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ABSTRACT: High-throughput synthesis and screening methods
were used to measure the photochemical activity of 1440 distinct
heteroleptic [Ir(CAN),(NAN)]* complexes for the photoreduction
of Sn(II) and Zn(II) cations to their corresponding neutral metals.
Kinetic data collection was carried out using home-built photo-
reactors and measured initial rates, obtained through an automated
fitting algorithm, spanned between 0—120 pM/s for Sn(0)
deposition and 0—90 uM/s for Zn(0) deposition. Photochemical
reactivity was compared to photophysical properties previously
measured such as deaerated excited state lifetime and emission spectral data for these same complexes; however, no clear
correlations among these features were observed. A formal photochemical rate law was then developed to help elucidate the
observed reactivity. Initial rates were found to be directly correlated to the product of incident photon flux with three reaction
elementary efficiencies: (1) the fraction of light absorbed by the photocatalyst, (2) the fraction of excited state species that are
quenched by the electron donor, and (3) the cage escape efficiency. The most active catalysts exhibit high efficiencies for all three
steps, and catalyst engineering requirements to maximize these elementary efficiencies were postulated. The kinetic treatment
provided the mechanistic information needed to decipher the observed structure/function trends in the high-throughput work.

H INTRODUCTION

Light absorption rapidly generates exceptionally reactive excited
state species capable of converting photons into chemical energy
for solar energy conversion, organic transformations, micro-
pollutant degradation, CO, reduction, and photodynamic
therapy applications while circumventing the need for harsh
reaction conditions or reagents.' > Following the example of
nature, photochemical reactions can be initiated through
absorption of visible light by a transition metal complex acting
as a photocatalyst (PC). After Franck—Condon absorption
upon illumination, internal conversion (IC) and, in some cases,
intersystem crossing (ISC) results in the lowest energy excited
state configuration (PC*). Deactivation of the PC* excited state
can then occur via a reductive or oxidative electron transfer
mechanism, offering the first step for transforming light into
chemical energy. In a reductive quenching cycle, an electron
donor (D) reduces the excited chromophore at rate kg,
generating a highly reductive radical species PC*™. A “dark”
reaction subsequently takes place transferring that additional
electron to an electron acceptor at a rate of k,, regenerating
ground state PC and leaving behind an oxidized donor (D*) and
reduced acceptor (A”) (Figure 1A).**7* These sequential
processes are the minimum required steps for photochemical
energy storage; however, such diagrams are ambiguous in
defining the rate limiting step for product turnover and
mechanistic investigations in photocatalysis are largely under-
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explored and difficult to decipher.**~** More importantly, there
is a growing body of evidence that the conventional three-step
cycle is often a drastic oversimplification of real reaction
mechanisms.'**7%°

Suitable photosensitizers range from organic dyes to the
historically used precious metal transition metal complexes
containing Ru(1I) and Ir(III) metal centers and, more recently,
Earth abundant photocatalysts with Ni(II), Cu(I), Zr(IV),
Fe(II), Mn(I), and W(VI) metal centers.*>***' ~°" Heteroleptic
d° [Ir(CAN),(NAN)]* complexes (Figure 1B), where CAN is a
cyclometalating ligand and NAN is an ancillary diimine ligand,
regularly represent the gold standard in many applications due
to (1) enhanced ligand field effects arising from the strong o-
donation of the cyclometalated carbanion, (2) the strong spin—
orbit coupling of Ir allowing rapid population of long-lived
triplet excited states, and (3) judicious tuning of frontier orbital
energy levels through functional group modification on both
CAN and NN ligelnds.67“_68
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Figure 1. Conventional depiction of photocatalytic reaction cycles through a reductive quenching process (A). Archetypal heteroleptic
[Ir(CAN),(NAN)]* complex with two cyclometalating ligands (blue) and one ancillary ligand (red) (B). The stoichiometric reaction mechanism
studied in this work involves the photoreduction of metal salts (M = Sn, Zn) to neutral metals in the presence of 1,3,5-trimethylhexahydro-1,3,5-
triazine as an electron donor and catalyzed by an Ir(III) photocatalyst and blue light (C). Depicted span of associated changes in the Gibbs free energy
of reaction for the reductive quenching step (AA G, green) and electron transfers to Sn(II) and Zn(II) (AAGg, (yellow), AAG, (purple)) achieved
through frontier orbital energy level tuning (C). Black lines represent the minimal change in Gibbs free energy of these processes.
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Figure 2. Scope of the combinatorial library. (A) Cyclometalating (CAN) and (B) ancillary (NAN) ligands used in library construction. Ligands are
labeled using descriptors of a larger ligand library employed in our laboratory. Synthetic protocols for precursor [Ir(Cl)(CAN),], dimers and high-
throughput parallel synthesis of [Ir(CAN),(NAN)]* complexes (C). All ligand structures are shown in the Supporting Information (Tables S1 and S2).

