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ABSTRACT

Chapter 1 discusses the major findings and themes of the studies presented in this
thesis. Chapter 2 presents a DFT-based methodology for quantifying entatic states. Here it is
applied to Cu-based photosensitizers used for solar electricity generation, solar fuels
synthesis, organic light emitting diodes (OLEDs), and photoredox catalysis. The
methodology can be used to decouple the steric and electronic contributions to excited state
dynamics and, in turn, can be used to guide the design of future photosensitizers. The
computed entatic energies in some of the photosensitizers were the largest quantified to date:
~20 kcal mol™ relative to the conformationally flexible [Cu(phen)2]*. Of course, considering
typical chemical barriers and driving forces, these values are significant.

Chapter 3 is an investigation of the ground and excited spin state energetics of a free
carbene and several of its iron porphyrin carbene (IPC) analogs. Here it is shown that for the
IPC models, multireference ab initio wave function methods give results most consistent
with experiment. Specifically, the predicted, mixed singlet ground state is mostly dominated
by the closed-shell singlet (Fe(IT)«—{:C(X)Y }°) configuration, with a small contribution from
an Fe(1ID-{C(X)Y} " open-shell singlet configuration (hole in d(xz)). This description
differs from that obtained by using DFT. Also, using the multireference ab initio wave
methods, elongation of the IPC Fe—C(carbene) bond increases the weighting of this particular
open-shell configuration within the ground state singlet.

Chapter 4 also deals with a system where DFT and multireference ab initio results
diverge: the light-induced Ni(l1)-C homolytic bond dissociation in Ni 2,2’-bipyridine
photoredox catalysts. DFT calculations give a barrier of ~30 kcal mol™ while multireference

ab initio calculations giving a barrier of ~70 kcal mol™. Thus, within the latter description, a
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previously proposed mechanism of thermally assisted dissociation from the lowest energy

triplet ligand field excited state is unfavorable. Instead, the mechanism given by the
multireference description is initial population of a singlet Ni(ll)-to-bpy metal-to-ligand
charge transfer (*MLCT) excited state followed by intersystem crossing and aryl-to-Ni(I11)
charge transfer. From accessible repulsive triplet excited states, homolytic bond dissociation

Ccan occur.
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Chapter 1

INTRODUCTION



1.1. Opening Remarks

This thesis presents several computational chemistry studies of first-row transition
metal complexes with applications for solar energy conversion and catalysis. Chapter 2
(supporting materials in Appendix A) developed an original methodology for quantifying
entatic state energetics in molecules. Chapter 3 (supporting materials in Appendix B)
characterized the electronic structure of the iron porphyrin carbene (IPC) reactive
intermediates relevant to engineered carbene transferase enzymes. This characterization
yielded useful insights regarding IPC reactivity. Chapter 4 (supporting materials in
Appendix C) examined the homolytic bond dissociation in Ni(Il) 2,2’-bipyridine
photoredox catalysts; this examination yielded a new description of these complexes and
their bond dissociation mechanism: a description involving strong Ni(ll)-aryl bonds and
ligand noninnocence. These studies utilized density functional theory (DFT) and
multireference methods based on complete active space self-consistent field theory

(CASSCF); Appendix D contains annotated example scripts for these calculations.

1.2. Chapter Summaries and Core Concepts

The bioinorganic concept of the entatic state involves placing a transition metal ion
and its first-coordination sphere into a strained, energized geometric and electronic
structure for the tuning of thermodynamic and kinetic parameters.! Chapter 2 extended the
entatic state concept to copper(l) photosensitizers useful for solar energy conversion.?
Initially, a series of homoleptic copper(l) bis-phenanthrolines functionalized with alkyl
groups at the ligand 2,9-positions were examined (Figure 2.2). For this series, several

energetic parameters were found to linearly correlate with the experimental lifetimes (1) of
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triplet metal-to-ligand charge transfer ((MLCT) excited states. Of these, the excited state

relaxation energy (yi; defined in Chapter 2 and Appendix A) was found to most robustly
characterize the sterically-induced energization of the transient Cu(ll) ion and its first
sphere. For a four orders of magnitude increase in 1, this entatic energization had a value
of ~20 kcal mol™; this is the first quantification of entatic energetics in a molecular system,
and notably the ~20 kcal mol™ value is significant relative to chemical driving forces and
barriers. In light of calculated linear coupling terms, it became clear how the y; parameter
relates to the shapes of excited state potential energy surfaces across the series of
complexes. The obtained methodology was then applied to many additional classes of
copper photosensitizers.

The iron porphyrin carbene (IPC) is the reactive intermediate in engineered carbene
transferase enzymes capable of catalyzing non-biological chemistry.® Chapter 3 uses
multireference methods to characterize the electronic structure of models for the IPC
reactive intermediates.* In contrast to previous broken-symmetry DFT studies®®, but in
agreement with related experimental studies®>’®, the IPC ground state was found to be
mixed, but largely dominated by the low-spin d® Fe(Il)«{:C(X)Y} closed-shell singlet
(CSS). During bond dissociation scans of the iron-carbene bond, the open-shell singlet
(OSS) Fe(IIN—{C(X)Y} " configuration became dominant at lengths relevant to those that
could potentially be seen at transition states. This initial foray into understanding the
relative electrophilic versus radical character of the IPC carbene center represents a step
towards better understanding the reactivity profiles of the enzymes and molecular

complexes operating through IPCs.
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Ni(IT) 2,2’-bipyridine photoredox complexes catalyze organic transformations via

the generation of organic radicals and high/low-valence nickel species.'®!! Chapter 4
presents the use of multireference methods to arrive at an original, potential mechanism for
the homolytic bond dissociation in Ni(II) 2,2’-bipyridine photoredox complexes.'? In
addition, the multireference description of the physical and chemical properties of the
Ni(Il) photoredox catalysts is unique; the description uniquely predicts of strong nickel-

aryl bonds and the importance of ligand noninnocence.



5
REFERENCES

(1) Solomon, E. I.; Hadt, R. G. Recent Advances in Understanding Blue Copper Proteins.
Celebr. Harry B Grays 75th Birthd. 2011, 255 (7), 774-789.
https://doi.org/10.1016/j.ccr.2010.12.008.

(2) Stroscio, G. D.; Ribson, R. D.; Hadt, R. G. Quantifying Entatic States in
Photophysical Processes: Applications to Copper Photosensitizers. Inorg. Chem.
2019, 58 (24), 16800-16817. https://doi.org/10.1021/acs.inorgchem.9b02976.

(3) Lewis, R. D.; Garcia-Borras, M.; Chalkley, M. J.; Buller, A. R.; Houk, K. N.; Kan, S.
B. J.; Arnold, F. H. Catalytic Iron-Carbene Intermediate Revealed in a Cytochrome ¢
Carbene Transferase. Proc. Natl. Acad. Sci. 2018, 115 (28), 7308-7313.
https://doi.org/10.1073/pnas.1807027115.

(4) Stroscio, G. D.; Srnec, M.; Hadt, R. G. Multireference Ground and Excited State
Electronic Structures of Free- versus Iron Porphyrin-Carbenes. Inorg. Chem. 2020,
59 (13), 8707-8715. https://doi.org/10.1021/acs.inorgchem.0c00249.

