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ABSTRACT: Square-planar Ni" complexes and their electronically excited states
play key roles in cross-coupling catalysis and could offer new opportunities to
complement well-known isoelectronic Pt" luminophores. Metal-to-ligand charge
transfer (MLCT) excited states and their deactivation pathways are particularly
relevant in these contexts. We sought to extend the lifetimes of MLCT states in
square-planar Ni'" complexes by creating coordination environments that seemed
particularly well adapted to the 3d® valence electron configuration. Using a rigid
tridentate chelate ligand, in which a central cyclometalated phenyl unit is flanked
by two coordinating N-heterocyclic carbenes, along with a monodentate ]
isocyanide ligand, a very strong ligand field is created. Bulky substituents at the
isocyanide backbone furthermore protect the Ni"" center from nucleophilic attack

in the axial directions. UV—Vis transient absorption spectroscopies reveal that upon excitation into '"MLCT absorption bands and
ultrafast intersystem crossing to the *MLCT excited state, the latter relaxes onward into a metal-centered triplet state (*MC). A
torsional motion of the tridentate ligand and a Ni'-carbon bond elongation facilitate *"MLCT relaxation to the *MC state. The
SMLCT lifetime gets longer with increasing ligand field strength and improved steric protection, thereby revealing clear design
guidelines for square-planar Ni" complexes with enhanced photophysical properties. The longest MLCT lifetime reached in
solution at room temperature is 48 ps, which is longer by a factor of 5—10 compared to previously investigated square-planar Ni"
complexes. Our study contributes to making first-row transition metal complexes with partially filled d-orbitals more amenable to
applications in photophysics and photochemistry.
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H INTRODUCTION 3d? valence electron configuration as encountered, for example,
in Ce is privileged19 because the lowest MC states, in this

With their more contracted 3d orbitals, first-row transition
case, can be very weakly distorted owing to the fact that these

metals experience inherently weaker ligand fields in coordina-

tion complexes than their second- and third-row congeners, are so-called spin-flip excited states,”” in which the bonding
and this can negatively affect the photophysical and photo- situation is largely unchanged with respect to the ground
chemical performance.’ One key issue is that weak ligand fields state.”’ Modern coordination chemistry manages to exploit this
imply energetically low-lying metal-centered (MC) excited favorable circumstance, resulting in Cr' complexes with
states, often associated with substantial molecular distortions, outstanding photoluminescence properties.”” "

due to electronic transitions between individual d-orbitals with However, for the 3d® and 3d® valence electron config-
different bonding characters. These distorted MC states offer urations, the presence of low-lying distorted MC states
unwanted nonradiative excited-state relaxation pathways, along represents a major challenge.z In second- and third-row
which the excitation energy dissipates rapidly and efficiently transition metal complexes with the d°® and d® configurations,

into molecular vibrations.””

With its 3d'° valence electron conﬁ§uration, Cu! is not
concerned by this fundamental problem, 3 simply because no
such d—d transitions leading to low-lying MC states exist
within the completely filled 3d subshell. Consequently, Cu'
complexes with photoactive metal-to-ligand charge transfer
(MLCT) excited states, similar as in precious metal-based
coordination compounds, have long been known.*™® The very
favorable special situation of Cu' has led to important recent
progress in the contexts of lighting,'’™"? solar energy
conversion,' *'* and photocatalysis. °~'" Aside from 3d'°, the

the respective MC states are often at higher energies than
emissive. MLCT or other charge-transfer (CT) states,l’g'2
making nonradiative relaxation less prevalent and leading to
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Figure 1. Strategy to enhance the photophysical properties of square-planar Ni'' complexes. (a) Typical molecular distortion of Ni'! complexes with
bidentate and two monodentate ligands, causing unwanted nonradiative excited-state relaxation. (b) Possible excited-state quenching processes in
square-planar Ni" complexes, including the nucleophilic attack by solvent or counteranions at the metal center and molecular vibrations in
complexes with one tridentate and one monodentate ligand. (c) Improved molecular design used for the elongation of MLCT excited-state
lifetimes in this study. The coordination environment of Ni in this scenario, though four-coordinate square-planar, resembles that of an
octahedron due to the sterically demanding monodentate ligand shielding the axial coordination positions.

favorable photophysical and photochemical behavior of
complexes made from Ru'l*? [134737 pell 38749 op Al 305!
Among 3d metals, Fe'' has received the most attention
concerning the relaxation of MLCT into MC states,>> ¢’
complemented recentlgr by studies of isoelectronic Co™, Mn',
and Cr’ compounds.®®™"* Thus, there is now a substantial
body of literature on the photophysics of 3d® compounds,
whereas 3d® complexes have remained underexplored in
comparison.2