Despite photochemistry’s pervasiveness in the literature,
correlating molecular structure/excited state configurations to
photocatalyst activity is difficult to investigate and often
explored only with a small selection of uniformly structured
dyes. In order to understand wide-reaching structure—activity
relationships, we use high-throughput synthesis and screening
(HTSS) techniques to afford access to 1440 structurally diverse
[Ir(CAN),(NAN)]* complexes. Our reaction of choice is the
photoreduction of Sn(0) and Zn(0) from their corresponding
Sn(1I) and Zn(II) salts under uniform conditions using 1,3,5-
trimethylhexahydro-1,3,5-triazine as an electron donor (D)
(Figure 1C). Light-driven conversion of metal salts to their
neutral metals represents an avenue for generating safe, energy
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dense materials for solar energy conversion applications.””
Further, the modular synthesis of [Ir(CAN),(NAN)]* photo-
catalysts makes them a suitable model system to investigate
structure—function relationships controlling photocatalytic
activity as ligand modification changes both the excited state
electronic structure and Gibbs free energy of each electron
transfer event (Figure 1C, AAG).”””" This data set comple-
ments our previous work that characterized the photophysical
properties (excited state lifetime, emission maximum, etc.) of
these complexes to help elucidate how the electronic
configuration of the excited state influences the measured
photochemical activity.”” Combining these expansive data sets
represents our efforts using high-throughput chemistry to
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Figure 3. Depictions of four classes of excited state morphologies for heteroleptic [Ir(CAN),(NAN)]* complexes previously measured (A). The
normalized emission spectra are fitted with Gaussian functions, where the highest energy peak from the Gaussian curves is called Emg,,,, (black,
vertical line). The standard deviation (o, €V) used to fit the data determines the excited state morphology and decreases from type I (*MLLCT) to type
IV (’°LC) spectral profiles. Representative plots used for determination of CAN_ g, and NAN ., relative to CN1 and NN1 (B).

understand how molecular and electronic structure controls
photocatalyst activity, working toward the development of wide
reaching and data-driven correlations needed for creating robust
chemical theory or machine learning models.*>****"*~7% A
kinetic equation for photoproduct formation was developed to
help elucidate these sought after structure—activity relation-
ships, providing the photocatalyst features needed to engineer
the most active catalysts for creating novel solar energy
conversion solutions.

B INTRODUCTION TO [Ir(CAN),(NAN)T*
PHOTOPHYSICS

The frontier orbital structure in [Ir(CAN),(NAN)]* complexes
constitutes a highest occupied molecular orbital (HOMO)
localized on the Ir(III) d orbitals and the phenyl ring of the CAN
ligand, while the lowest unoccupied molecular orbital (LUMO)
is commonly centered on the ancillary ligand (Figure 1C).*>%*7°
Introducing electron withdrawing or rich ring systems either
stabilizes or destabilizes the frontier orbitals, respectively. Given
this spatial distribution, visible light transitions are found to be
metal—li§and-to-ligand charge transfer (MLLCT, dmcay —
an)-"" These transitions typically populate the 'MLLCT
state, where rapid rates of intersystem crossing and internal
conversion subsequently yield the *MLLCT state with high
efficiencies.” If the * orbitals localized on the cyclometalating
ligand are sufficiently stabilized, internal conversion from the
SMLLCT state to a ligand centered triplet state (*LC) will
occur.” Prolonged excited state lifetimes are observed for *LC
states (>2 us), attributed to less metal character in the excited
state, while "MLLCT excited states are generally shorter lived.
’LC states are well characterized through emission spectral
profiles depicting vibronic resolution, as T; — S, is dominated
by m*cany — dmcay transitions, contrasting the structureless
emission spectra of charge-separated MLLCT states.”” To
investigate how ligand structure controls these photophysical
properties, we developed an in situ synthetic protocol to afford
1440 structurally diverse [Ir(CAN),(NAN)]* complexes
assembled from 60 cyclometalating ligands and 24 ancillary

1433

ligands (the same ligands are used in this work). The ligand
structures and synthetic protocols are depicted in Figure 2A/B
and Figure 2C, respectively, while the reaction efficiency was
previously discussed.”

This previous work measured the deaerated excited state
lifetime and emission spectra of all 1440 screened [Ir-
(CAN),(NAN)]* complexes, and we will quickly surmise the
photophysical findings pertinent to the photochemical activity
discussed here. First, four distinct excited state electron
configurations were observed containing various degrees of
mixing between the *MLLCT and *LC states (representative
spectra are shown in Figure 3A) across the structurally diverse
60 CAN ligands and 24 N~N ligands tested (Figure 2A,B).
Differentiation between these four types was determined by the
fitting parameters of the spectral profile with Gaussian functions,
primarily by the standard deviation (o). We classified type I as
pure *MLLCT (6 = 0.169 V) and type IV as pure *LC (o =
0.057 eV), while types II and III are mixed electronic
configurations where either "MLLCT (type II) or *LC (type
III) dominates (Figure 3A). Vibronic substructure is clearly
visible in both type III and type IV excited states, but the change
in relative peak ratios between Em,_, and Em,_, indicates less
nuclear reorganization in type IV following excitation. Second,
the structural rigidity associated with 1,10-phenanthroline-
based compounds results in complexes with longer excited state
lifetimes and higher energy emission attributed to a lack of
torsional bond rotation between the pyridyl moieties in 2,2'-
bipyridine analogues occurring as a mode of internal conversion.
Finally, a predictive model was built that measured the relative
capacity to stabilize/destabilize the HOMO/LUMO energies of
all ligands compared to parents 2-phenylpyridine (CN1) and
2,2'-bipyridine (NN1) (Figure 3B). For example, replacement
of CN1 for the more electron deficient CN10S results in
emission that was 0.24 eV higher in energy given the same NAN
ligand (Figure 3B). In this previously published work, we labeled
these offsets as CAN g, and NAN e All CAN g and NAN e
values are tabulated in the Supporting Information (Tables S3
and S4).

https://doi.org/10.1021/jacs.1c12059
J. Am. Chem. Soc. 2022, 144, 14311444


https://pubs.acs.org/doi/10.1021/jacs.1c12059?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12059?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12059?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12059?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c12059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Analysis|
LEDs
(370, 460, 520,

580, 650 nm
plus white)

Plate

with
9800-840
Shell Vials

ULLLLLLLLY - R

2x LED Light &
Source

0.2 0.3
Ave RGB

04 05

pumoles sn’

N & O ©

oo

10 20

Time (min)

30 40
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2H" - H,(g) + M*, where M = Sn, Zn. Four sample traces for the photoreduction of Sn(0) (red) with automated initial rate fitting parameters
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Figure 5. HTSS data for Sn(0) (A) and Zn(0) (B) deposition, including sorted two-dimensional plots for all 60 cyclometalating ligands and 24
ancillary ligands tested. Dependence of the initial rates of Sn(0) and Zn(0) deposition with the time in which the initial rate was measured (see black

dots, Figure 4D, for four examples).