(5) Sharon, D. A.; Mallick, D.; Wang, B.; Shaik, S. Computation Sheds Insight into Iron
Porphyrin Carbenes’ Electronic Structure, Formation, and N—H Insertion Reactivity.
J. Am. Chem. Soc. 2016, 138 (30), 9597-9610. https://doi.org/10.1021/jacs.6b04636.

(6) Su, H.; Ma, G.; Liu, Y. Theoretical Insights into the Mechanism and Stereoselectivity
of Olefin Cyclopropanation Catalyzed by Two Engineered Cytochrome P450
Enzymes. Inorg. Chem. 2018, 57 (18), 11738-11745.
https://doi.org/10.1021/acs.inorgchem.8b01875.

(7) Li, Y.; Huang, J.-S.; Zhou, Z.-Y.; Che, C.-M.; You, X.-Z. Remarkably Stable Iron
Porphyrins Bearing Nonheteroatom-Stabilized Carbene or
(Alkoxycarbonyl)Carbenes: Isolation, X-Ray Crystal Structures, and Carbon Atom
Transfer Reactions with Hydrocarbons. J. Am. Chem. Soc. 2002, 124 (44), 13185-
13193. https://doi.org/10.1021/ja020391c.

(8) Kbhade, R. L.; Fan, W.; Ling, Y.; Yang, L.; Oldfield, E.; Zhang, Y. Iron Porphyrin
Carbenes as Catalytic Intermediates: Structures, Mossbauer and NMR Spectroscopic
Properties, and Bonding. Angew. Chem. Int. Ed. 2014, 53 (29), 7574-7578.
https://doi.org/10.1002/anie.201402472.

(9) Liu, Y.; Xu, W.; Zhang, J.; Fuller, W.; Schulz, C. E.; Li, J. Electronic Configuration
and Ligand Nature of Five-Coordinate Iron Porphyrin Carbene Complexes: An
Experimental Study. J. Am. Chem. Soc. 2017, 139 (14), 5023-5026.
https://doi.org/10.1021/jacs.7b01722.

(10) Welin, E. R.; Le, C.; Arias-Rotondo, D. M.; McCusker, J. K.; MacMillan, D. W. C.
Photosensitized, Energy Transfer-Mediated Organometallic Catalysis through
Electronically  Excited Nickel(Il). Science 2017, 355 (6323), 380.
https://doi.org/10.1126/science.aal2490.

(11) Ting, S. I.; Garakyaraghi, S.; Taliaferro, C. M.; Shields, B. J.; Scholes, G. D.;
Castellano, F. N.; Doyle, A. G. 3d-d Excited States of Ni(ll) Complexes Relevant to
Photoredox Catalysis: Spectroscopic Identification and Mechanistic Implications. J.
Am. Chem. Soc. 2020, 142 (12), 5800-5810. https://doi.org/10.1021/jacs.0c00781.

(12) Cagan, D. A.; Stroscio, G. D.; Cusumano, A. Q.; Hadt, R. G. Multireference
Description of Nickel-Aryl Homolytic Bond Dissociation Processes in Photoredox
Catalysis. J. Phys. Chem. A 2020. https://doi.org/10.1021/acs.jpca.0c08646.



Chapter 2

QUANTIFYING ENTATIC STATES IN PHOTOPHYSICAL PROCESSES:
APPLICATIONS TO COPPER PHOTOSENSITIZERS

Adapted with permission from:

Stroscio, G. D.; Ribson, R. D.; Hadt, R. G.* Quantifying Entatic States in Photophysical
Processes: Applications to Copper Photosensitzers. Inorg. Chem. 2019, 58 (24), 16800-

16817. https://doi.org/10.1021/acs.inorgchem.9b02976.

*Corresponding author.

Copyright (2019) American Chemical Society.


https://doi.org/10.1021/acs.inorgchem.9b02976

Abstract

The entatic or rack-induced state is a core concept in bioinorganic chemistry. In its simplest
form, it is present when a protein scaffold places a transition metal ion and its first
coordination sphere into an energized geometric and electronic structure that differs
significantly from that of the relaxed form. This energized complex can exhibit special
properties. Under this purview, however, entatic states are hardly unique to bioinorganic
chemistry, and their effects can be found throughout a variety of important chemistries and
materials science applications. Despite this broad influence, there are only a few examples
where entatic effects have been quantified. Here we extend the entatic concept more
generally to photophysical processes by developing a combined experimental and
computational methodology to quantify entatic states across an entire class of functional
molecules, e.g., Cu-based photosensitizers. These metal complexes have a broad range of
applications, including solar electricity generation, solar fuels synthesis, organic light
emitting diodes (OLEDSs), and photoredox catalysis. As a direct consequence of quantifying
entatic states, this methodology allows the disentanglement of steric and electronic
contributions to excited state dynamics. Thus, before embarking on the syntheses of new Cu-
based photosensitizers, the correlations described herein can be used as an estimate of entatic
and electronic contributions and thus guide ligand design and the development of next-
generation transition metal complexes with improved and/or tailored excited state dynamics.
Lastly, entatic energies in some Cu photosensitizers are the largest yet quantified and are
found here to approach 20 kcal/mol relative to the conformationally flexible [Cu(phen)]".
These energetics are significant relative to typical chemical driving forces and barriers,

highlighting the utility in extending entatic state descriptors to new classes of molecules and
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materials with interesting functional properties involving the coupling between electron and

vibrational dynamics.



2.1. Introduction

Energized states in proteins have been recognized since the 1950s.%? The concept
was further developed and applied by a number of researchers, including Vallee, Williams,
Malmstrém, and Gray,*’ and was thereafter more colloquially referred to as the entatic® or
rack-induced® (entatic/rack) state. In its simplest description, the entatic state in biology
refers to the energy provided by the overall protein fold, inclusive of first and second spheres
and long range H-bonding and electrostatics, to distort the ligand field around a transition
metal ion. In doing so, the metal is endowed with an activated geometric and electronic
structure that can finely tune a variety of functional properties. While a central concept in
bioinorganic chemistry, it is still a major challenge to demonstrate the existence of and
quantify entatic states, and only a few examples exist in the literature.®-?

Classic cases where the entatic state has been discussed include the blue (type 1, T1)
and green (perturbed) Cu active sites”*® and the ground state redox properties of their related
Cu complexes.***® In addition to tuning redox potentials by varying free energies, the entatic
state can also significantly affect electron transfer kinetics through a reduction in ground state
inner sphere reorganization energies (Ais). An interesting extension of ground state entatic
contributions in Cu active sites and complexes has recently been discussed by Kohler et al.*°
and Dicke et al.,?® wherein entatic concepts were translated to understanding Cu(l) metal-to-
ligand charge transfer (MLCT) excited state dynamics.