Ni' is a prototypical 3d® species and can exist in various
coordination environments.”' [Ni(OH,)4]?" is octahedral,”
but strong-field ligands make four-coordinate square-planar
coordination more favorable.”* Consequently, when aiming at
Ni"! complexes with elevated MC-state energies due to strong
ligand fields, one is automatically confronted with square-
planar complexes, in which the absence of axial ligands
introduces new challenges. Metal—metal interactions between
dz* orbitals can lead to aggregation and stacking phenomena,
as illustrated by many square-planar Pt complexes.*>**7>7°
Recently, a Ni'! complex exhibiting weak intermolecular Ni—Ni
interactions in dichloromethane solution at room temperature
was reported.”” These interactions seemed to be too weak to
provide access to potentially emissive metal—metal-to-ligand
charge transfer (MMLCT) excited states. The lack of axial
ligands furthermore opens the possibility for nucleophilic
attack by solvent or counteranions at the cationic metal center
(Figure 1b), thereby creating additional excited-state decay
channels not typically present in octahedral coordination
compounds. In addition, square-planar d® complexes can
undergo molecular distortions leading to a symmetry decrease
from the Dy, to the D4 point group (Figure la),”® and this can
facilitate nonradiative excited-state decay. Given these specific
challenges, it is perhaps not too surprising that so far, there
seem to be no reports of Ni'" complexes that luminesce from
excited states with direct metal involvement in solution at
room temperature. A very recent study reported ligand-based
fluorescence from a Ni" complex in solution without direct
metal contribution.”” Weakly luminescent Ni'! compounds
emitting from triplet states were found in two other recent
works, albeit only in the solid state, in which the processes
illustrated in Figure 1a/b are largely suppressed.””* Studies in
fluid solution at room temperature by transient absorption and
transient X-ray absorption spectroscopy were initially limited
to porphyrins, phthalocyanines,®”** and dithiolato complexes
of Ni! and revealed very fast decays to relaxed *d—d (MC)

excited states.””** A recent study aimed to install an emissive
(metal-centered) spin-flip excited state but was not successful
in that regard.”> Another recent study claimed that emission is
observable for two octahedrally coordinated Ni" complexes in
the solid state at 150 K, but the emission was unusually broad
and overlapped substantially with the Iowest-ener§y absorption
bands.*® A recent review discussed these results.”

More recently, electronically excited states of square-planar
Ni" complexes have received increasing attention in the
context of photoredox catalysis.”” ~*” Many studies have shown
that there can be light-free access to Ni-based cross-coupling
catalysis,”*”” whereas others provided evidence for the direct
involvement of Ni'-centered triplet excited states via
sensitization with Ir'" complexes.””'*>'*" This mechanistic
debate sparked interest in the electronic excited-state structure
and relaxation processes of Ni'' complexes in solution. Two
recent studies revealed that the series of [Ni"(dtbbpy)(o-
tolyl)X] (dtbbpy = 4,4'-di-tert-butyl-2,2"-bipyridyl; X = CI,
Br~) complexes exhibits "MLCT excited states with lifetimes in
the range of 5—10 ps.”>”® The MLCT states then relax to >d—
d (®MC) states, in which the complexes adopt a more
tetrahedral coordination geometry (resembling the distortion
shown in Figure 1a) and which have a lifetime on the order of
nanoseconds.”® To date, these seem to be the compounds with
the longest *MLCT lifetimes (5—10 ps) among Ni'' complexes
in solution at room temperature. The mechanisms of Ni-
catalyzed cross-coupling reactions are still under debate, and
recently, the role of charge-transfer (and other) excited states
in promoting bond homolysis has been explored.'”*~'**
Further investigations of the charge-transfer excited-state
dynamics of Ni"' complexes seem highly desirable to obtain a
better understanding of how Ni complexes operate in
photocatalysis.

In this work, we aimed to decelerate nonradiative MLCT
deactivation to make these charge-transfer excited states more
broadly amenable to applications in photophysics and
photochemistry. Toward this end, it seemed useful to take
some of the lessons learned from prior studies of Pt"
compounds into account."”"'° For instance, to counteract
unwanted distortions as illustrated in Figure la and to limit the
vibrational degrees of freedom, rigid tridentate ligands looked
most promising because square-planar Pt" complexes with
such chelates often have particularly high photoluminescence
quantum yields and long excited-state lifetimes in solution (for
example, [Pt(dpyb)Cl] (dpybH = 1,3-di(2-pyridyl)benzene)
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Scheme 1. Synthesis and Molecular Structures of the Ligands and Ni"! Complexes Investigated Herein