B RESULTS AND DISCUSSION

Method of High-Throughput Photocatalytic Screen-
ing. The photoreduction of Sn(II) and Zn(II) to Sn(0) and
Zn(0) was monitored through a previously described home-
built photoreactor (Figure 4A), which allows online data
collection during steady state illumination provided by two 100
W LEDs (440 nm) using a camera which photographs the 96
wells.”! The photoreactor is enclosed and the container is
purged with an argon atmosphere for 2 h prior to illumination.
Yellow LEDs above the reaction vials are turned on during data
collection, while the strong blue illumination LEDs are switched
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off to avoid saturating the camera (Figure 4B). As metal
precipitates from the solution, the photographically measured
RGB value per vial from the yellow light diminishes. RGB values
were calibrated to moles of precipitated metal through GC
quantification methods previously described (Figure 4C), and
an exponential relationship was determined between the
measured RGB value and the moles of metal produced.”” Initial
rates were determined through fitting a linear equation at the
onset of product formation (Figure 4D). A complete description
of the calibration process, error analysis, and automated fitting
can be found in the Supporting Information (pp S11—S17).

https://doi.org/10.1021/jacs.1c12059
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Initial Rates of Sn(ll) and Zn(ll) Photoreduction. Initial
rates for the photoreduction of Sn(II) and Zn(Il) to their
corresponding neutral metals ranged from 0—120 uM/s for
Sn(0) and 0—90 uM/s for Zn(0) (Figure SA,B). The magnitude
of the initial rates and the time at which the initial rates were
measured were strongly correlated (Figure SA,B, right).

High-performing ligands were generally the same for both
metals. For ancillary ligands, bathophenanthroline (NN24)
showed the highest activity (Figure 6A,B) and many 2,2'-
bipyridine derivatives also performed well. A sharp decrease in
initial rate occurred using rigid 1,10-phenanthroline derivatives
(with the exception of NN24), while the negatively charged
pyrazoles and tetrazoles were mostly inactive. Only electron rich
2,2'-bipyridine derivatives (NN2, NN3, NN6) remained highly
active for Zn(0) formation. For cyclometalating ligands, slightly
electron deficient 2-phenylpyridine and 1-phenylpyrazole
derivatives were the best performers, whereas complexes
containing 1-methyl-4-phenyl-1H-1,2,3-triazoles, 2-phenylben-
zoxazoles, and 2-phenylbenzothiazoles showed moderate to low
performance. Most electron rich cyclometalating ligands
showed low performance regardless of ligand class. All average
initial rates are included in the Supporting Information (Tables
S5-S8).

As ligand properties clearly exhibit a strong influence on
reactivity, we were interested in comparing the average initial
rate of each ligand to its electronic effect on the frontier orbitals.
Plots of CAN g vs the average initial rate for each CAN with all
active NAN ligands are shown in Figure 7, where each plot point
is color coded to represent the measured excited state electronic
configuration (¢ (eV), type I—type IV).”® For both Sn(0) and
Zn(0) deposition, initial rates clearly increase as the excited state
becomes a stronger photooxidant (increasing values of
C*Nyrer), attributed to a stronger quenching interaction
between Ir(III)* and the amine donor (D). After reaching a
HOMO stabilization of approximately 0.1 eV (relative to CN1),
no increasing initial rates and clear correlation are observed. The
peak observed at 0.1 eV coincides with a change in excited state
morphology, where continued lowering of the HOMO energies
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fitting the emission spectra.

yields excited states with increased *LC character (types II-IV).
It therefore appears that excited state mixing, which reduces the
charge transfer nature of the excited state, negatively impacts
initial rates, although there are still type I "MLLCT (blue dots)
excited states that also exhibit low reactivity. The same general
trend is observed for Zn(0) deposition (Figure 7, bottom).
Conversely, although Figure 6 shows clear differences in
reactivity dependent on NAN ligand identity, no clear
correlations between N”N g, and the average N”N-based
rate can be determined (Figure S6). The lack of correlations
based off NAN ... is counterintuitive, as the promoted electron
on these Ir(III) chromophores is predominantly located on this
ligand, and this finding suggests that the reduction potential of
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Figure 9. Dependence of the initial rate of Sn(0) formation on [Ir(III)] (A, [D] = 0.5 M, [SnCL,] = 0.025 M), [D] (B, [Ir(III)] = 0.2 mM, [SnCL,] =
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using Ir8 as the photocatalyst (structure shown). The data in parts A and B are fitted to the equation: Initial Rate = m(1—-107"

MJ) where m is the initial

rate observed when ®;,, and @, = 1 (blue squares), [M] is the concentration of either [Ir(IlI)] (A) or [D] (B), and  is the parameter that controls the
(Ir(1I1)] or [D] in which @), and @, = 1. Larger values of a result in the plateaus in A and B observed at lower Ir(III) and D concentrations.

the complex is less impactful on the metal deposition initial rates
than expected.