Ultrafast spectroscopies have provided a clear picture of the MLCT-triggered
geometric and electronic structural dynamics of Cu(l) bis-phenanthroline (bis-phen)
complexes.?2* As illustrated in Figure 2.1, excitation into the *MLCT absorption band of a

Tq Cu(l) complex induces the transient formation of an oxidized Cu(ll) state. This photo-
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triggered, Cu-centered redox event induces a Jahn-Teller distorting force along a flattening

mode in the excited state (Figure 2.1), and, upon intersystem crossing, a metastable *MLCT
state is formed. By introducing steric bulk at the 2,9-positions of the bis-phen ligand, the
degree of structural flattening can be mitigated and the lifetime (t) of the 3MLCT state can
be tuned over many orders of magnitude (vide infra). Given the transient formation of Cu(ll),
the excited state structural dynamics mimic those that are relevant for Cu-based electron
transfer active sites in biology and related Cu complexes. Thus, for Cu(l) bis-phen
complexes, and Cu photosensitizers in general, the same structural contributions are
responsible for tuning redox potentials and the potential energy surfaces involved in excited
state formation and decay. The entatic state description provides a framework for
understanding the important role of structure in tuning the Kkinetics associated with
photophysical processes across Cu(l) photosensitizers. That said, as has been the case for
biology, quantifying entatic contributions is not necessarily straightforward and has yet to be

accomplished for photochemical dynamics.
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q - flattening angle between planes

Figure 2.1. *MLCT excited state structural distortion in Cu(l) bis-phenanthroline complexes
and their generalized excited state potential energy surfaces. The entatic state under
consideration here inhibits the flattening of the dihedral angle upon formation of the MLCT
excited state.

It is also enlightening to consider the potential roles entatic states might play in other
areas, as they should not be unique to Cu complexes and bioinorganic chemistry. For
example, Snyder et al.®® has invoked an entatic state in heterogeneous catalysis, wherein
structural contributions from a zeolite lattice activate a ferryl unit for the oxidation of the
strong C—H bond of methane. Similarly, entatic contributions have been shown to tune the
relative energies of the important S=1,2 spin states of ferryl complexes, leading to variations
in alkane hydroxylation, alkene epoxidation, and phosphine and thioether oxidation.?
Entatic-like effects, strains and stresses in particular, have also been shown to directly
influence thermodynamic and kinetic aspects across a broad range of important chemistries
and materials properties, including electrocatalysis,?’~® battery electrode materials,®~3° solar

energy storage,*° transition metal-mediated organic synthetic reactions,** single molecule
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magnetism,*  photomagnetic/spin-crossover materials,**#* internal conversion in

4749 and colossal

fluorescent proteins and molecules,*#® quantum information processing,
magnetoresistance.>%°!

This wide range of chemical and physical properties where entatic-like effects have
been invoked is perhaps not surprising given the general description above. For dynamic and
photophysical processes, we would like to highlight the important coupling between
molecular vibrations or phonons to key changes in electronic structure (e.g., intersystem
crossing). Given the fundamental nature of this coupling, we can expect entatic-like effects
to tune this coupling and influence the dynamic properties of interest. For example, ultrafast
spectroscopies have highlighted the role of electron-nuclear coupling in photophysical
processes, especially through analyses of wavepacket dynamics.®>>> Another interesting
example in a solid state system involves strain-engineering in diamond vacancies for
quantum information processing.4”%% Strain-induced distortions of nitrogen vacancies can
modify the electron-phonon couplings that mediate intersystem crossings, and thus strain-
dependent intersystem crossing rates and/or emission energies represent a means to
potentially quantify entatic-like contributions in the solid state.*” Thus, while analyzing
entatic states with thermodynamic quantities and descriptors is attractive, the extension to
understanding steric influences in dynamic processes and leveraging ultrafast spectroscopies
represents an exciting area of exploration; these quantifications can better guide ligand and
materials design, while also pushing forward our fundamental understanding of the key role
played by the coupling of molecular vibrations to electron dynamics.

We take a step in this direction by developing a combined experimental and

computational methodology to quantify entatic states in photophysical processes and apply
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this combined approach to an entire class of functional molecules, e.g., Cu-based

photosensitizers. These complexes exhibit a broad range of applications, including solar
electricity generation,>~®2 solar fuels synthesis (e.g., Hz generation and CO- reduction),%3-"
organic light emitting diodes (OLEDs),’*'8 and photoredox catalysis in organic synthesis.’®
87 The experimental and computational approach outlined here utilizes electrochemical
methods, ultrafast transient absorption spectroscopy, and emission spectroscopy and couples
these to density functional theory (DFT) calculated redox potentials, ground state
reorganization energies, and excited state relaxation energies. This approach gives a detailed
picture of the ground and excited state potential energy surfaces involved in redox and the
photodynamics of Cu(l)-based photosensitizers, which has provided the first quantification
of entatic state contributions to a class of photoactive molecules. Importantly, once entatic
contributions are quantified, contributions from sterics and electronics can be disentangled.
By defining and quantifying entatic states, we provide a clear framework and picture of their
fundamental origins and the role they play in tuning potential energy surfaces and thus spin-
vibrational coupling. Here we show that entatic energies in Cu(l) photosensitizers can
approach 20 kcal/mol relative to the conformationally flexible [Cu(phen)2]*. These
energetics represent a significant contribution relative to typical chemical driving forces and

barriers, further supporting their extension to catalysis, photophysics, and materials science.

2.2. Results
In the following sections, we utilize the observation that the natural logarithms of the
SMLCT excited state lifetimes, In(t)s, correlate linearly with a wide variety of

thermodynamic and kinetic data on the 2,9-alkyl substituted Cu(l) bis-phenanthroline (bis-
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phen) complexes. These linear correlations provide slopes and thus quantifications of the

complex energization (i.e., entatic state) due to structural constrains. Several approaches to
quantifying entatic states using a broad range of experimental and computational data are
discussed below. Lastly, while the majority of electrochemical data and lifetimes are gleaned
from the literature, the electrochemical and excited state properties of the Cu(l) 2-methyl-
1,10-phenanthroline (mmp) complex (bis-mmp) were studied here for the first time. These

new data span a previously unavailable yet critical region of the In(t) plots given here.

2.2.1. Quantifying Entatic States in 2,9-Alkyl Substituted Copper(l) Bis-
Phenanthrolines

The reduction potentials (E°s) and 3MLCT excited state lifetimes (t) for a variety of
Cu(l) bis-phen complexes have been reported in the literature.?:232488-92 Among these are
six homoleptic Cu(l) bis-phen complexes differing only in the alkyl group at the 2,9-position
of the phenanthroline ligand (viz., 1,10-phenanthroline (phen), 2,9-dimethyl-1,10-
phenanthroline  (dmp), 2,9-dibutyl-1,10-phenanthroline (dbp), 2,9-dineopentyl-1,10-
phenanthroline (dnpp), 2,9-di-sec-butyl-1,10-phenanthroline (dsbp), and 2,9-di-tert-butyl-
1,10-phenanthroline (dtbp)) (Figure 2.2). Solely changing the alkyl group at the 2,9-positions
tunes the Cu(l/I1) E° over ~600 mV and 3MLCT lifetimes by greater than four orders of
magnitude (e.g., from 140 ps (bis-phen) to 3.26 ps (bis-dtbp) in DCM).?! These systematic
structure/function variations thus provide an opportunity to quantify entatic states in
photophysical processes for the first time. Indeed, our examination of these complexes
demonstrates that tuning the steric bulk of the alkyl chains at the 2,9-positions has a

quantifiable effect on 1. In the following sections, we first correlate experimental and
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computational E°s to evaluate potential entatic state contributions. Analyses are then

extended to ground state inner sphere reorganization energies (Ais) for Cu(l/Il) redox and,
finally, to Cu(l/Il) 3MLCT excited state inner sphere relaxation energies (yis) and energy
gaps. As shown below, entatic energies depend on the model used to quantify them. For Cu-
photosensitizers, we have determined that excited state relaxation energies provide a means

to quantify purely steric contributions to *MLCT dynamics (vide infra).