(76%)

exhibits a photoluminescence quantum yield of 0.60 and 7 =
7.2 us in deaerated CH,Cl, at room temperature).'”> We
chose 1,3-bis(3’-butylimidazolyl-1’-yl)benzene (H;bib,
Scheme 1), which should be able to exert a strong ligand
field due to its three o-donating subunits.””"'"'"* To restrict
the possibilities for nucleophilic attack by solvent or counter-
anions as illustrated in Figure 1b, while at the same time
maximizing the ligand field strength, the use of a monodentate
isocyanide ligand with a m-terphenyl backbone looked
promising (Figure 1c). Ligands of this type have been used
previously to protect different metals in uncommon coordina-
tion environments and susceptible oxidation states.'"*~"'” We
hypothesized that in square-planar Ni"" complexes, such bulky
isocyanide ligands could help to establish axially protected
rigid structures with limited degrees of vibrational freedom and
shielded axial positions. The monodentate isocyanides were
equipped with tert-butyl (L1) or methyl (L2)""® substituents at
the m-terphenyl side arms (Scheme 1). We synthesized and
explored the new complexes [Ni(bib)(Ln)]PF, (L1 = 1 and
L2 = 2) along with [Ni(bib)(CH;CN)]PF, (3),”° in an
attempt to gain insight into how the photophysical properties
and excited-state relaxation of *MLCT states in Ni" complexes
can be controlled by molecular design. Our transient UV—Vis
absorption studies indicate that the working hypotheses
outlined above are indeed reasonable. The longest *MLCT
lifetime reached in compound 1 is 48 ps, which comes close to
the excited-state lifetime of the first emissive Fe'' complex
reported recently (100 ps),”‘o’121 suggesting that emission in
square-planar Ni'" could come within reach.

B RESULTS AND DISCUSSION

Synthesis and Characterization. The two bulky
monodentate isocyanides were synthesized as described in
the Supporting Information (SI). The reaction of the known
[Ni(bib)(CH;CN)]PF, precursor complex (3)*° with the
isocyanides L1 and L2 in CH,Cl, at room temperature
afforded the target Ni"" complexes 1 and 2 in good yields
(~80%), which were characterized by 'H- and “C-NMR,

elemental analysis, ESI-MS, and single-crystal X-ray crystallog-
raphy (see SI). Single crystals were grown by liquid—liquid
diffusion of n-hexane into a CH,Cl, solution of each complex.
The X-ray crystal structures of both Ni'' complexes have a
square-planar geometry (Figure 2 and Table S2). The
coordinating structures of the tridentate bib ligands of 1 and
2 are mostly identical to that in the previously reported
complex 3.2 The Ni—C=N bond angles ((1) 165.5 and (2)
173.4°) and C(aryl)-Ni—C(isocyanide) bond angles ((1)
160.7 and (2)173.4°) deviate substantially from 180°,
presumably largely due to crystal packing effects resulting
from the need to accommodate the peripheral tert-butyl and
methyl substituents of L1 and L2 (Figure 2c—d) and partly due
to m-back-bonding interactions. In the IR spectra, the C=N
vibrational modes (2131 (1) and 2140 (2) cm™") are shifted to
a slightly higher frequency (Av ~ 15 cm™) compared to the
free ligands L1 and L2 (Figure S7). Previously reported trans
bis-isocyanide Ni" complexes showed higher C=N vibrational
frequencies (2190—2200 cm™"), and monodentate isocyanides
coordinating to azanickelacyclopentenes exhibit C=N stretch-
ing frequencies in the range of 2160—2170 cm™"."'*"*>!>3 1t
seems plausible that the lower C=N vibrational frequencies
found in 1 and 2 can be attributed to the trans effect of the aryl
carbanion, which has stronger o—donor and weaker 7—
acceptor character in comparison to the ligands used in the
abovementioned previously reported Ni isocyanide com-
plexes, leading to the more significant donation of ¢ electron
density from L1 and L2 to Ni" and consequent stronger 7
back-bonding in 1 and 2.

The ground-state molecular structures of discrete 1 and 2
were calculated using density functional theory (DFT, see SI
page S4 for details) to obtain structural information without
the effects of intermolecular interactions found in the X-ray
structures. In the obtained DFT-optimized structures, the
peripheral tert-butyl substituents of L1 shield the axial
positions of the metal center well in compound 1, whereas
the methyl substituents of L2 offer at least some partial
protection of the Ni" center in compound 2 (Figure S8).
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Figure 2. X-ray crystal structures of Ni' complexes (a) 1 and (b) 2 and packing structures of (c) 1 and (d) 2. Hydrogen atoms are omitted for
clarity. 50% probability ellipsoids are shown. Color code: Ni (green), N (blue), C (gray for bib and white for L1 and L2), P (orange), and F

(yellow).

