Ultrafast population and structural dynamics of a Ni-bipyridine photoredox
catalyst reveal a significant deactivation pathway
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Abstract

The ultrafast excited state pathways and dynamics of Ni'l-bipyridine complexes influence the yield
of photochemical processes involved in their catalytic cross-coupling reactions. Here we present
ultrafast Ni KP x-ray emission spectroscopy (XES) and x-ray solution scattering (XSS) of a Ni'l-
bipyridine aryl halide complex, [Ni(*®'bpy)(o-tol)Br], to quantify the excited state population
dynamics and structural changes of the pre-catalyst. Due to the local spin-sensitivity of XES, the
population dynamics of metal-to-ligand charge transfer (MLCT) and metal-centered (MC) excited
states 1is established. A rapid ground state recovery pathway is newly identified, representing a
significant deactivation pathway during photocatalysis. Furthermore, the pseudotetrahedral
structure of the long-lived MC excited state is unambiguously identified and refined by XSS. The
results advance our understanding of the ultrafast relaxation mechanisms that impact the
photocatalytic mechanism and yield for Ni'-bipyridine aryl halide cross-coupling catalysts.
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Manuscript Text

The development of first-row transition metal photocatalysts is important for achieving
challenging synthetic transformations using earth abundant materials. Ni"-bpy (where bpy = 2,2’-
bipyridine) complexes have been widely and successfully implemented in a range of photoredox
reactions driving the formation of C—C and C-heteroatom cross-coupling products.!> Notably,
Ni'l-bpy complexes can catalyze C(sp’)—C(sp’) cross-coupling reactions difficult to access with
traditional Pd cross-coupling catalysts. When paired with a photosensitizer, the catalyst can be
activated by either energy or electron transfer from the photosensitizer.’ In some cases, Ni'-bpy
complexes can also be photoactivated through direct excitation, eliminating the necessity of a
precious metal photosensitizer.®” In particular, light-driven cross-coupling products have been
demonstrated for Ni'-bpy aryl halide [Ni(bpy)ArX] (Ar = aryl, X = halide) complexes, such as
that shown in Figure 1, upon direct excitation.®'2 The mechanism for this reaction is proposed to
proceed via excited state Ni—C bond homolysis that serves as a critical entry point into a Ni'//Ni'!
catalytic cycle.” This has motivated several studies of the excited state dynamics of [Ni(bpy)ArX]
and related complexes.®!>"!® However, direct real-time observation of the homolysis process (and
correlation with specific excited state processes leading to it) have been unachievable due to the
very low quantum yield (103-10"*) for the bond breaking reaction.'*
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Figure 1. Molecular structure of [Ni(“B"bpy)(o-tol)Br], a representative example of [Ni(bpy)ArX]
cross-coupling photocatalysts investigated here.

Optical transient absorption in the UV-Visible and IR spectral ranges have been used to assess the
ultrafast excited state dynamics underpinning the photochemical reactivity of [Ni(bpy)ArX]
complexes.®!? The prominent absorption features in the visible range correspond to Ni-to-bpy
metal-to-ligand charge transfer (MLCT) excitations.!> However, the dynamical processes
following MLCT excitation have been more challenging to assign based on transient optical
spectroscopies alone, as these methods are not uniquely nor directly sensitive to electronic excited
state population dynamics. Transient changes in the UV-Visible spectrum suggested vibrational
relaxation of the initial MLCT excited state (0.6-1.2 ps) is followed by formation (5-14 ps) of a
long-lived excited state with a ~3-8 ns lifetime (range of lifetimes due to the variety of ligands and
solvents measured).!> The long-lived excited state was initially assigned as having MLCT
character,® but was later revised to a triplet metal centered (*MC) excited state (also referred to as
d-d or ligand field excitations) based on additional transient IR measurements and the observed
shifts in the IR signatures of CO functional groups appended to the bpy ligand.'? A tetrahedral



structure for the *MC state was proposed based on DFT calculations. Both the MC character and
the tetrahedral structure of the long-lived species were subsequently supported by transient x-ray
spectroscopy at the Ni L-edge and K-edge, respectively.'® However, that work did not probe the
early (sub-100 ps) dynamics.