Tpem =980 ns

Toem = 140 ps Tocm = 2 NS

dbp dnpp
Tpem = 150 ns Tpem = 260 ps

dmp-dtbp
Toem = 730 ns.

dtbp
Tpem = 400 ns Tpem = 3260 ns

Figure 2.2. Phenanthroline and the 2,9-alkyl substituted ligands of the homoleptic
complexes used to quantify entatic contributions to t.

2.2.1.1. Entatic Contributions and Cu(l/1l) Redox Potentials

As pointed out recently for Cu(l) bis-phen complexes,®® variations in E°s and ts
reflect the same structural distortion (Figure 2.1); therefore, one can draw a correlation
between these experimental observables to quantify entatic contributions to photophysical
dynamics. Experimental and calculated E°s (see Methods in Appendix A) for Cu(l) bis-phen
and the 2,9-alkyl substituted complexes are given in Table 2.1 and Figure 2.3. The best

agreement between theory and experimental E°s in DCM is observed for the BP86
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functional. Thus, if not specified, calculated values correspond to values obtained using

the BP86 exchange correlation functional. Within this functional, the best agreement is
observed for the bulkier substituents (e.g., bis-dbp, -dsbp, and -dtbp). For bis-phen and -dmp,
however, the calculated E°s (1.071 and 1.259 V, respectively) are higher than those observed
experimentally (0.84 and 0.99 V, respectively). Furthermore, there is a fairly large E°
difference between bis-phen and bis-dmp complexes relative to the other complexes with
E°s reported in the literature (Table 2.1). For a more reliable overall comparison across the
series, it is useful to fill this gap. Doing so is also important for analyzing *MLCT lifetimes
and relaxation energies (vide infra). We therefore synthesized the homoleptic Cu(l) complex
with a 2-methyl-1,10-phenanthroline (mmp) ligand (bis-mmp)® and measured its E° (0.99
V) and photophysical properties for the first time (see Appendix A Figure A.2 and Methods
for experimental details). Similarly to bis-phen and -dmp, the calculated E° (1.145 V) is

higher than that observed experimentally. We return to this difference below (vide infra).
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Table 2.1. Experimental and Calculated E°s (V vs. NHE) for 2,9-Alkyl Substituted Bis-
Phen complexes.

Ligand BP86 TPSSh (eV) | B3LYP (eV) | Experiment (V) | BP86 — Exp.
(eV) V)
phen 1.071 0.716 0.624 0.842 0.23
phen* 0.769 0.376 0.303 0.84° -0.07
mmp 1.145 0.823 0.740 0.99 0.16
mmp* 1.048 0.702 0.612 0.99° 0.06
dmp 1.259 0.978 0.887 1.19% 0.07
dmp* 1.201 0.920 0.826 1.19% 0.01
dbp 1.318 1.065 0.987 1.31° 0.01
dnpp 1.248 0.983 0.909 1.31° -0.06
dsbp 1.341 1.087 1.042 1.38° -0.04
dmp-dtbp 1.459 1.243 1.197
dtbp 1.401 1.205 1.218 1.40° 0.00

*Optimized structure includes a weak HO interaction as discussed in the text.
& This work

b Reference 88

¢ Reference 92

1.4 I I T T T J—
O Experiment o
@ BP86 M [

o TPSSh M o
@ B3LYP ] e H

1.2H

1.0} 1 i |

Reduction Potential (V)
]
]

0.2H i

0.0 L GOy ey ROy Ay Ly L L
phen phen* mmp mmp* dmp dmp* dbp dnpp dsbp dtbp

Figure 2.3. Comparison between experimental and calculated E’s for phen and 2,9-alkyl
substituted complexes. Differences are given in Figure A.3.
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As discussed above for E°, there is a nearly three order of magnitude gap between

the ts of bis-phen and bis-dmp complexes (0.14 vs. 90 ns, respectively). We therefore
measured the 3MLCT lifetime of bis-mmp in DCM. The absorption data and corresponding
transient absorption data for bis-mmp are given in Figure 2.4 (excitation at 410 nm). Fits to
the decay of the excited state absorption at 550 nm give a lifetime of 2 ns. Note that the
correlations presented in Figures 2.5 and 2.6 below predicted a similar lifetime for bis-mmp
a priori; this observation points to the predictive and interpretive power of the correlations
addressed herein. The latter in particular is elaborated on through comparisons to other Cu(l)-

based photosensitizers in the Discussion section.
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Figure 2.4. Optical data for Cu(l) bis-mmp. (A) UV-vis spectrum and (B) transient
absorption data obtained using 410 nm excitation.

Experimental In(t)s are correlated to experimental E°s for bis-phen and the 2,9-alkyl
substituted Cu(l) complexes in Figure 2.5. Given the broad range of structures, E°s, and

lifetimes over these seven complexes, this linear correlation can provide a means to estimate
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an entatic energy. The slope and y-intercept of the correlation between In(t) and E°, along

with the corresponding regression analysis at the 95% confidence interval, provides an
entatic energy of 3.2 £ 0.7 kcal/mol (0.14 £ 0.03 eV) for one order of magnitude change in t
(see Appendix A Table A.3 for analyses). The experimental ts of the complexes considered
in Figure 5 span many orders of magnitude in t1; translating to this experimental window in
SMLCT lifetime equates to an entatic energy of 12.9 + 2.9 kcal/mol (0.56 + 0.13 eV) for a
four orders of magnitude change in t. Note that entatic energies for this and all other sections

are summarized in Table 2.4 in the Discussion.

In(t)

2+ phen —
1 | | 1 | 1 I 1

08 09 10 11 12 13 14 15
Experimental E° (V vs. NHE)

Figure 2.5. The correlation between experimental E°s and In(z)s for bis-phen and 2,9-alkyl
substituted Cu(l) complexes. The linear fit has an R? = 0.963 and y = (15.89 V)x + 15.14.

While the correlation between E° and In(t) is a potentially attractive means of

determining entatic energies, solvation contributions can affect the Cu(l/Il) E°. For instance,
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E° for bis-dmp can shift quite dramatically when measured in different coordinating

solvents (e.g., ashift of -0.16 or -0.29 V is observed moving from DCM to CH3CN or DMSO,
respectively®). This solvent effect was successfully modeled assuming fast, reversible
coordination upon oxidation, with little solvent binding to Cu(1).%* In addition to ground state
redox, solvent interactions have also been invoked and discussed for Cu-based excited state
SMLCT formation and decay.?>% In the former case, coordination to Cu(ll) stabilizes the
oxidized state relative to the reduced state; this differential oxidation state stabilization
decreases E°. Here, however, focusing solely on non-coordinating DCM allows us to
effectively reduce contributions from direct solvent coordination to Cu(ll) as much as
possible and therefore provide a more accurate quantification of entatic contributions to E°.
Nonetheless, despite being carried out in DCM, the electrochemical data for Cu(l) bis-phen
is quasi-reversible, and high scan rates (>600 mV/s) are required (Appendix A Figure A.2).
Thus, for the less solvent protected ligand sets, there are likely interactions between the
oxidized state and some combination of solvent, electrode surface, and/or counter ion that
can potentially contribute to E°. However, this selective interaction for Cu(ll) is not
accounted for using continuum solvation calculations, and we therefore attribute the
discrepancies noted above (vide supra) between calculated and experimental potentials for
bis-phen, -mmp, and -dmp complexes to this differential oxidation state stabilization. Note
that the deviations between experiment and theoretical E°s are 0.23, 0.16, and 0.07 V for bis-
phen, -mmp, and -dmp, respectively, supporting the diminished differential oxidation state
stabilization across this series as ligand bulk is increased. Importantly, this observation also
suggests that solvent contributions can affect the correlation between E° and In(t), and thus