Steady-State UV—Vis Absorption Spectroscopy. The
UV—Vis spectra of 1, 2, and 3 exhibit absorption bands near
400 nm with molar extinction coefficients (&) on the order of
10* M™' cm™ and feature the onset to additional absorption
bands at wavelengths shorter than 350 nm (¢ > ~10* M
cm™") (Figure 3a and S9). These latter bands are also present
in the free L1 and L2 ligands (dotted traces in Figure 3a) and
consequently are attributed to ligand-centered 7-7* transitions,
overlapped with other absorptions that emerge in the
complexes. Comparing the absorption spectra of 1, 2, and 3,
the monodentate isocyanide ligand evidently has a minor
influence on the absorption band near 400 nm. This indicates
that the respective band involves predominantly the tridentate
bib ligand, and the lack of this band in the free ligand spectrum
combined with & values on the order of 10* M~ ¢cm™ in the
Ni" complexes furthermore suggests that this band is due to
MLCT transitions. This hypothesis is confirmed by time-
dependent DFT (TD-DFT) calculations focusing on vertical
excitations from optimized ground-state structures at the
PBE0/6—31G(d,p) level of theory (Figure S11). This specific
calculation method was chosen following benchmarking
calculations that explored several different methods in earlier
studies of related Ni" complexes (Figure S10), which also
needed to limit the computation time for comparatively large
molecules (see SI page S4 for more details).””**"** Strong
transitions were found at around 350—370 nm for all three
complexes, at slightly shorter wavelengths than in the
experiment (370—440 nm). Natural transition orbital (NTO)
analysis for the relevant electronic states (Figure S11) shows
that in complexes 1 and 2, the hole is localized in the metal 3d
orbitals, whereas the excited electron is delocalized mainly over
the bib ligand framework (~60%) and to some extent over the
metal 4p orbital (~20%). Consequently, the lowest absorption
bands in Figure 3a are assigned to '"MILCT states, and the
transient absorption spectroscopic studies presented below
support this assignment. In contrast to complexes 1 and 2, the
S, transition orbitals of 3 seem to be similar to those of a Ni"

complex that has been previously reported to have an
energetically lowest (singlet or triplet) MC state (Figure
S11), indicating the strong ligand field imposed by the
monodentate isocyanide ligands is essential to shift potentially
troublesome d—d (MC) states to higher energies.'**™"*°
Recent photophysical studies of other Ni' compounds
reported absorption bands extending much further into the
visible spectral range (500—700 nm),”"**"*”~"** and hence,
the Ni"" complexes investigated herein have their lowest singlet
(charge-transfer) excited states at substantially higher energy.
This seems important for establishing longer-lived MLCT
excited states.

UV-Vis Transient Absorption Spectroscopy and
Identification of Photoactive Excited States. To explore
the excited-state evolution and dynamics, UV—Vis transient
absorption studies were carried out in CH3;CN and CH,Cl, at
room temperature (Figures 3c—d and S15). Initial experiments
showed that oxygen from the air has no substantial influence,
and hence, aerated samples were used throughout this study.
All observable transient absorption spectral changes occur on a
timescale shorter than 500 ps. In other words, 0.5 ns after
pulsed excitation into the "MLCT absorption band at 400 nm,
all complexes have returned to their electronic ground states.
On the very short timescale up to 20 ps (upper half of Figure
3c for 1 in CH,;CN), ground-state bleaching (GSB) of the
'MLCT absorption band is observed between 380 and 440 nm,
along with excited-state absorption (ESA) bands detectable
between 450 and 520 nm. These ESA bands disappear
considerably faster than the GSB, as emphasized by the black
downward arrow in the upper half of Figure 3¢ and the black
upward arrow in the lower half of Figure 3c. This observation
suggests a two-state scenario, in which an initially populated
excited state with a prominent ESA signature decays rapidly to
another (energetically lower lying) excited state devoid of any
pronounced ESA, and is reminiscent of Fe" polypyridine
complexes, in which an initial MLCT excited state (with

https://doi.org/10.1021/jacs.2c08838
J. Am. Chem. Soc. 2022, 144, 21948—21960


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08838/suppl_file/ja2c08838_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08838/suppl_file/ja2c08838_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08838/suppl_file/ja2c08838_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08838/suppl_file/ja2c08838_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08838/suppl_file/ja2c08838_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08838/suppl_file/ja2c08838_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08838/suppl_file/ja2c08838_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08838/suppl_file/ja2c08838_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08838?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08838?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08838?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08838?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c08838?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS
T 1.0
a = C

o
s 104
)
™
=

a
3 o
e Z
3 5 E .
o 0.04 A
s — -1ps
o
= i —— 30ps
2 10 T — 50ps
% ——100 ps
o 2.0 —— 200 ps
% ——300 ps
= T -3.0