The ultrafast population dynamics should play an important role in the photochemical reaction
yields of [Ni(bpy)ArX] complexes. Ni-C bond homolysis was originally proposed to occur via
bond weakening in the 3MC excited state.!” Subsequent multireference calculations and
photochemical investigation alternatively suggested that internal conversion from the initial
MLCT state to a repulsive ligand-to-metal charge transfer (LMCT) state instead drives the Ni-C
bond breaking, with the low photochemical yield partially determined by the barrier between the
MLCT and LMCT states.!*!* In either mechanistic view, the lifetime and branching of the initially
excited MLCT state will directly affect the photochemical activity of the catalyst. Here we directly
probe the population dynamics of the MLCT and *MC excited states on the sub-20 picosecond
timescale for [Ni(“Bbpy)(o-tol)Br] (Figure 1, where “B'bpy = 4,4'-di-tert-butyl-2,2'-bipyridine and
o-tol = o-tolyl) dissolved in tetrahydrofuran (THF). We use an excitation wavelength of 535 nm,
which accesses the low-energy side of the Ni-to-bpy MLCT absorption, but does not provide
sufficient photon energy to excite the proposed dissociative LMCT excited state. For the related
[Ni(“B'bpy)(o-tol)Cl], this excitation wavelength did not cause measurable homolysis, but
excitation on the higher energy side of the same MLCT absorption band did.'* The population
dynamics of the MLCT and *MC excited states are quantified here from Ni KB x-ray emission
spectroscopy (XES), due to its direct sensitivity to the local Ni spin state, as described below. In
parallel, the ultrafast x-ray solution scattering (XSS) is measured to track the structural changes
that occur on the *MC potential energy surface and refine the tetrahedral structure of the relaxed
SMC state. All measurements were conducted at the X-ray Correlation Spectroscopy (XCS) liquid
jet endstation of the Linac Coherent Light Source (LCLS). Detailed experimental and
computational methods are described in the Supporting Information.

Ultrafast Ni K[ x-ray emission spectroscopy reveals excited state population dynamics

Ni KB x-ray emission spectroscopy (XES) probes the 3p-1s emission following ionization of a Ni
Is core electron. The Ni KB XES spectrum is comprised of a main K13 line ~8265 eV and a
weaker K3’ line ~8255 eV. The relative intensity of the KP’ line and its energetic splitting with
respect to the KB13 line both increase with increasing 3p-3d exchange interaction.!” 2 The shape
of the spectrum is therefore highly sensitive to the local spin density on the metal, which can be
quantified by comparison with appropriate reference complexes. Thus, K3 XES is widely used to
determine metal spin and oxidation state changes, particularly for complexes of Fe and Mn.?*=3* In
the ultrafast domain, the use of reference K3 XES spectra to model the excited states of varied Fe
spin moment has been integral for determining the mechanisms and dynamics of light induced spin
crossover for numerous photoactive Fe complexes.>*’