To aid in explaining these observed trends, we compared the
metal reduction data to the photophysical property database
generated in our previous work.”® Surprisingly, the variance in
the measured initial rates for Sn(0) and Zn(0) deposition
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spanned the variance in the measured photophysical properties
(Sigma (eV), Emg,, (eV, Figure 3A), excited state lifetime
(us), and spectral integral (counts)), implying no direct
correlations between any measured photophysical property
and chemical reactivity (Figure 8). While it does appear that
complexes with low emission energy (~2.0 eV), short lifetime
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(<0.5 ps), and weak emission integral (<150,000 counts) are
substantially disadvantaged, chemical reactivity is largely
uncorrelated once this lower photophysical property threshold
is met. Apparently the relationship between excited state
electronic configuration and reactivity (Figure 8A) is not
straightforward.

The lack of apparent trends between the measured photo-
physical properties and ligand-based reactivity suggests a more
complicated reaction mechanism than absorption and subse-
quent electron-transfer-based exergonicity of the reductive
quenching and “dark” electron transfer steps. Moreover, none
of the above data explains why initial rates of metal deposition
decrease with Ir(IIl) photocatalysts containing the structurally
rigid 1,10-phenanthroline ligands relative to 2,2'-bipyridine
analogues. We therefore decided to develop a system of kinetic
equations consistent with experimental observation that may
elucidate the reaction mechanism and reveal why rigidity and
excited state mixing diminishes reactivity.

Photochemical Kinetics. For this purpose, a much more
detailed kinetic analysis was performed on 22 traditionally
synthesized and isolated [Ir(CAN),(NAN)]* complexes (la-
beled Ir1—Ir22, their structures are shown in the Supporting
Information, Table S9), spanning the range of photophysical
and photochemical space. Our high-throughput photoreactor
enabled us to generate unprecedented amounts of raw kinetic
data measuring initial rates as a function of reagent and
photocatalyst concentration as well as light intensity. Figure 9
summarizes the general observed behavior across the entire 22-
complex data set (data points represent the average initial rate
over three experiments, with error bars equivalent to the
standard deviation). While the initial rate revealed a hyperbolic
dependence with varying [Ir(III)] and [D] (Figure 9A,B), a
zeroth order dependence on [Sn(II)] was observed (Figure 9C).
A linear relationship with respect to light intensity (Figure 9D)
indicated a single-photon process across the measured light
intensities.”’ A coordination equilibrium between D and the
Zn(II) ions was discovered (Supporting Information, pp S53
and S54); therefore, Sn(0) data is presented for simplicity,
although both reactions follow the same trends. Complete data
sets for Sn(0) and Zn(0) deposition utilizing Ir1—Ir22 are
presented in the Supporting Information (Figures S7—S12).
Control experiments confirmed that all components (light,
Ir(1IT), D, and Sn(II)/Zn(II)) are required for Sn(0) or Zn(0)
precipitation.

The data presented in Figure 9A—D for Ir8 coincides with the
scheme in Figure 9E. The presented pathways are consistent
with a rate law expression for the formation of Sn(0) that follows
eql

d[Sn(0)]
dt (1)

where ky is the incident irradiation intensity with units
Einsteins/s (1 mol of photons = 1 Einstein). The photocatalyst
transforms moles of photons into moles of product, allowing the
unit conversion to M/s for initial rates. @, represents the
fraction of light absorbed by the photocatalyst and is related to
the transmission of the solution: ®,, approaches 1 as
transmission approaches zero, representing the [Ir(III)] where
all incident light is absorbed (Figure 9A).°° The rate of
excitation can be described as the product ky-®;, (Figure 9E).
®,, is the fraction of Ir(III) * quenched by D and approaches 1
when all excited species are quenched at rate k (Figure 9B). @
is the cage escape efficiency and represents the efficiency of

= ko (I)th)Qu(DCE
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forming Ir(III)*~ after each quenching event. The formation of
Ir(IlT)*~ is not equivalent to excited state quenching, as
unproductive back-electron transfer reforms the ground state
complex at rate k_, (thermally converting the absorbed photon
energy (Figure 9E)). Generating Ir(II1)*~ occurs at rate kcg
from a charge-separated encounter complex, [Ir(III)*":D*],
formed following the reductive quenching of Ir(III)* by D but
before Ir(II1)*~ and D* diffuse away from each other.
Interestingly, the actual process of transforming the metal ion
to metallic solid is not reflected in eq 1, which is a consequence
of the zeroth order dependence on the initial rate of [Sn(1I)]
(Figure 9C). Kinetically, these three efficiencies can be accessed
by a steady state approximation with respect to the
intermediates shown in Figure 9E (Ir(III)*, [Ir(III)*":D*],
Ir(1I1)*") and light; a full description of the kinetic model is
provided in the Supporting Information (pp S48—S52).

According to eq 1, the rate of product (Sn(0)) formation is
directly proportional to the rate of photon absorption (k,®;,)
multiplied by the fraction of each intermediate that productively
continues along the photochemical cycle in Figure 9E. The rate
of a photochemical reaction with external quantum efficiency
equal to 1 (where all incident photons generate the photo-
product, i.e., @, = @, = Pcg = 1) necessarily equals the rate of
photon flux. Any deviation between the measured reaction rate
and k; arises from photons that do not generate Ir(111)*~."” For
an absorbed photon to yield the photoproduct, Ir(III)* must be
quenched and then form Ir(III)*~; however, both of these
critical intermediates can unproductively decay back to ground
state Ir(III) at rates k, + k,,, or k_,, respectively. The zeroth order
dependence of the initial rate of Sn(0) formation on [Sn(1I)]
suggests that, once Ir(III)*~ is formed, it quantitatively transfers
an electron to Sn(II) (Supporting Information, pp S48—S52).
Consequently, the product of these three elementary efficiencies
represents the external quantum efficiency and highly active
photocatalysts exhibit the largest numerical value for this
product.