the quantification of entatic contributions. For example, using the computational values of
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E°, which should represent a limit where no differential Cu(ll) interactions are present, the

correlation between E° and In(t) gives entatic energies of 1.7 + 0.5 (0.07 £ 0.02 eV) and 6.8
+ 2.1 kcal/mol (0.29 + 0.09 eV), respectively, for one and four orders of magnitude change
in T (Appendix A Figure A.3). These values are less than the 3.2 + 0.7 (0.14 £ 0.03 eV) and
12.9 + 2.9 kcal/mol (0.56 + 0.13 eV) using experimental E°s (vide supra), which further
indicates that differential oxidation state stabilization can affect the correlation between E°
and In(t), and thus the entatic energy.

The differential oxidation state interactions can be evaluated by including the effects
of a weakly coordinating ligand interaction (H20) in Cu bis-phen, -mmp, and -dmp
complexes (denoted bis-phen*, -mmp*, and -dmp*). Note that the Cu(ll)-OH. bond in bis-
phen* is weak (~2.4 and ~2.5 A in the oxidized and 3MLCT states, respectively) and
significantly weaker in bis-mmp* (~2.9 and ~3.0 A in bis-mmp*). Water does not bond to
Cu(ll) in bis-dmp* (Appendix A Figure A.4). Differential oxidation state stabilization in bis-
phen* lowers the calculated E° (BP86) from 1.07 to 0.77 V vs. NHE (Table 2.1 and Figure
2.3), in better agreement with experiment. Additionally, including the oxidation state
selective interactions in bis-mmp* and -dmp* lowers the calculated E°s to 1.048 and 1.201
V, respectively, both improved relative to experiment. Lastly, correlating the calculated E°s
and In(t) using these values for bis-phen*, -mmp*, and -dmp* (Appendix A Figure A.3)
gives entatic energies of 3.3+ 0.9 (0.14 £ 0.04 eV) and 13.1 + 3.6 kcal/mol (0.57 £ 0.16 eV)
for one and four orders of magnitude change in 7, respectively, in excellent agreement with
values from purely experimental E°s (vide supra).

In addition to sterics, the difference in the electron-donating ability of the 2,9-alkyl

substituents relative to —H can contribute to E° by preferentially stabilizing the oxidized over
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the reduced state. Here steric vs. electronic contributions can be decomposed using “H-

capped” versions of the 2,9-alkyl substituents, which involve replacing the 2,9-alkyl group
with an H atom and keeping the geometry completely unperturbed otherwise. The resulting
calculated E°s for these H—capped structures are given in Appendix A Table A.1; a linear
correlation between H—capped and capped structures is given in Appendix A Figure A.5.
Indeed, calculated E°s are sensitive to H—capping. For example, for bis-dtbp, -dsbp, and -
dmp, the difference in calculated E° between H—capped and uncapped structures is 0.148,
0.040, and 0.013 V, respectively, showing a systematic decrease with increasing electron-
donating ability across the series. These contributions can also affect the correlation between
E° and In(t). Using the calculated H—capped values and correlating with experimental In(t)s
(Appendix A Figure A.3) results in entatic contributions for one and four orders of magnitude
changeintof2.2+1.0(0.10+0.04 eV) and 8.8 + 4.1 kcal/mol (0.38 £ 0.18 eV), respectively.
While the correlation for the H—capped structures is not as tight, these results suggest that
the entatic contribution for the H—capped structures is larger than for the uncapped structures
and that the electron-donating ability of the alkyl group opposes the entatic state. For a clearer
comparison, T increases from 0.14 to 3260 ns going from bis-phen to bis-dtbp. The calculated
E°s for these structures vary by 0.330 V (~7.6 kcal/mol) in the uncapped structures. This
difference increases to 0.476 V (~11.0 kcal/mol) in the H—capped structures. Therefore, the
intrinsic entatic energy from bis-phen to bis-dtbp is opposed by the electron-donating dtbp
group, consistent with the analyses using the slope of E° vs. In(1).

In summary, for this series of Cu photosensitizers, experimental E°s correlate linearly
with t over four orders of magnitude in lifetime. The slope of this correlation provides a

potential quantitative estimate of the entatic contributions to 1. From experiment, the entatic
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energy is estimated to be 12.9 + 2.9 kcal/mol (0.56 + 0.13 eV) for a four order of magnitude

increase in 7. However, differential oxidation state interactions over this series of complexes
can affect the correlation and result in an overestimation of the entatic energy. This is
exemplified by comparing the entatic energies from calculated E°s with and without
differential oxidation state interactions (6.8 = 2.1 kcal/mol (0.29 + 0.09 eV) and 13.1 + 3.6
kcal/mol (0.57 + 0.16 eV), respectively, for a four order of magnitude increase in excited
state lifetime). Additionally, steric and electronic contributions to the slope can be
decomposed using H—capped vs uncapped structures. Analyses of these structures indicate
that the electron-donating ability of the 2,9-alkyl substituents oppose the entatic contributions
to the potentials and lifetimes from sterics; this is exemplified by the bis-phen to bis-dtbp
comparison described above, for which the entatic energy is opposed by electron-donation
by ~3 kcal/mol (~0.1 eV).

Finally, while the correlation between E° and In(t) is insightful, the entatic energies
are estimated solely using thermodynamic parameters. In addition to the effects discussed
above, these energies do not fully account for important contributions from the full potential
energy surfaces involved in excited state relaxation processes, and are thus not most relevant
for analyzing kinetics. The analysis is therefore translated to Cu(l/Il) ground state inner

sphere reorganization energies, excited state relaxation energies, and energy gaps below.

2.2.1.2. Entatic Contributions and Cu(l/11) Reorganization Energies
Entatic states have been invoked to rationalize the small reorganization energies of
biological electron transfer active sites, which for T1 Cu active sites (e.g., plastocyanin,

azurin) range from 0.7-1.2 eV.%%" This value contains contributions from the outer sphere
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reorganization as well, and the inner sphere contribution is thought to be ~0.4 eV. Here we

use AiS as an alternative means of quantifying entatic contributions to excited state processes,
as they better capture the relative curvatures of the potential energy surfaces involved in
redox and photophysical processes.

The approach described by Ryde et al.®% (see Appendix A Figure A.1) has been
applied successfully in calculating the Ais for a wide-range of Cu complexes. Here Ais have
been calculated for a series of bis-phen and 2,9-alkyl Cu(l) complexes (Table 2.2 and Figure
2.2). A for bis-phen is calculated to be 1.06 eV (BP86). For comparison, this value is lower
than that reported by Ryde et al. for Cu(I/11)(NHs)a (1.40 eV),% which reflects the increased
steric constraints provided by the phen ligand relative to NHz. Note that the majority of A for
Cu(I/1)(NHs)4 derives from the tetragonal distortion.%®% Beyond E°, additional insights
regarding entatic contributions, including potential energy surfaces and their curvatures, can
be determined from ground state AiS.