Ni KB XES has been less widely utilized. A single comparison of Ni K3 XES spectra for reference
complexes of varied spin identified the same monotonic increase in the K13 line energy and K3’
intensity that are well documented in Mn and Fe.*’ Thus, the Ni Kf difference spectrum measured
following excitation of [Ni(*B'bpy)(o-tol)Br] will reflect the changes in the local spin density on
the Ni atom in the excited state and, therefore, the population dynamics of the ground state (singlet
Ni''), MLCT excited state (doublet Ni'"), and MC excited state (triplet Ni'!). For this purpose, we
provide additional reference complex Ni KB spectra, more similar to [Ni(“B'bpy)(o-tol)Br] in
structure and ligation than the prior references. The reference spectra are plotted in Figure 2a-b,
where [Ni(“B'bpy)(o-tol)Br] represents our singlet Ni ground state spectrum, [Ni(cyclam)]**
(cyclam = 1,4,8,11-tetraazacyclotetradecane) models the doublet Ni species formed in the MLCT
excited state (square planar structure), and [Ni(bis(indanyloxazoline))Br2] models the triplet Ni
species of the MC excited state (tetrahedral structure). Additional reference complexes are also
presented in Figure S4 to identify how variations in metal-ligand bonding impact the Ni K3 XES
spectrum.Following excitation of [Ni(*B'bpy)(o-tol)Br] in THF at 535 nm, KB emission spectra
were measured as a function of time delay. Difference XES spectra are presented in Figure 2c-d at
delays averaged over 0.2-1.2 ps delays and at 19.2 ps fixed delay. Both difference spectra show
clear depletions around 8265 eV and enhanced signal around 8268 eV, consistent with increased
spin density on Ni in the excited states. The 19 ps difference spectrum is best fit using the triplet
Ni reference spectrum, as expected for a long-lived *MC excited state. The 0.2-1.2 ps difference
spectrum is not well fit by either of the doublet or triplet Ni reference complexes alone and may
represent a mixture of the two excited state populations at this delay time (Figure S3). The shape
of the transient spectra below ~8262 eV is difficult to assess quantitively due to the noise level of
the data. However, it is robustly observed that the absolute magnitude of the transient difference
signal decreases significantly between the early and late delay times (Figure 2f). This observation
is inconsistent with the increasing spin density expected for quantitative formation of *MC states
from the initially populated MLCT states, which would be expected to increase the difference
magnitude. Alternative photophysical pathways to explain this observation are considered below.

The time-dependence of the K3 difference signal magnitude is shown in Figures 2e-f on two
timescales. Figure 2e illustrates the prompt growth of the difference signal within the instrument
response function (130£60 fs FWHM) of the experiment. Figure 2f illustrates the decay of the
difference magnitude to approximately 30% of its maximum value within ~2 ps. The time-
dependent signal has two possible mechanistic explanations. First, much faster formation of *MC
excited states (<140 fs) than proposed by prior optical spectroscopy (5.6 ps)'? could explain the
single and prompt rise time in difference magnitude, followed by biphasic ground state recovery.
This possibility is ruled out by the observation of spectral re-shaping between the 0.2-1.2 ps and
19 ps delay difference spectra, indicating that multiple excited states having distinct Ni spin
moments are observed in the experiment. The remaining mechanistic explanation for the time-
dependent data is illustrated in Figure 2g, where a significant ground state recovery pathway (42,
decreasing difference magnitude) competes with formation of the MC excited state (kz, increasing
difference magnitude). In this case, the prompt rise corresponds to excitation of the MLCT state
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Figure 2. Ni K X-ray emission spectroscopy of [Ni(“B'bpy)(o-tol)Br] and reference complexes. (a-b) Reference
complexes illustrate the expected spectra and difference spectra for singlet, doublet, and triplet Ni species. (c)
Transient spectrum of [Ni(“B'bpy)(o-tol)Br] measured over range of 0.2-1.2 ps (black) overlaid with best fit of
triplet (red) and doublet (blue) reference difference spectra. (d) Transient spectrum of [Ni(*BUbpy)(o-tol)Br]
measured at 19 ps (black) overlaid with best fit of triplet (red) reference difference spectrum. (e) Early time
dynamics showing the rise of x-ray emission signal integrated over range of 8263-8266 eV (black) and fit to error
function (red). (f) Longer time dependence showing decay of x-ray emission signal integrated over range of 8263-
8266 eV (black) and fit to kinetic model (red). (g) Kinetic model including two decay pathways for the initially
excited MLCT state. (h) Population dynamics for '"MLCT and *MC excited states extracted from the fit to the
kinetic model in (g). Reported populations are relative to the initial MLCT excitation fraction.