The importance of @ is apparent when comparing the initial
rate of Sn(0) formation for different photocatalysts. If the rate of
excited state quenching matched the rate of Ir(II)*~ formation,
there would be no difference in initial rates between different
photocatalysts when ®,,, = @, = 1 (plateaus in the blue boxes of
Figure 9A,B) given quantitative electron transfer from Ir(III)*~
to the metal ion (as confirmed by zeroth order dependence on
[Sn(1I)]). This saturated region is observed across all photo-
catalysts (Figure 10 and Figures S7, S8, S10, and S11 in the
Supporting Information), and it is apparent that differences in
observed initial rates still persist at [Ir(IIT)] and [D], where @,
= ®q, = 1. The discrepancy observed must arise due to
differences in the rate of generation of Ir(III)*~, as all Ir
photocatalysts tested exhibit a zeroth order dependence of the
initial rate of Sn(0) formation on [Sn(II)], suggesting that the
elementary step lowering initial rates occurs after excited state
quenching but before Ir(III)*~ formation and that Ir(III)*~ is
not degrading over the time scales in which initial rates were
measured (Supporting Information, pp S48—S52).%"7 A
notable complex is Ir22, which exhibits minimal catalytic
activity across all concentration ranges tested, despite strong
absorption at the irradiation wavelength and a quenching
interaction with D (Figure S13, Table 1).

The Absorption Elementary Efficiency, ®,,. Starting
with excitation, @, is determined with the equation used to fit
the data (1—10_”‘?“(111”) in Figures 9A/10A. This elementary
efficiency is a function of [Ir(III)] and approaches 1 as [Ir(I1I)]
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The reaction conditions were the same as those in Figure 9.

is increased, in accordance with Beer’s law. Tabulated values of
®,, are included in Table 1 at [Ir(III)] = 0.2 mM. The fitting
parameter, @, describes how the initial rate of Sn(0) deposition

depends on [Ir(III)]. Increasingly larger values of a (units
M]™") indicate a stronger capability of a photocatalyst to
absorb the incident irradiation, and correspondingly, enhancing
the molar absorptivity of the photocatalysts for the irradiation
wavelength strongly controls the [Ir(III)] at which @,
approaches 1. This is experimentally observed, as complexes
with larger molar absorptivities (&,) approach an independence
of the initial rate of Sn(0) deposition on [Ir(III)] at lower
concentrations of photocatalyst, exemplified by a plot of
against &, of all 22 Ir(Ill) photocatalysts (Figure 11A).
Increasing absorptivity can be achieved by either lowering the
HOMO-LUMO gap through synthetic tuning or using highly
conjugated CAN or NAN ligands.*”®" For example, despite the
opposite electronics of the CAN ligand of Ir$ (electron rich, with
a tert-butyl substituted phenyl ring, Figure 10) and Ir8 (electron
poor, with a —CF; substituted phenyl ring, Figure 9), their
respective molar absorptivities at 440 nm are very similar (Table
1), attributed to the highly conjugated bathophenanthroline
ancillary ligand. This is a particularly useful characteristic, as it
allows photocatalysts to possess both potent excited state
reduction potentials and large molar absorptivity in the visible
region.

The Excited State Quenching Elementary Efficiency,
@, To investigate the effect of @, we measured the excited
state lifetime of each photocatalyst and the Stern—Volmer
quenching rate constants for all species initially present in
solution (D, SnCl,). @, is formally calculated using eq 2
(Supporting Information, pp S48—S52)

koplD]
Dy, = . —
k. + k. + kyp[D] + k  o[CI'] 2)

Table 1. Tabulated Values for k, + k,, (Equal to the Decay of the Excited State), k o Kg,cier Py Py and D for All 22

[Ir(CAN),(NAN)]* Complexes”

Irl
Ir2
Ir3
Ir4
IrS
Ir6
Ir7
Ir8
Ir9
Ir10
Irll
Ir12
Ir13
Ir14
Ir15s
Ir16
Ir17
Ir18
Ir19
Ir20
Ir21
Ir22

&, @ 440 nm (M~ cm™)
1880
1320

750
2740
1610
1030
2080
2260

600
1570
1930

40
1360

200

880

530

890

270
5840
4260
1730
7750

1.32
0.51
3.16
175
1.33
3.67
1.37
0.58
1.09
0.30
0.97
0.08
3.84
0.77
0.67
0.40
0.68
0.36
0.36
0.06
2.82
0.28

k. + kX 106 (s71)

ko) X 10 (M™' s7")

091
180.96
S5.68
5.62
0.25
1.10
45.60
S1.44
22.70
20.61
36.49
0.03
194.66
66.23
188.82
4.46
84.97
100.32
2.29
0.02
3.31
1.74

k(g cim) X 10°M™'s™)  ®(w)”  @®(Qu)°  norm. ®(CE)g,”

3.29 0.75 0.24 0.22
158.19 0.37 0.95 0.21
53.77 0.21 0.39 0.21
23.30 0.80 0.55 0.28
3.01 0.80 0.08 0.02
2.34 0.21 0.13 0.02
43.25 0.92 0.90 0.98
102.51 0.90 0.89 1.00
36.47 0.87 0.85 0.43
113.84 0.60 0.77 0.78
44.62 0.92 0.90 0.81
1.14 0.0 0.13 0.00
48.82 0.37 0.95 0.00
100.52 0.75 091 0.26
192.04 0.75 0.95 0.85
195.52 0.37 0.30 0.02
105.72 0.87 0.93 0.67
188.73 0.68 091 0.79
5.28 0.97 0.70 0.46
0.55 0.60 0.13 0.01
6.33 0.68 0.36 0.35
0.04 0.90 0.76 0.03