0.02
0.00 P,

-0.02 4

A Absorbance

-0.04 1

-0.06

Wavelength / nm

300 400 500 600 700

300 400 500 600 700

400 420 440 460 480 500 520
Wavelength / nm

mAOD

_2:5- T

400 420 440 460 480 500 520
Wavelength / nm

Figure 3. (a) Steady-state UV—Vis absorption spectra of complexes 1, 2, 3, and the free ligands L1, L2, and H;bib in CH,Cl, at 20 °C. (b) UV—Vis
absorption changes of 1 on electrochemical (ligand-centered) reduction at —1.0 V vs Ag/AgCl in deaerated CH,Cl, at 20 °C with 0.1 M TBAPF,
as a supporting electrolyte. The arrows mark the spectral evolution as a function of the time during which the potential was applied. (c) UV—Vis
transient absorption spectra of 0.5 mM 1 in aerated CH;CN at 20 °C, recorded at different delay times as indicated in the insets following
excitation at 380 nm. Upper part: Spectra recorded at short delay times, in which changes of excited-state absorption (ESA) are most apparent
(arrow pointing downwards). Lower part: spectra recorded at longer delay times, in which changes in ground-state bleaching (GSB) are most
apparent (arrow pointing upward). (d) UV—Vis transient absorption spectra of 0.5 mM 1 in aerated CH,Cl, at 20 °C, recorded at different delay

times as indicated in the insets following excitation at 380 nm.

prominent ESA bands) decays to ¥MC excited states
(typically lacking detectable ESA).""""*°

To identify the nature of the observable ESA bands,
(spectro)-electrochemical studies were carried out. The cyclic
voltammograms of 1 and 2 exhibit irreversible reduction waves
peaking at —0.7 V (vs Ag/AgCl) in CH,Cl, (Figure S12).
According to DFT calculations, the LUMO is localized on the
7* orbital of the bib ligand (Figure S13) that is mostly
identical to the NTO of the MLCT excited states (Figure
S11), similar to the previously investigated analogous Pt"
complexes with the same tridentate bib ligand.110 Thus, the
first reduction wave of our Ni" complexes 1 and 2 appears to
be ligand centered. Oxidative potential sweeps merely lead to
decomposition causing precipitates but do not reveal any clear
oxidation waves, in line with a previous study of compound 3,
for which decomposition under oxidizing conditions was also
reported.”” The instability of these Ni complexes upon
oxidation limits spectro-electrochemical UV—Vis absorption
studies to reductive conditions. When applying a potential of
—1.0 V vs Ag/AgCl to a solution of 1 in CH,Cl, containing 0.1
M TBAPF, the series of UV—Vis absorption difference spectra
in Figure 3b can be recorded. Over time, as more and more of
the present Ni complexes are reduced, bleaching of the
'MLCT absorption band at 405 nm becomes increasingly
pronounced and a new absorption band between 450 and 640

21952

nm emerges (Figures 3b and S14). The latter band is very
similar to the ESA feature in the transient absorption spectra
(Figures 3c and S15). A similar ESA band has been reported
for Os" complexes with structurally closely related tridentate
CACAC ligands and bipyridine spectator ligands, in which the
lowest MLCT excited states have mixed bipyridine and
CACAC ligand character.'”" Thus, it seems plausible to assign
the ESA band observable in transient spectroscopy (upper half
of Figure 3¢, Figure S15) to an MLCT excited state of 1.'*
The GSB detected on longer timescales (lower half of Figure
3¢, Figure S15) are attributed to an electronically excited state
for which the spectral ESA characteristics are undetectably
weak under these conditions, and this is often the case for MC
states."'”'3? Thus, it seems plausible that the initially formed
MLCT decays to a lower-lying MC state, in analogy to a recent
report of square-planar Ni"' complexes, in which a MLCT
state rapidly decayed to a *d—d (MC) state.”® This
interpretation implies that the spectra recorded at the earliest
delay times in the upper half of Figure 3c already represent
*MLCT spectra, meaning that intersystem crossing from the
initially populated 'MLCT state excited at 380 nm to the
(relaxed) *MLCT state takes place on an ultrafast timescale
below 1 ps. This is compatible with studies of intersystem
crossing kinetics of 3d® metal complexes.”>"''*¥ 713 I
CH,CN, the ESA bands of 1 decay very rapidly (Figure 3c),
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Figure 4. Results from global fittings to the UV—Vis transient absorption spectroscopy data. Species-associated spectra (SAS) of (a) 1 and (b) 2 in
CH,CN at 20 °C following excitation at 380 nm. Decay profiles of the ESA signal at 470 nm and the GSB at 410 nm for 1 (black), 2 (blue), and 3
(red) in CH,CN (c) and in CH,Cl, (d). The circles represent the experimental data, and the lines represent the fits.

whereas in CH,Cl, the ESA decay becomes slower and occurs
with nearly identical kinetics as the GSB recovery (Figure 3d).
Evidently, the SMLCT lifetime of 1 is considerably longer in
the noncoordinating CH,Cl, solvent compared to CH;CN. To
further elucidate the "MLCT decay dynamics and to assess the
importance of the isocyanide ligands, the transient absorption
data are discussed in more detail in the following section.