and the longer dynamics reflect the competition between k; and k2. This is the only viable

explanation that allows for both the time dynamics of the difference magnitude and the time-

dependent reshaping observed in the K3 spectrum. We note, however, that we cannot exclude other
short-lived intermediates in the path to MC formation if their depletion is faster than their
formation (for example, a 'MC intermediate state is considered in Figure S5). Using the kinetic
model of Figure 2g, the time-dependent difference magnitude can be fit to extract the excited state



population dynamics. First, time-dependent populations of the MLCT and *MC excited states are
defined as follows:

[MLCT] = [MLCT] e~ (katka)t 1
kq
[MC] = [MLCT], (k — )(1 — e~ (atka)t) 2
1 2

The K difference magnitude at a given delay can be represented by a sum of the spectral
contributions of the MLCT and *MC excited states, weighted by their populations. Based on the
relative magnitudes of the absolute difference signals of the doublet and triplet Ni reference
complexes (Figure S2), we find that the difference magnitude of the 3MC state is 1.73 times that
of the MLCT state (using the same 8263-8266 eV range plotted in Figure 2e-f), such that

k
Ixgs = SIMLCT] + 1.73S[MC] = S[MLCT], |e~®1*k2)t 4+ 1,73 (k +1 - ) (1- e-(k1+kz>t)] 3
1 2

where S is a scaling factor representing the difference magnitude of the pure MLCT excited state.
By fitting the time-dependent difference magnitude to Eq. 3, we find that k7= 0.34 + 0.09 ps! and
k2=1.55 +0.53 ps! (see Table S2 for additional fit parameters). We note that the energy range
used for the fit was selected to contain the maximum transient signal (and was further constrained
to contain only the negative difference signal regions of the doublet and triplet reference
complexes, Figure S2), but did not impact the fit results (i.e., the reported rate constants are within
error of those extracted using the entire spectral range for the above analyses). We also note that
the statistical uncertainty reported as error bars of the fit parameters is larger than the uncertainty
introduced by the choice of specific reference complexes used in the analysis (Table S4).

The population dynamics extracted from the ultrafast Ni KB XES (Figure 2h) therefore identify
ground state recovery as the dominant relaxation pathway (82%) following MLCT excitation of
[Ni(“Bbpy)(o-tol)Br], significantly limiting formation of the MC excited state. The timescale for
formation of the *MC excited state is also mediated by the short lifetime of the MLCT state. The
3MC population grows to 63% (1-1/e) of its final value within 0.55 ps, considerably faster than
previously reported. Prior optical studies observed dynamics with 0.69 ps and 5.6 ps exponential
time constants, which were assigned to thermalization of the MLCT excited state and *MC
formation, respectively.'> The unique sensitivity of KB XES to the spin moment of Ni enables the
re-assignment of the faster time component to the loss of the MLCT excited state through both
processes shown in Figure 2g. We speculate that the slower dynamic (observed as a blue-shift in
the time-resolved IR spectroscopy of a similar complex!?) instead probes the thermalization of the
3MC state as it forms its equilibrium geometry.*!**> The demonstration herein of very fast internal
conversion to the ground state has direct implications for the yield of the Ni-C bond homolysis



reaction thought to activate the catalyst for cross-coupling reactions. As homolysis has been
proposed to occur via formation of either a dissociative LMCT state or a tetrahedral *MC state
following MLCT excitation,'>!3 ultrafast ground state recovery as observed here would compete
with both processes. This represents a significant deactivation pathway of the excited pre-catalyst
not considered previously and represents a significant limitation on the photochemical quantum
yield for excited state Ni(II)-C bond homolysis.

