ground-state spectrum was subtracted to generate
difference spectra to compare to the experimental transient spectrum at ~100 ps after photoexcitation.
Overall, the spectra of states with different d-electron counts do a poor job of simulating the experimental
data. Although the d° (“LMCT”) state features a red shift, the simulated spectrum is much broader than the

experimental spectrum.

Next, d® square-planar excited states were considered (d-d states) (Fig. 4D). The simulated difference
spectrum for a square-planar excited '(d-d) state features a blue shift, which is the opposite of what is seen
in the experiment. On the other hand, the simulated difference spectrum for a square-planar excited *(d-d)
state exhibits a reasonable match at the L3 edge, but the width of the transient features and the red shift at
the L,-edge are heavily overestimated. Finally, we considered a geometric change in the excited state. DFT
calculations indicate that the lowest-lying triplet state has tetrahedral geometry®, and so we simulated a
triplet state with a tetrahedral ligand field without charge transfer character (Fig. 4D). This excited-state
simulation exhibits the best match to the experiment at both edges in terms of peak position and width of
the transient features. The discrepancy in bleach intensity at the Li-edge between the experiment and the
simulation may be due to the assumption that the CTM4XAS program requires the selection of a specific
geometry and cannot account for the true C; symmetry of the complex, nor for any geometries deviating
from pure point-group symmetries (e.g. slight distortions away from square-planar geometry as suggested
by the crystal structure of (dtbbpy)Ni(o-tol)Cl1)*?). Our L-edge XTA data thus strongly supports the
assignment of the long-lived excited state of (dtbbpy)Ni(o-tol)Cl as the tetrahedral metal-centered *(d-d)

state predicted by DFT (SI Section S7), in agreement with the proposed state assignment by Doyle et

11,1 1
al'™ 7,53,6 ,88‘

13



2.2.2. Transient K-edge XAS. We performed static and transient XAS measurements of the
(dtbbpy)Ni(o-tol)CI complex (5 mM in DMF) at the Ni K-edge at beam line 11-ID-D of the Advanced
Photon Source (APS)¥ (see SI Section S6 for experimental details). K-edge spectra of first-row TM
complexes involve the excitation of a 1s electron to empty 4p states and are highly sensitive to local
geometry about the metal center’”. The K-edge data are shown in Fig. 5. The static spectrum (Fig. 5A)
features a shoulder at the low-energy side of the white line at 8337.5 eV, which is assigned to the 1s—4p;
transition®*”'. The Ni 4p,, orbitals are higher in energy than the 4p. orbitals in square-planar complexes

due to strong c-interactions between the 4p;,, orbitals and the ligand 2s orbitals®!

The transient K-edge spectrum recorded at ~100 ps after photoexcitation (515 nm, 20 mJ/cm?
absorbed fluence, 120 fs) is shown in Fig. SA. The kinetics were monitored at 8337.5 eV corresponding to
the peak of the 4p. bleach (Fig. 5B). A single-exponential decay with a time constant of 5310 ps = 530 ps
is obtained, in good agreement with both the time-resolved optical (Section S5) and L-edge data (Fig. 4B).
The transient spectrum exhibits a bleaching of the 1s = 4p; rising-edge feature and an increase in intensity
at the white line (1s = 4p.,) (Fig. SA). This suggests that in the excited state, the 1s=>4p. absorption band

shifts to higher energies due to destabilization of the 4p. orbital. The latter is consistent with the geometric
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Figure 5. (A) Ground-state K-edge spectrum in blue with pump-probe signal measured at a 100 ps delay in red and
simulated transient spectrum in black. The latter has been scaled by a factor of 0.01 to match the amplitude of the
bleach feature at 8337.5 eV. (B) Kinetic monitoring at 8337.5 eV (green arrow in panel A) showing a decay time of
5310 £ 530 ps, in good agreement with optical and L-edge measurements. Shaded areas denote standard error.
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reorganization to a T4 ligand field in the *d-d excited state, in which all Ni 4p orbitals are hybridized with

3d orbitals and degenerate.

To corroborate this interpretation, we performed simulations of the Ni K-edge spectrum using the real-
space, full-potential FDMNES code.”*”* The simulated difference spectrum is generated by subtracting the
normalized ground-state simulation from the normalized excited-state simulation using the geometry-
optimized square-planar and tetrahedral geometries from DFT as input structures, respectively (SI Section
S7). The resulting (scaled) difference spectrum shows a reasonable match to the experimental transient
spectrum, with a decrease in intensity at the 1s = 4p. peak and a slight increase in intensity in the white
line region (Fig. 5A). The simulated transient is scaled by a factor of 0.01 to match the intensity of the
ground-state bleach, which indicates an excitation fraction of ~1%. However, this factor is artificially low
due to the overestimated strength of the 1s = 4p, transition in the ground-state simulation by approximately
a factor of 10 (Fig. S16). The excitation fraction is therefore actually closer to ~10%. In Section S6 we
show that the intensity of the 1s = 4p. peak is particularly sensitive to the dihedral angle between the
bipyridine plane and the (o-tol)ClI plane; the larger the angle, the lower the intensity of the pre-edge peak.
The intensity of the transient 1s = 4p, bleach feature is thus a unique signature of a structural distortion

away from the square-planar ground-state geometry.

Qualitatively, these observations are similar to the transient K-edge spectra observed for Ni(Il)
porphyrins or Ni(II) phthalocyanines in coordinating solvents******* The long-lived transient states in
coordinating solvents of Ni(Il) porphyrins and phthalocyanines involve solvent coordination to the Ni(II)
center to form an octahedral complex from a square-planar ground state, destabilizing the 4p, orbital as

evidenced sensitively in the pre-edge region of the K-edge spectrum.
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3. Conclusion

Using a combination of static L,3-edge X-ray spectroscopy and magnetometry we found that the ground
state of (dtbbpy)Ni(o-tol)Cl exhibits a nearly square-planar geometry with a quantum mixture of ~70/30%
singlet/triplet character, as opposed to the pure singlet character as previously assumed. This finding
represents an interesting exception to the common assumption that Ni(Il) complexes either adopt a
tetrahedral high-spin structure with weak-field ligands, or a square-planar low-spin structure with strong-
field ligands*®*°. We believe that the quantum mixture of singlet and triplet character observed for
(dtbbpy)Ni(o-tol)Cl is a consequence of the fact that the complex is in an intermediate ligand-field regime,
namely containing one weak-field ligand (Cl) and one strong-field ligand (o-tol). Furthermore, steric
interactions between the ortho-tolyl and bipyridine ligands may play a role as well. Such steric effects have
been inferred in paramagnetic Ni(II) ground-state complexes’™, as well as mixed-spin heme systems®.
Using transient L-edge and K-edge X-ray spectroscopy, we unambiguously determined that the lowest
excited state of (dtbbpy)Ni(o-tol)Cl is a tetrahedral triplet *(d-d) state with a life time of ~5 ns for back-
relaxation to the ground state. The triplet admixture in the ground state thus shortens the lifetime by making
the back-relaxation from the *(d-d) state partially spin-allowed. Hence, these results open the possibility of
prolonging the excited-state life time of (dtbbpy)Ni(o-tol)Cl by reducing the contribution of triplet character
in the ground state. Future X-ray spectroscopy and magnetometry studies with different ligands,
systematically tuning both ligand field and sterics, will provide synthetic handles to disentangle the factors

leading to quantum mixed ground states in Ni(II) complexes.
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