Excited-State Dynamics. The experimental UV—Vis
transient absorption spectra were analyzed using a global
fitting method in the 390 to 500 nm spectral range and the
0.6—1000 ps time domain. The data for compounds 1 and 2
had to be analyzed using a kinetic model involving three
consecutive reaction steps (each one of which was associated
with a species-associated spectrum (SAS)) to obtain acceptable
fits, whereas the data for compound 3 could be adequately
fitted with a sequential two-component model (Figure S16).
The resulting fitting curves for GSB and ESA kinetics matched
the experimental results (Figure 4, Table S4). In general, the
individual SAS exhibited distinct ESA (450—550 nm) in their
shorter-lived components (SASO and SAS1) and negligible
ESA in longer-lived components (SAS2), as illustrated in
Figure 4a/b and in Figure S17.

In the specific case of compound 1 in CH,CN (Figure 4a),
there is an initial very fast decay process (7, <~3 ps) for which
SASO (Figure S17) has similar ESA as SAS1 (7, = 7.3 ps, Table
1). We tentatively attribute the initial fast decay (z,) to a
combination of intersystem crossing and vibrational cooling
from the initially excited 'MLCT to the relaxed *MLCT
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Table 1. Lifetimes of SMLCT (r,) and 3d—d (MC) Excited
States (7,) Obtained from Global Fitting”

lifetime (ps) at 20 °C

compound solvent SMLCT (7;) 3d-d ()
1 CH,CN 7.3 133
2 5.8 40
3 ~0.6 24
1 CH,Cl, 48 ~14
2 17 49
3 ~0.5 38

“The global fittings of the transient absorption data for compounds 1
and 2 included a third-time component (7,) that is tentatively
attributed to intersystem crossing and vibrational cooling, see Figures
S16 and S17 and Table S4.

excited state, which seems in line with the typical timescales for
intersystem crossing and following relaxation processes in
several Ni'" and related first-row metal com-
plexes.®/8¥841331367139 Eoringtance, in a Ni'' porphyrin
compound, intersystem crossing occurred within 48 fs and
vibrational cooling to the relaxed *d—d state occurred on a
timescale of 3.4—26 ps.81 SAS1 in Figure 4a, associated with a
lifetime of 7.3 ps, matches the *MLCT absorption signature
identified in the previous section, whereas SAS2, featuring a
lifetime of 133 ps and lacking significant ESA, seems
compatible with a *d—d (MC) state.”” For compound 2 in
CH,CN (Figure 4b), *MLCT and *d—d (MC) lifetimes of 5.8
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Figure S. Proposed triplet-state structural relaxation from square-planar (left parts of panels a and b) to approximate tetrahedral coordination
geometry (right parts of panels a and b). The initially formed *MLCT state corresponds to the T, state in the square-planar geometry of
compounds (a) 1 and (b) 2. Upon relaxation from T, to lower-lying excited states, a structural change from square-planar to distorted tetrahedral
occurs. The lowest triplet excited state then corresponds to a metal-centered (*d—d) state both in (a) compound 1 and in (b) compound 2. (c)
Energy-level scheme as a function of key effective nuclear coordinates (Q), involving a torsional motion of the tridentate ligand as illustrated by the
orange double arrow in the upper panels. There is a change in C—Ni—C dihedral angle (from ca. 180 to ca. 160°) and a Ni"—carbon (carbene)
bond elongation (from ca. 1.9 to ca. 2.1 A) as marked by the red double arrows in the upper panels of (c).

and 40 ps are extractable from an analogous analysis (Table 1).
In the case of compound 3, the *MLCT decay kinetics could
not be separated from the initial very fast relaxation dynamics
(<1 ps, as discussed above) and no accurate *MLCT lifetime
could be determined (Figure 4c), indicating a decay to the *d—
d (MC) state within less than 0.6 ps (Table 1). The *d—d
(MC) excited state exhibits substantially longer lifetimes (133
(1), 40 (2), and 24 (3) ps in CH;CN) than the *MLCT state.

Focusing back on the SMLCT excited-state lifetime, we note
that in noncoordinating CH,Cl, that lifetime is elongated in
compounds 1 and 2 compared to CH;CN (Figure 4d). The
record lifetime is 48 ps for compound 1 with the bulkiest
monodentate isocyanide ligand in CH,Cl, (Table 1). Thus, the
data in Table 1 reveal a clear trend: The *MLCT lifetime
increases along the compound series 3 < 2 < 1 and
furthermore increases when going from CH3;CN to CH,CL,.
The solvent trend could reflect both differences in polarity and
in coordinating nature, whereas the compound trend is in line
with increasing ligand field strength (lifetime elongation from 3
to 2) and with increasing steric protection of the Ni center by
the monodentate isocyanide ligand (further lifetime elongation
from 2 to 1).