Ultrafast X-ray Solution Scattering quantifies the tetrahedral structure of MC excited state and
its formation dynamics

Having established the excited state population dynamics of [Ni(*Bbpy)(o-tol)Br] above, we can
now utilize the x-ray solution scattering (XSS) measurements performed simultaneously to
quantify the structure of the fully relaxed *MC excited state A tetrahedral structure was initially
proposed based on the density functional theory (DFT) structural optimizations of the lowest
energy triplet excited states of [Ni(R-bpy)(o-tol)Cl] complexes.!? This assignment was later
supported by the measurement of the transient Ni K-edge x-ray absorption spectrum at 100 ps
delay time, which identified a spectral change (blueshift of the 1s-to-4p; transition) consistent with
the loss of the ground state square planar geometry in the *MC excited state.'® However, this
observation cannot definitively confirm the tetrahedral structure, as the same spectral changes have
been observed both in the planar triplet excited states of Ni(Il) porphyrins and phthalocyanines
with expanded Ni-N bond distances, as well as upon increased coordination via axial solvent
ligation.**8 XSS provides a more direct way to quantify the structure of the relaxed *MC state.
XSS measures the elastic scattering of x-rays off all atom-pairs in the sample.** XSS has therefore
been applied in the time domain to assess both intra-molecular structural changes of photoexcited
molecules, as well as changes in their solvation structure.*>® Of specific interest here, the
sensitivity of XSS to dihedral angle has been demonstrated previously.”> Molecular dynamics
simulations coupled with calculations of elastic x-ray scattering cross-sections have proven useful
to link the XSS observables with specific structural changes,® and for separating different
contributions to the total scattering signal from the solvent, solute, and solute-solvent components.

The isotropic difference scattering signal measured at 19 ps is shown in Figure 3a and is
representative of the relaxed *MC excited state signal. The difference scattering signal is comprised
of contributions from solvent-solvent, solvent-solute, and solute-solute atom pairs,’*> which must
be deconvolved to extract the excited state structure of [Ni(“B'bpy)(o-tol)Br]. This is accomplished
here by separately considering the signals associated with THF solvent heating, taken from a
reference measurement of dye in solvent in a separate experiment®® (solvent-solvent, green trace,
Figure 3a), changes in the structure of [Ni(“®'bpy)(o-tol)Br] optimized by DFT for the lowest
energy triplet excited state (solute-solute, blue trace, Figure 3a), and changes in the solvation
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Figure 3. X-ray solution scattering (XSS) of [Ni(*®"bpy)(o-tol)Br]. (a) Experimental difference XSS measured at
19 ps delay (black, scaled to best match the simulated solute signal in the range of 2-4 A™") and predicted difference
XSS for the solute structural change (blue) and solvent cage (red) based on molecular dynamics calculations, and
the solvent heating term (cyan) measured in a separate experiment and scaled to match experiment.*’ (b) The
experimental XSS signal (black, 19 ps delay) in the 2-4 A range is compared to predicted solute structure signals
as a function of dihedral angle (defined as angle between two highlighted planes, defined as 0/180° for a square
planar geometry). (c) The fit residual as a function of dihedral angle suggests a structure with dihedral angle 78°
(geometry index t4= 0.80) best describes the *MC excited state (solid line), compared to the DFT-optimized angle
(dashed line).

structure surrounding [Ni(*B'bpy)(o-tol)Br] as extracted from molecular dynamics (MD)
simulations (solute-solvent, red trace, Figure 3a). Additional methodological details for the
calculations of the scattering signals can be found in the Supporting Information. Figure 3a shows
that each difference scattering feature observed at 19 ps can be attributed to one of the three
deconvolved signals. Between 1 and 1.8 A™! the difference signal is primarily attributed to heating



of the solvent and subsequent distortion of the THF solvent peak found at 1.3 A, The negative
difference signal <0.5 A™! suggests an increase in atomic distances that can be attributed to
expansion of the solvation cage>*>¢ as the [Ni("B'bpy)(o-tol)Br] structure changes (as supported
by MD simulations of the solvation cage structure, see SI Section 5 and Figure S8). Importantly,
we find that all of the difference features in the range Q >2.0 A-! result from changes in the solute
structure.”