“kyp and kg c; are the measured Stern—Volmer quenchmg rate constants. @y, is calculated from the experimental fits to the data in Figure 9A (1—
10 @ Ir(m)]) and @, is calculated using eq 2. b®, is calculated for all photocatalysts at 0.2 mM concentrations. “@q, is calculated at [D] = 0.5 M
and SnCl, = 0.025 M. CDCE(ReI) was determined using Ir22 as the reference and normalized to Ir8.
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Figure 11. Relationship between the fits obtained (@, mM™") in Figure
9A/10A and Figure S7 to the molar absorptivity (¢,) (Table 1) of the
Ir(IIT) photocatalysts tested in this work (A). Complexes with a higher
probability of incident irradiation absorption achieved an independ-
ence of the initial rate of Sn(0) formation on [Ir(III)] at lower
concentrations of photocatalyst (with larger values of a). Logarithmic
dependence on the Stern—Volmer quenching rate constants for 1,3,5-
trimethylhexahydro-1,3,5-triazine (green) and SnCl, (purple) in
DMSO on the DFT calculated HOMO energy levels at the
PW6B8SD3 level of theory using the LANL2DZ basis set (B).

where k, and k,, are the associated radiative and non-radiative
rate constants controlling excited state deactivation and k , and
kyci are the measured Stern—Volmer quenching rate constants
for D and CI7, respectively. All rate constants are tabulated in
Table 1. When ®, = 1, all generated Ir(III)* is quenched by D.
This occurs when kyp[D] > k, + k,, + ky,q[CI7], showing a
dependence of ®q, on [D] (consistent with the observed
hyperbolic behavior in Figure 9B). The values of the quenching
rate constants span 4 orders of magnitude and strongly correlate
with the calculated DFT HOMO orbital energy levels (Figure
11B, green). @, can therefore approach 1 by stabilizing
HOMO orbital energy levels to increase k,p, affording
photocatalysts with more positive excited state reduction
potentials, or enhancing the excited state lifetime (which lowers
k. and k,,). The phosphorescence of the Ir photocatalysts was
also quenched in the presence of SnCl,, exhibiting the same
dependence on the magnitude of the quenching rate constants
when compared to HOMO orbital energy levels (Figure 11B,
purple). We attribute this to a reductive quenching cycle
occurring from chloride in solution, as no quenching is observed
when the chloride is replaced with the trifluoromethanesulfo-
nate anion, indicating the quenching is not originating from the
Sn(II) cation (Figure S14). It is important to note that this
excited state quenching process does not produce Ir(III)*~ in
solution, and consequently only results in reformation of ground
state Ir(III) (Figure 9E, Supporting Information, pp $48—S52),
as control experiments indicated no Sn(0) formation without
the presence of D.

The Cage Escape Elementary Efficiency, ®¢. O
quantifies the efficiency of Ir(III)*” generation after the
generation of a charge-separated encounter complex, [Ir-
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(II1)*~:D*], which can be formed at a rate quantified by the
Stern—Volmer quenching study.” The electronic configuration
of the involved species is depicted in Figure 12. [Ir(III)*":D*]

[ir(m)*-:0*]

+

4
_’Hl_

Ir(1n)*-

_/|_
4
_’H,_

Ir(n)*

b |
_’H/_

D Ir(in) D* D*

Figure 12. Proposed electronic structure of the charge-separated
encounter complex ([Ir(III)*":D*]) with associated back-electron
transfer (k_,) reforming ground state electronic configurations. The
green arrow represents the diffusion of D* and Ir(III)*~ away from each
other, escaping the solvent cage.

productively decays at rate kcg to release free Ir(III)*” in
solution. @ is calculated using eq 3:

k
e = —
kg + k_q (3)
If kcg > k_,, then @ approaches 1 and the rate of formation of

Ir(II1)*” equals the rate of excited state quenching (kq) ;
however, back-electron transfer, alternatively called char%e
recombination, is often competitive and reduces ®cp.*> "
Although these processes are not diffusion limited, the
associated back-electron transfer can be a spin-forbidden
process given the electronic configuration depicted in Figure
12. In this case, a spin change would be required to reform
Ir(III) and D, given the triplet dominated wave function of
Ir(111)*.”"** While understanding the factors affecting @y, are
difficult, approaches to influence spin—orbit coupling have been
shown to change k_q.86 Further, Coulombic attraction between
donor—acceptor species also alters cage escape efficiencies, but
this attraction is absent with these 1,3,5-trimethylhexahydro-
1,3,5-triazine/[Ir(CAN),(NAN)]* couples, as no ion pairing is
expected.”’ Although ®.; cannot be measured explicitly
without knowledge of the photon flux (k,), the relative ®cg
can be determined with respect to a single photocatalyst when
®,,, and D, are calculated (Table 1). We used Ir22 as our
reference catalyst and normalized ®cg(Rel) across the 22-
complex set to Ir8.

Our high-throughput data suggests an alternative approach to
control k_g: As D and Ir(III)* approach each other, D is in a
relaxed, uncharged geometry and Ir(III)* is in the relaxed T,
geometry after thermal relaxation through internal conversion
and intersystem crossing.64’65’68 At a particular distance, an
electronic transfer occurs from D to Ir(III)*, forming the charge-
separated encounter complex [Ir(II[)*7:D*]. This forward
electron transfer appears to lie within the Marcus normal
region, as their rates increase with increasing exothermicity of
the electron transfer event (Figure 11B). The associated,
undesired back-electron transfer reduces D, which regenerates
ground state D and should not have a significant kinetic barrier
assuming that back-electron transfer happens faster than
degradation pathways commonly observed for oxidized tertiary
amines.”” This step has been shown to exist within the Marcus
inverted region.”> Different photocatalysts appear to have
different reorganization energies controlling the activation
energy of this electron transfer, where a decreased Marcus
reorganization energy would be expected if similarities in
equilibrium geometries exist between Ir(III)*~ and Ir(III).
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Figure 13. Example Ir photocatalysts that are highly active (green, Ir8, Ir11), moderately active (yellow, Ir14, Ir21), and minimally reactive (red, Ir16,

Ir22).