Triplet Excited-State Characteristics. The triplet-state
characteristics were further studied computationally. To
determine the triplet energies in the Franck—Condon region,
triplet-state TD-DFT calculations were carried out, at first
using ground-state optimized structures (left part of Figure Sa/
b, Tables S10—S12). The *MLCT states in the Franck—
Condon region were found at roughly 3.1 eV (T4 and T, in
Tables S10 and S11; Figure S21), where these two states are
energetically close to each other. The NTO and energies of T,
were used as a representative *"MLCT state due to its clear
MLCT character. The lowest triplet states are mostly MC
states (T;—T;) even in square-planar geometry. In Pt"
complexes with the same tridentate bib ligand, the lowest
triplet states were assigned to ligand-centered (LC) states and
had an energy of approximately 2.9 eV."'" In our Ni"
complexes, the equivalent LC states correspond to the T,
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excited states, featuring a similar energy as in the previously
investigated Pt" compounds (~2.7 eV). Evidently, in the Ni"
complexes explored here, there are energetically lower-lying
*MC states, representing a key difference to Pt" photophysics,
in line with expectation.

In the initially formed *MLCT states, the change to a formal
Ni"™" oxidation state with a d’ electron configuration can
potentially entail a structural reorganization, leading to a
distortion away from square-planar coordination (Figure 1a).
Consequently, the optimized triplet states were calculated to
obtain relaxed triplet energies and structural characteristics (a
different functional was used for triplet-state optimization, see
SI page S4 for details, Tables S13—S15, Figures S18 and S19).
The resulting optimized relaxed triplet structures are shown on
the right-hand sides of Figure Sa/b. Although the ligand
backbones are not significantly distorted, the primary
coordination sphere around the Ni center undergoes
substantial reorganization. Specifically, the two N-heterocyclic
carbene (NHC) subunits of the tridentate ligand become tilted
with respect to each other, manifesting in a torsion angle
decreasing from close to 180° to near 160° (orange double
arrows in the upper panels of Figure Sc). Furthermore, the
average distance between the metal centers to the two
respective coordinating NHC—carbon atoms becomes ~0.2
A longer (red double arrows in the upper panels of Figure Sc).
Full structural details are given in Table SS of the SI. This
structural distortion stabilizes the lowest triplet state by ~2.0
eV with respect to the *MLCT state in square-planar geometry,
as illustrated by the energy-level scheme in Figure Sc, while
simultaneously destabilizing the S, state by ~0.8 eV (Table S6
and Figure S19). The resulting lowest triplet states in these
relaxed geometries were consistently found at an energy close
to 0.2 eV above the S, state for the tetrahedrally distorted
complexes 1 and 2 (Table S6 and Figure S19). The natural
transition orbital analysis for the relaxed T, states of
compounds 1—3 reveals that the hole is localized on the d,*
orbital (~97%) and the excited electron is mainly localized on
the d’— orbital (metal contribution = ~52%) with a
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significant ligand contribution (~40%) (Figure S20). Con-
sequently, this relaxed T, state of the tetrahedrally distorted
complexes seems indeed assignable to a *d—d state, in line with
a recent study of square-planar Ni' complexes.”® The orbital
contributions of the pertinent natural transition orbitals
(Figure S20) indicate that the electron density at the tridentate
bib ligand is substantially higher in the MLCT (T,) state
(53—63%, Figure S20) relative to the *d—d (T,) state (34—
43%), which is in line with the expectable changes upon
internal conversion from a *MLCT to a *d—d state.

The overall excited-state evolution emerging from the
combined experimental and computational studies is summar-
ized in Figure Sc. Following excitation into 'MLCT excited
states, intersystem crossing into the lowest SMLCT states
occurs on a timescale below 0.6 ps; *LC states as commonly
observed in Pt"" complexes do not play an appreciable role.'"”
In the *MLCT excited states, the nickel complexes likely
maintain the approximate square-planar geometry of the
electronic ground state (S,), but upon further relaxation to
the *d—d (T,) excited state, the primary coordination sphere
reorganizes such as to adopt an overall geometry closer to
tetrahedral.

Interestingly, there seem to be substantial differences
concerning the structural rearrangement of compounds 1
and 2 in Figure Sa/b, which can be traced back to the different
levels of steric hindrance provided by L1 and L2. Specifically,
the Ni—C=N bond angle in 1 remains essentially unaffected
by the structural relaxation from square-planar toward
tetrahedral geometry (174.7—175.5°), whereas in 2 the
respective bond angle decreases from 173.4 to 156.2°
according to the DFT calculations. This finding suggests that
the fert-butyl substituents of L1 are able to restrict the
(unwanted) structural rearrangement much better than the
methyl substituents of L2. Consequently, it seems adequate to
conclude that bulky substituents placed in the axial position of
square-planar Ni' complexes can play an important role in
extending the lifetime of ®MLCT excited states because these
substituents can help prevent the structural distortion leading
to relaxed lower-lying *d—d excited states.