The calculated difference scattering signal for the DFT optimized structure of the [Ni(“®'bpy)(o-
tol)Br] *MC excited state is scaled to best fit the measured 19 ps difference signal in the Q-range
>2.0 A"l in Figure 3b (82° simulation). From this comparison it is clear that the optimized structure
provides a reasonable approximation of the excited state structure measured. The difference
scattering signal is dominated by the torsional motion change in the dihedral angle from 177°
(geometry index®! 14=0.04) in the ground state to 82° (14=0.81) in the *MC state (Figure S9), while
the metal-ligand bond distances are not found to substantially impact the difference XSS signal
due to their relatively small changes (Figure S7).

To specifically validate the tetrahedral structural distortion occurring for the *MC excited state, we
isolate the effect of torsional motion on the scattering signal in Figure 3b by varying only the
dihedral angle (defined as the angle between the N-N-C and N-C-Br planes, as shown in the Figure
3c inset). We show that as the dihedral angle approaches 90° (purple to orange in Figure 3b), all
difference scattering features in this Q-range change in magnitude and shift towards lower Q
values, making the difference XSS signal highly sensitive to dihedral angle. For each angle, the
simulated difference XSS signal is scaled through a least-squares fit to best match the measured
19 ps difference signal and the residual is plotted in Figure 3c. The smallest residual is found for
dihedral angles of 78°, providing a minor experimental refinement of the structure for the relaxed
3MC excited state compared to that optimized using DFT. The structure of the *MC state best
matching the XSS difference signal is reported in Table S7 and shown in Figure S9.

Taken together, the combination of Ni KB XES and XSS provide a complete picture for the
electronic and molecular dynamics occurring in the first picoseconds following light excitation of
Ni(bpy)ArX photocatalysts. We observe two dominant ultrafast relaxation pathways of the excited
MLCT state. As previously reported, a MC state is populated and its pseudotetrahedral structure
was confirmed and refined here. Additionally, a dominant competing ground state recovery
pathway was revealed here that was not previously reported. From the population dynamics
measured herein, the lifetime of the initially populated MLCT state is considerably shorter than
previously realized (~0.5 ps measured here, compared to ~5 ps concluded from prior optical
work!?). Such high energy MLCT states were predicted to initiate the photochemical Ni-C bond
homolysis thought to be an important initial step in the cross-coupling reactions driven by this
class of complexes.'*!'* Therefore, the ultrafast depopulation of such states measured here
represents a significant deactivation pathway that limits the quantum yields of the Ni-bipyridine
cross-coupling photocatalysts.

More broadly, the present results point to the direct mechanistic importance of ultrafast internal



conversion in limiting the quantum yield of light-driven bond homolysis reactions. Although
quantum yield is recognized as a critical determinant of the energy costs for photoredox
chemistry,% it is often not reported for light-driven homolysis among photocatalysts, and those
that are reported vary widely from <<1% to close to 100%.%7% This should motivate detailed
investigations of the ultrafast non-radiative internal conversion processes, such as the ground state
recovery pathway identified here, that compete with the population of photochemically active (i.e.,
dissociative) excited states. The growing interest in these deactivating pathways is highlighted by
recent work investigating the ultrafast non-radiative relaxation processes that limit the efficiency
of metal-halide bond homolysis from LMCT excited states.®” Understanding the electronic and
structural properties that dictate the ultrafast branching between these active and inactive pathways
will ultimately lead to the design of more efficient and cost-effective photocatalysts.

Supporting Information

Experimental methods; Ni KB XES supporting data and analysis; XSS supporting data and
analysis; Computational methods; Calculated molecular structures; Calculation of XSS signals
supporting data and analysis;
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