Our previous work describing how CAN and N”N ligands
control nuclear reorganization may help elucidate a photo-
catalyst’s capacity to reorganize while cycling through the
different intermediates of a photochemical cycle.”” The rigidity
of 1,10-phenanthroline NAN derivatives (Figure 2B) affords
complexes with stronger emission intensity, longer excited state
lifetimes, and higher energy emission maximums. While these
rigid ligands offer advantageous photophysical properties, they
also hinder photocatalytic activity; minimal reorganization
energy likely promotes back-electron transfer in the encounter
complex, resulting in relatively low @ efliciencies for Ir2, Ir4,
Ir14, Ir16, Ir20, and Ir22 (Table 1) and consequently minimal
photocatalyst activity. The emission spectral profile reveals that
Ir2, Ir20, and Ir22 are all type IV excited states (CLC with
dominant Em,_, emission band, Figure 3A), indicating similar
equilibrium geometries of T; and S, (Figure $13).”° This
hindered nuclear reorganization ability likely persists with
Ir(1I1)*~, thereby reducing the Marcus reorganization energy
and facilitating larger back-electron transfer rate constants for
the [Ir(III)*":D*] encounter complex. Finally, complexes with
large relative @y efficiencies all have flexible molecular
structures (Ir7, Ir8, Ir9, Irll, Ir1S, and Irl8). The phenyl
rings on the ancillary ligands of Ir7 and Ir8 (Figures 9 and 10)
can act as a mode of nuclear reorganization that results in
different equilibrium geometries of the Ir(III) and Ir(III)*~
species. Further, the phenyl ring bound to the pyridyl moiety on
the CAN ligand of Ir11 likely also results in geometrical changes
after excitation. Ir18 exhibits a type III spectral profile,
indicating large geometric differences between T, and S,
(Figure S13). The greater @y efficiencies of Ir9 and Ir1S can
be rationalized through the lack of rigidity associated with the
2,2'-bipyridine NAN ancillary ligand, where torsional bond
rotation occurring as a mode of internal conversion (IC)
changes the T, and S, equilibrium geometries.70 The trends
observed among this diverse set of catalysts suggest that rapid
charge recombination, which depends on nuclear reorganization
of the Ir(Ill) photocatalyst, strongly influences cage escape
efficiency.
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Overall Observed Photocatalyst Activity. Equation 1
shows that highly active photocatalysts possess ligand features
maximizing the product of the three associated elementary
efficiencies (@, ®q,, and ®cg). Examples of highly active Ir
photocatalysts are shown in Figure 13 (green box), where the
extended 7 systems of the CAN/NAN ligands, halogenated CAN
ligands, and pendant phenyl rings afford the necessary enhanced
absorption, excited state reduction potential, and cage escape
efficiency. Moderately active photocatalysts (Figure 13, yellow
box) often possess the structural features advantageous for one
or two of these elementary efficiencies, but not all of them.
Finally, poor photocatalysts almost exclusively exhibit dis-
advantageous features for at least two elementary efficiencies
(weak absorption, less positive excited state reduction
potentials, or ligands with rigid molecular structure) (Figure
13, red box).

Revisiting the HTSS Data. Equation 1 can be used to
qualitatively understand the observed metal deposition rates
across the HTSS. The observed increasing initial rates of Sn(0)
and Zn(0) deposition with larger CAN g, likely arise through
increasing the @, elementary efficiency. The maximum activity
was observed for ligands with CAN g, & 0.1 eV, offsets greater
than this typically produced decreased rates (Figure 7). This
decrease could be attributed to lowering ®;,—stabilizing the
HOMO hypsochromically shifts the absorption spectra—or less
charge separation in mixed excited states, therefore facilitating
back-electron transfer in the encounter complex. As the excited
state becomes *LC dominated (transiting from type II to type
IV), the HSOMO and LSOMO are spatially localized
exclusively on the CAN ligand. As the oxidation of the amine
(D) is more likely to occur as it approaches this ligand, the
spatial proximity between the HSOMO and D" formed after
quenching could result in more electronic orbital overlap,
resulting in higher rates of k_;. The decreased initial rates for
complexes containing 1,10-phenanthroline analogues likely
suffer from low @, as the structural rigidity of these NAN
ligands also ensures similar geometries between Ir(II) and
Ir(IIT)*7, facilitating k_, independent of excited state morphol-
ogy. We rationalize the high efficiencies of NNS and NN24 to
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phenyl ring rotation which ensures significantly different
geometries between T, and S, Further, the extended
conjugation of NN24 affords stronger absorption in the visible
region, likely facilitating larger values for @, Phenyl ring
rotation also rationalizes why CN70—CN81 (Figure 2A) are
active CN ligands: the phenyl ring on the pyridyl moiety of the
CAN ligand does not strongly impact the frontier orbital
energies and the thermodynamics of the electron transfer, but
the added molecular flexibility aids the necessary change in
geometry required for high ®cg. Further, the general
observation that the same ligands are active for both Sn(0)
and Zn(0) deposition suggests the observed initial rates are
strongly correlated to these structural considerations, and not to
the reactivity of Ir(II1)*~ and the cations. The fact that the actual
metal cation reduction dark reaction does not impact the overall
rate of this process is surprising. Although the kinetics indicate
that Ir(II1)*~ transfers an electron to the cationic species, the
mechanism of metal precipitation could proceed through a
dimeric species or a disproportionation reaction.’” Notably, the
kinetic formulation supports that any of these mechanisms are
fast and do not influence the measured catalyst activity.