As discussed above, a correlation can be drawn between the calculated ground state
Ais and the experimental In(t)s. This correlation, given in Figure 2.6A, is also linear and
provides entatic contributions for one and four orders of magnitude change in t 0f 4.3 £ 0.6
and 17.3 £ 2.2 kcal/mol. These calculated Ais are free from differential oxidation state
contributions, as was evaluated above for redox potentials. For comparison, using bis-phen*,
-mmp*, and -dmp* in the correlation provides entatic contributions for one and four orders

of magnitude change in t of 5.4 £ 0.5 and 21.7 £+ 2.0 kcal/mol.
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Table 2.2. Comparisons between Excited State Lifetimes and Calculated Ground State
Reorganization Energies, Excited State Relaxation Energies, and Energy Gaps for 2,9-Alkyl
Substituted Bis-Phen Complexes.?

Ligand |7 (ns) | In(x) | A(eV)° | A(eV)® | y (eV)° | y (eV)* | EG (eV)° | EG (eV)°
phen 0.14 | -197| 0.994 1.064 1.434 1.428 0.778 0.767
(22.9) | (245) | 33.1) | (329) | (7.9 (17.7)
phen* 1.067 1.222 1.391 1411 0.655 0.627
(46) | (282) | 32.1) | 325) | (@5.0) (14.5)
mmp 2d 0.69 | 0.706 0.763 1.114 1.112 1.044 1.029
(16.3) | (176) | (25.7) | (256) | (24.2) (23.7)
mmp* 0.802 0.922 1.202 1.202 0.944 0.932
185) | (21.3) | (27.7) | @7.7) | (21.8) (21.5)
dmp 90 450 | 0.484 0.521 0.910 0.890 1.377 1.360
(11.2) | (12.0) | (21.0) | (20.5) (31.8) (31.4)
dmp* 0.481 0.526 0.865 0.867 1.330 1.321
(11.1) | (12.1) | (19.9) | (20.0) (30.7) (30.5)
dbp 150 | 5.01 | 0.445 0.458 0.747 0.725 1.507 1.507
(10.3) | (106) | (17.2) | (16.7) (34.8) (34.8)
dnpp 260 | 556 | 0.388 0.393 0.665 0.664 1.418 1.423
9.0) | (9.1) | (15.3) | (15.3) (32.7) (32.8)
dsbp 400 | 599 | 0.397 0.407 0.715 0.716 1511 1515
9.2) | (9.4) | (1655) | (16.5) (34.8) (34.9)
dmp-dtbp | 730° | 6.59 | 0.383 0.381 0.616 0.621 1.658 1.649
8.8) | (88) | (14.2) | (14.3) (38.2) (38.0)
dtbp 3260 | 8.09 | 0.176 0.183 0.312 0.312 1.896 1.894
@1 | @2 | 72 | 1.2 (43.7) (43.7)

*Optimized structure includes a weak H-O interaction as discussed in the text.
4 Unless indicated, lifetimes were taken from Table 1 of Ref 21 and references cited therein.
Parenthetical values in kcal/mol.

b Gas phase.

¢ CPCM corrected.

4 This work.

€ Reference 92.
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Figure 2.6. Correlations between In(t)s and (A) ground state reorganization energies, (B)
excited state relaxation energies, and (C) energy gaps for bis-phen and the 2,9-alkyl

substituted Cu(l) complexes. The linear fit (black line) is shown for BP86. For A, the fit has

R? = 0.984 and the equation y = (-12.06 eV-Y)x + 10.59. For B, R? = 0.956 and the equation

y = (-9.58 eV1)x + 12.05. For C, R? = 0.965 and the equation y = (9.23 eV 1)x + 8.55.
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As presented above for ground state redox, the Ais can be corrected for electron-

donating effects of the 2,9-alkyl substituents to decompose the steric and electronic
contributions to Ai by analyzing the H-capped structures. The H—capped results provide
entatic contributions for one and four orders of magnitude in T of 4.4 + 0.7 and 17.7 £ 3.0
kcal/mol (see Appendix A Figure A.6). These values are similar to those obtained from
uncapped structures, indicating that, unlike E°s, electron-donating effects are minimized in
the evaluation of Ai. Thus, the entatic contributions estimated using Ai are largely due to
sterics and further suggest that sterics play a more significant role in excited state lifetimes
than electron-donating contributions. This is corroborated below using excited state
relaxation energies.

Lastly, entatic contributions estimated for over four orders of magnitude change in t
are similar between gas phase and CPCM solvation approaches (15.7 £ 2.4 and 17.3 £ 2.2
kcal/mol, respectively). This observation further supports that Ais moreso reflect
geometric/steric contributions as opposed to solvation and/or electron-donating effects.

In summary, for this series of Cu(I) photosensitizers, the calculated Ais correlate
linearly with In(t) over four orders of magnitude in t. The slope of this correlation provides
a potential quantitative estimate of the entatic contributions to the excited state lifetimes. The
entatic energy using this method is estimated to be 17.3 + 2.2 kcal/mol for a four order of
magnitude increase in t. In contrast to E°s, differential oxidation state interactions over this
series of complexes have a significantly smaller effect on the correlation between energetics
and In(t). Furthermore, electron-donating effects, estimated using the comparison between
H-—capped and uncapped structures, are minimized in A;S, which results in similar estimates

of entatic contributions.
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2.2.1.3. Entatic Contributions and Cu(l/l1l1) Metal-to-Ligand Charge Transfer

Relaxation

In addition to AiS, the same methodology can be translated to estimate excited state
SMLCT relaxation energies (yis). The calculated yis (see Methods and Appendix A Figure
A.7) are given in Table 2.2 and their correlation with experimental In(t) is given in Figure
2.6B. This correlation provides entatic contributions of 5.3 + 1.1 and 21.2 + 4.5 kcal/mol,
respectively, for one and four orders of magnitude change in t.

To provide an experimental calibration, 77 K emission spectra were collected on
[Cu(dsbp)2][PFs] and [Cu(dmp)2][PFs] complexes (Appendix A Figure A.10) in 1:1
toluene/DCM glasses, and experimental bandwidths and fittings provide vyis of 0.66 and 0.77
eV, respectively.!® These values are in fair agreement with those calculated for bis-dsbp and
-dmp complexes (0.715 and 0.910 eV, respectively) and are in good agreement with the
overall correlation between In(t) and vi for bis-phen and the 2,9-alkyl complexes (Figure
2.6B, pink circles).

As done above, the potential role of differential solvation can be evaluated using the
vis estimated for bis-phen*, -mmp*, and -dmp*. Using these structures in the correlation,
entatic energies for one and four orders of magnitude in t are estimated to be 5.5 + 1.0 and
21.8 + 4.1 kcal/mol, respectively. Furthermore, the role of electron-donation can be evaluated
using the H—capped and uncapped structures. Using the H—capped structures gives entatic
contributions of 5.2 + 1.4 and 20.8 £ 5.5 kcal/mol, respectively, for one and four orders of
magnitude change in 1. As with Ais, yis provide very similar entatic contributions using H-
capped vs. uncapped structures, both suggesting that excited state lifetimes are largely

governed by sterics, and electron-donating contributions from the 2,9-alkyl groups are
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minimal. Furthermore, entatic contributions over four orders of magnitude in t are similar

between gas phase and CPCM solvation approaches (21.3 £ 4.8 and 21.2 £ 4.5 kcal/mol,
respectively). This further supports the observation that the calculated yis purely reflect
geometric and steric contributions to the relaxation energy.