The longest *MLCT lifetime reached was 48 ps (Table 1),
which is roughly half the lifetime reported recently for the first
emissive excited state of a Fe'" compound (100 fs)."*" Against
this background, it seemed reasonable to search for photo-
luminescence from the *"MLCT excited states of 1 in deaerated
CH,CI, solution at 20 °C and in a 2-MeTHF glass matrix at 77
K, but our attempts were unsuccessful and did not provide
reproducible emission spectra nor excitation spectra that would
match the UV—Vis absorption spectra in Figure 3. Thus, it
seems that the MLCT states of our Ni" complexes are either
completely nonemissive or luminesce with quantum yields that
are below our instrument’s sensitivity. Assuming that the
radiative rate constant (k,) for MLCT to S, relaxation of Ni"
complexes are on the same order of magnitude as in related Pt"
complexes (10*—10° s71),"*7'* a2 50 ps *MLCT lifetime
would imply a luminescence quantum yield (¢)) on the order
of 1075=1077 (based on the relationship ¢ = k, X 7). This is a
factor of 10—100 below the detection limit of common
luminescence spectrometers, and to reach that limit, a further
SMLCT lifetime elongation to S00 ps—S ns would seem
necessary. A key difference between our Ni'' compounds and
the previously reported Fe™ complex with a luminescent
LMCT state featuring a lifetime of only 100 ps is the fact that
the emission transition in the iron(IlI) complex was spin-

allowed,'”' whereas in our cases it would be formally spin-
forbidden, resulting in an inherently lower radiative rate
constant. The 48 ps lifetime is too short to allow for diffusion-
controlled bimolecular reactions but could be sufficiently long
for photoredox catalytic reactions in pre-aggregated encounters
between the Ni"" complex and substrate molecules, in analogy
to what appears to be the likely reaction mode of similarly
short-lived (doublet) excited states of organic radical

. 144—149
anions.

B CONCLUSIONS

Our study demonstrates that the lifetimes of *"MLCT excited
states of square-planar Ni" complexes follow clear molecular
design principles. Specifically, our work reveals the importance
of the following structural aspects: (i) a strong ligand field as a
result of o-donation and 7-back-bonding, (ii) rigidity and steric
hindrance to counteract geometrical distortion in electronically
excited (triplet) states, and (iii) protection of the metal center
from the chemical environment, in particular from nucleophilic
attack along axial directions. The observable trends in *MLCT
lifetimes along the series of compounds 3 < 2 < 1 (0.5 ps, 17
ps, 48 ps in aerated CH,Cl, at 20 °C, Table 1) along with the
results in Figure 5 provide the key basis for this conclusion.
*MLCT relaxation occurs nonradiatively to a lower-lying
*d—d (®MC) excited state, in which the primary coordination
sphere undergoes distortion from square-planar toward more
tetrahedral geometry, as reported previously for other four-
coordinate Ni'' complexes.”””® However, the tridentate nature
of the coordinated H;bib ligand limits the level of distortion
when compared to previously studied Ni" complexes with
bidentate chelate ligands.”® Rigidification of the tridentate
chelate ligand might therefore represent an attractive way to
counteract this unwanted distortion even further to decelerate
the internal conversion from the MLCT to the 3MC state,
such as to obtain even longer-lived (and potentially emissive)
*MLCT states. Further improvements of the steric protection
in axial directions seem possible with suitably designed
monodentate ancillary ligands, and this could help maintain
a square-planar coordination environment throughout the
entire excited-state evolution pathway. In other words, gaining
control over the second coordination sphere could become a
particularly important aspect of the photophysics of 3d® metal
complexes. The influence of the second coordination sphere
currently seems to be yet an underappreciated aspect in the
design of new photoactive coordination compounds, at least
among first-row transition metal complexes.">"”'>® The
different extents of excited-state distortions permitted by L1
and L2 due to their different steric demand and the ensuing
sizeable differences in *MLCT lifetimes in compounds 1 (17
ps) and 2 (48 ps) illustrate the potential of this “axial
protection” design strategy. This is particularly true in
comparison to 3 (0.5 ps) and many previously investigated
square-planar Ni"" complexes, in which this effect is absent.
Compared to octahedral complexes with the 3d° valence
electron configuration, square-planar 3d® complexes have
received less attention until now from the photophysics
community, and we hope the insights gained herein will help
make square-planar Ni"! complexes more amenable to
applications in photophysics and photochemistry. In the
bigger picture, our study complements recent work on charge
transfer excited states in first-row transition metal complexes
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and contributes to elucidating the convoluted excited-state
relaxation processes in this emerging class of compounds.
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