B CONCLUSIONS

A high-throughput synthesis and screening protocol was
developed to measure the initial rate of Sn(II) and Zn(II)
photoreduction to their neutral metals for 1440 heteroleptic
[Ir(CAN),(NAN)]* photocatalysts. Catalyst activity was
compared to previously measured photophysical properties,
but no clear correlation could be determined. A kinetic equation
was formulated to understand the reaction mechanism, where
the initial rate is directly proportional to the rate of photon flux
multiplied by three elementary efficiencies: (1) incident light
absorption (®,,), (2) quenching the photocatalyst excited state
(q)Qu), and (3) the cage escape efficiency (@cg). These
elementary efficiencies present a picture of photochemical
reaction progress (Figure 9E) much more complicated than the
typical standard three-step cycle depicted in Figure 1A and are
crucial toward understanding photocatalyst activity. Ligand
structural rigidity is correlated to cage escape efficiency and
suppression of back-electron transfer/charge recombination,
where differences in equilibrium nuclear positioning between
Ir(II1)*/Ir(11I)*" and Ir(III) modulate the Marcus reorganiza-
tion energy controlling the kinetic barrier for back-electron
transfer. Notably, these elementary efficiencies controlling
photocatalyst activity are seemingly uncorrelated to conven-
tional photophysical features presented in Figure 8. These
findings allow feature selection for highly active photocatalysts
capable of maximizing the conversion of light in solar fuels or for
pinpointing efficient photoredox catalysis.

B EXPERIMENTAL SECTION

High-Throughput Synthetic Protocol. Synthesis and character-
ization of all cyclometalating ligands and their chloro-bridged dimers is
described elsewhere.”” To a solution of 100 L of 0.5 mM iridium
dimer in DMSO was added 100 uL of 1.0 mM N*N ancillary ligand in
DMSO. Reactions were performed on a 96-well synthesis plate,
described previously.”””" The reaction vessel was heated to 150 °C for
16 h.

Sn Deposition Procedure. After cooling the 96-well synthesis
plate, to each glass vial containing 200 yL of a 0.5 mM unique
heteroleptic [Ir(CAN),(NAN)]* complex was added 300 uL of a 40 mL
DMSO stock solution containing 1.2 mL of hexahydro-1,3,5-trimethyl-
1,3,5-triazine (D) and 316.0 mg of anhydrous SnCl,, yielding final
solution compositions of 128.0 mM hexahydro-1,3,5-trimethyl-1,3,5-
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triazine, 25.0 mM SnCl,, and 0.2 mM [Ir(CAN),(NAN)]* complex.
After addition, the vials were sealed and mixed in the absence of light.

Zn Deposition Procedure. After cooling the 96-well synthesis
plate, to each glass vial containing 200 uL of a 0.2 mM unique
heteroleptic [Ir(CAN),(NAN)]* complex, 300 uL of a 40 mL DMSO
stock solution containing 1.2 mL of hexahydro-1,3,5-trimethyl-1,3,5-
triazine and 3.002 g of anhydrous ZnBr, was added. This yields a final
solution compositions of 128.0 mM hexahydro-1,3,5-trimethyl-1,3,5-
triazine, 0.2 M ZnBr,, and 0.2 mM [Ir(CAN),(NAN)]* complex. After
addition, the vials were sealed and mixed in the absence of light.

Photophysical Measurements. The traditionally prepared
iridium(III) complexes were irradiated as a 0.2 mM solution in
DMSO with a pulsed 365 nm LED, powered by a 40 ns square pulse
from a Siglent SDG1052 function generator. Emission was detected
with a Hamamatsu H7732-11 photomultiplier tube connected to a
Tektronix TDS3032B digital oscilloscope interfaced to a Raspberry Pi 3
Model B+ computer. Scattered light from the excitation source was
removed from acquired spectra using a plexiglass filter (365 nm long
pass). Emission spectra were measured concurrently using a StellarNet
BLACK-Comet concave grating spectrometer and collected with
spectral correction of spectrometer sensitivity.

Computational Modeling. Electronic structure was modeled with
singlet density functional theory (DFT) through geometry optimiza-
tion at the PW6B85D3 level of theory using the LANL2DZ basis set on
Gaussian 16.

Absorption Spectra. UV—vis absorption spectra were collected
with a Shimadzu UV-1800 spectrophotometer in 0.1 mM aerated
DMSO solutions.

Illlumination Intensity Reactions. Ir8 was employed as the
photocatalyst for intensity dependent reactions due to its exceptional
reactivity. Four different neutral density filters were placed over the 100
W blue illumination LEDs, and reaction progress for the photo-
deposition of Sn metal was monitored with a solution composition of
25.0 mM SnCl,, 213.4 mM hexahydro-1,3,5-trimethyl-1,3,5-triazine,
and 0.2 mM Ir8 in DMSO. Relative filtering capacity was determined by
monitored changes in spectral integral when the filter was placed
between an illumination LED and a StellarNet BLACK-Comet concave
grating spectrometer and collected without spectral correction of
spectrometer sensitivity.

Stern—Volmer Analysis. Time-resolved and steady state Stern—
Volmer analysis was performed using 0.2 mM solutions Ir1—Ir21 with
hexahydro-1,3,5-trimethyl-1,3,5-triazine (0, 0.025, 0.0S, 0.125, 0.25,
and 0.5 M) in deaerated DMSO and fit to the following equations

t/t=1+K,D] and I/I=1+K,[D]

where 7 represents the time-resolved lifetime in the presence (z) and
absence (z,) of quencher and I represents the integrated emission
spectra in the presence (I) and absence (I,,) of quencher.
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