In summary, for this series of Cu photosensitizers, the calculated yis correlate linearly
with In(t) over four orders of magnitude in t. The slope of this correlation provides a potential
quantitative estimate of the entatic contributions. The entatic energy estimated for four orders
of magnitude in t using the uncapped structures (21.2 + 4.5 kcal/mol) is essentially identical
to those determined using H—capped structures (20.8 £ 5.5 kcal/mol) or those accounting for
differential oxidation state stabilization (21.8 + 4.1 kcal/mol). Additionally, gas phase and
CPCM corrected calculations provide essentially identical entatic contributions. Thus,
correlating yis and experimental ts provides a robust means to quantify purely geometric and
steric contributions from the entatic state. As discussed below, we therefore use this
correlation to provide a comparison to a variety of classes of Cu-based photosensitizers

reported in the literature.

2.2.1.4. Entatic Contributions and the Cu(l/Il) Metal-to-Ligand Charge Transfer
Energy Gap

In addition to Ais and yis, we can apply the same correlation between In(t) and the
calculated energy gap between the 3MLCT excited state and the reduced ground state in the
equilibrium structure of the 3MLCT excited state (Appendix A Figure A.1B). These energies
are reported in Table 2.2 and correlated with In(t) in Figure 2.6C (also see Appendix A Figure

A.8). This correlation provides entatic contributions of 5.6 £ 1.0 and 22.2 + 4.2 kcal/mol,
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respectively, for one and four orders of magnitude change in 1. This is in good agreement

with entatic estimates using yis.

As done above, the potential role of differential solvation can be evaluated using the
energy gaps for bis-phen*, -mmp*, and -dmp*. Using these structures in the correlation,
entatic energies for one and four orders of magnitude in t are estimated to be 6.4 + 0.9 and
25.6 + 3.8 kcal/mol, respectively. Furthermore, using the H—capped structures gives entatic
contributions of 5.5 £ 1.6 and 22.1 £ 6.2 kcal/mol, respectively, for one and four orders of
magnitude change in t. As with Ais and vyis, energy gaps provide very similar entatic
contributions using H—capped vs. uncapped structures, both suggesting that excited state
lifetimes are largely governed by sterics, and electron-donating contributions from the 2,9-
alkyl groups are minimal. Furthermore, entatic contributions over four orders of magnitude
in T are similar between gas phase and CPCM solvation approaches (21.9 + 4.3 and 22.2 +
4.2 kcal/mol, respectively). This further supports the observation that the calculated Ais, vis,
and energy gaps purely reflect geometric and steric contributions to the relaxation energy.

In summary, similarly to Ais and E°s, the entatic energetics from the energy gap are
somewhat sensitive to differential solvation, whereas yis appear to provide entatic energies
that reflect steric contributions over this series of Cu bis-phen-based complexes. From these
data, the entatic state can provide a strong influence over dynamics that can be described by

the energy gap law.
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2.2.1.5. Perturbations to the 2,9-Position: Effects of m-Stacking and Structural

Flattening

The data in Figure 2.6B determined the purely steric contributions to the excited state
dynamics of Cu(l) bis-phen and 2,9-alkyl complexes, which provides a powerful means to
draw insights into excited state dynamics by quantifying and decomposing additional
structural and/or electronic-withdrawing/-donating effects. This can be accomplished for any
Cu-based photosensitizer for which t is known experimentally by adding the corresponding
point(s) onto the correlation between In(t) and yi. Excellent first examples of this are the
Cu(l) bis-phen complexes with aryl substituents at the 2,9-positions (Figure 2.7A). As shown
in Figure 2.7B, the homoleptic Cu(l) complex with the 2,9-diphenyl-1,10-phenanthroline
(dpp) ligand has a distinctly flattened structure in the Cu(l) ground state relative to those with
H-or alkyl groups (e.g., ~90° vs. ~70° for Cu(l) bis-phen and bis-dpp). This flattening is due
to the m-stacking between the aryl groups of the dpp ligand. Here, in addition to bis-dpp, we
have investigated homoleptic complexes with the ligands 2,4,7,9-tetraphenyl-1,10-
phenanthroline (tpp), 2,9-bis(4-methylphenyl)-1,10-phenanthroline (dmpp), 2,9-diphenyl-
4,7-dimethyl-1,10-phenanthroline  (dpdmp), and 2,9-diphenyl-3,4,7,8-dimethyl-1,10-
phenanthroline (dptmp). While ts for these complexes only span ~230 — 480 ns, they exhibit
distinctly different structural characteristics relative to the alkyl complexes. Note that in our
investigations of the aryl complexes, we encountered a glitch in the CPCM cavity
construction in ORCA, which resulted in erroneous SCF energies, specifically for these aryl
complexes. We therefore could only obtain gas phase values of y;j across this series. However,
as shown above, gas phase and CPCM calculations yield identical results for correlations

between In(t) and i, and therefore this has essentially no effect on the analysis.



32
The gas phase derived correlation between In(t) and i for the 2,9-alkyl complexes

is reproduced in Figure 2.8. The 2,9-aryl complexes (green circles, Figure 2.8) fall in a cluster
below the line defined by the 2,9-alkyl complexes. This deviation could be due to either steric
or electronic contributions from the phenyl rings. H—capped structures can be used to
evaluate this. Upon capping, the i of the 2,9-diphenyl complexes all systematically increase.
This increased yi would bring the points in for the uncapped structures in Figure 2.8 closer
to the correlation generated from the 2,9-alkyl complexes. Thus, electronics do play a role in
the differences between the 2,9-aryl and the 2,9-alkyl complexes, albeit a somewhat minor

one.

Toem =270 ns Tpem =310 ns Tpcm =480 ns

Figure 2.7. 2,9-aryl bis-phens. (A) The 2,9-aryl substituted ligands of the homoleptic
complexes used to investigate the effects of m-stacking and structural flattening on t. (B)
Comparison between the flattening angles for the bis-phen and bis-dpp ground states.
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Figure 2.8. In(1) vs. yi for the bis-phen, 2,9-alkyl, and 2,9-aryl substituted complexes in the
gas phase. The gas phase fit for the 2,9-alkyls has an R? = 0.952 and the equation y = (-9.50
eV1)x + 12.04.

Furthermore, because these complexes are already flattened in the ground state due
to m-stacking, minimal structural changes are required to reach the equilibrium 3MLCT states
from the corresponding ground states. For bis-dpp, the difference in the ligand plane
flattening angle between the ground and 3MLCT states is only 11° compared to 54° for bis-
phen. The excited state potential energy surfaces of the 2,9-aryl complexes are also
significantly shallower relative to the 2,9-alkyls, which is indicative of a decreased distorting
force in the 3MLCT state (vide infra).

The calculated y; values of bis-tpp, bis-dmpp, bis-dpp, and bis-dpdmp all fall within
a <1 kcal/mol range. In the reduced and 3MLCT states, their structures all have ligand plane

flattening angles of ~69° and ~58°, respectively. However, bis-dptmp has a y; value ~1.0
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kcal/mol higher than that for bis-dpdmp, the complex with the next largest yi value. bis-

dptmp also differs in its ligand flattening angles, 77° for the reduced state and 64° for the
SMLCT state. The methyl-groups at the 3,8-positions are the only possible sources of this
difference. A second H-capping at the 3,4,7,8-positions has very little effect on the calculated
vi value relative to the first H-capping. As might be expected, the 3,8-methyl groups are
mostly accounted for by steric bulk rather than electron-donating effects. For bis-tpp,
removing the phenyl groups at the 4,7-positions, however, increases yi by ~1 kcal/mol
relative to the value from the first H-capping. As these rear-facing groups are unable to
experience steric clashes, this indicates that there is a small, but noticeable effect on yi from
the electronics of the 4,7-phenyl groups.

In summary, the 2,9-aryl complexes have significantly diminished yis relative to
[Cu(phen)]™ due to the structural flattening present in the ground state. This lowered value
of yi results in a significant increase in the 3MLCT lifetime. Electronics also play a minor
role in the 2,9-aryl complexes. The effects result in noticeable shifts from the correlation

generated by the 2,9-alkyl complexes, in which yi is dominated by sterics.

2.2.1.6. Excited State Linear Coupling Terms

Entatic states can strongly modify the locations and curvatures of potential energy
surfaces involved in excited state relaxation processes. The correspondence between yi and
the curvature of the excited state potential energy surfaces can be directly evaluated through
examination of a quantity known as the linear coupling term (LCT), which takes into account
the displacement between the ground and excited state potential energy surfaces. This

displacement of the excited surface relative to the ground state results in a distorting force
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along a normal mode, g;. This distorting force can be quantified by evaluating the effect of

electron-nuclear coupling on the total energy of the excited state:*%

OHEgs
0q;

e — elec
elec—nuc — e

<) qy (¢q 2.1

For non-zero values of this integral, the excited state will distort along q; by a value Aq;; the
force present in the excited state can be determined by calculating the energy change in the
electronic transition to ye with a change along the coordinate gi. The resulting line is the LCT
(Figure 2.9A), the slope (dE/0q;) of which corresponds to the excited state distorting force
and therefore reflects the relative curvature of the excited state potential energy surface near
the ground state equilibrium geometry (i.e., in the vicinity of the Franck-Condon region).
The *MLCT excited state slopes and LCTs for bis-phen and bis-dmp complexes are
given in Figure 2.9B. These were determined by calculating the relative energy separation
between the Cu(l) ground state and 3MLCT excited state along g, the ground state structure’s
ligand flattening vibrational mode (see Figure 2.1). This is accomplished by distorting the
ground state structure along the ligand flattening normal mode, and then, without further
relaxing the geometry, calculating the triplet single point energy. This allows for the
evaluation of the 3MLCT excited state slope near the Franck-Condon geometry. For the bis-
phen and -dmp complexes, the SMLCT potential energy surface exhibits the expected
‘double-well’ shape as a consequence of the Jahn-Teller distortion present along the
flattening mode. From Figure 2.9B, the slope (and thus the LCT) is larger for bis-phen than

bis-dmp. Linear fits provide quantitative slopes of -0.0182 and -0.0122 eV/° for bis-phen and
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bis-dmp complexes, respectively. Thus, both yi (vide supra) and the LCT decrease in going

from bis-phen to bis-dmp.
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Figure 2.9. Linear Coupling Terms. (A) Origin and depiction of the linear coupling term.

(B, left) Calculated linear coupling terms for bis-phen and bis-dmp. (B, right) Linear fits of
the linear coupling terms in B, left. All fits have values of R? > 0.99.

From the LCTs and the results presented above for yi (section 2.2.1.3), a general
picture of the entatic state can be drawn for these Cu(l)-based photosensitizers (Figure 2.10).
The entatic state shifts the MLCT excited state to angles closer to 90° (black arrow in Figure
2.10) while concomitantly increasing their curvature (black to blue surfaces in Figure 2.10).
Thus, the entatic state changes the point of intersection between the two ‘double-well’
potential energy surfaces and results in a decrease in the LCT, and thus the magnitude of

electron-nuclear coupling in the Franck-Condon region (black to blue boxes in Figure 2.10).
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Figure 2.10. Generalized depiction of the entatic state and its effects on the potential energy
surfaces for *MLCT formation and relaxation.

For comparison, the LCTs were also determined for the 2,9-aryl complexes discussed
above. Because the Cu(l) ground state is already considerably flattened, there should be no
‘double-well’ potential energy surfaces for the 2,9-alkyl complexes. This is observed in
Figure 2.9, middle, for bis-dpp (green circles). In addition, for this change in the potential
energy surface for the 2,9-alkyl vs. -aryl complexes, the resulting LCT is also an order of
magnitude smaller for the latter complexes (Table 2.3), indicating an even smaller magnitude
of electron-nuclear coupling in the Franck-Condon region for the 2,9-aryl complexes. This

is consistent with their significantly reduced yis relative to bis-phen and bis-dmp (Table 2.2).
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In summary, entatic states result in strongly modified locations, curvatures, and

intersections of the potential energy surfaces involved in photochemical dynamics, and yis
and LCTs provide a detailed picture and quantification of these entatic contributions.

Table 2.3. Comparison Between Calculated Values of yi for H-Capped and Uncapped
Versions of the 2,9-Aryl Complexes.?

Ligand T In(7) y y y Ay Red. | Trip. LCT
(ns) V)P | (eV) | (eVv)® | (eV)® | Angle | Angle | (eV/°)
©) ©)
phen 0.14 | -1.97 1434 | 1434 | 1434 0.0 90.0 35.5 | 0.0198/
(33.1) | (33.1) | (33.1) | (0.0) 0.0166

dmp | 90 | 450 | 0.910 | 0.891 | 0.891 | -0.020 | 90.0 | 59.7 | 0.0122
(21.0) | (205) | (20.5) | (-0.5)

top | 230 | 544 | 0.382 | 0489 | 0525 | 0.107 | 69.4 | 583 | 0.0023
(8.8) | (11.3) | (12.1) | (255

dmpp | 237 | 547 | 0.379 | 0495 | 0.495 | 0.116 | 69.4 | 58.1 | 0.0028
6.7) | (114) | 11.4) | 27)

dpp | 270 | 560 | 0.397 | 0.494 | 0.494 | 0.097 | 695 | 586 | 0.0019
9.2) | (114) | (11.4) | (2.2)

dpdmp | 310 | 5.74 | 0.405 | 0.504 | 0511 | 0.099 | 69.7 | 58.1 | 0.0068
9.3) | (116) | (11.8) | (2.3)

dptmp | 480 | 6.17 | 0.448 | 0514 | 0.509 | 0.066 | 77.0 | 63.7 | 0.0085
(10.3) | (11.9) | (11.7) | (1.5)

& Lifetimes were taken from Table 1 of Reference 21. Parenthetical values in kcal/mol.
b Uncapped complexes.
¢ H-capped at 2,9-positions.
4 H—capped at all positions.
¢ Difference between uncapped and H—capped at 2,9-positions.
2.3. Discussion
Photosensitizers have a broad range of applications, including solar electricity
generation, solar fuels catalysis, photoredox catalysis, and OLEDs. Their applicability hinges
on excited state lifetimes and excited state redox potentials. In terms of the former, much

discussion has revolved around sterics and increasing structural rigidity. For Cu-based

photosensitizers, the direct correlation between their excited state structural changes and the
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ground state redox properties of electron transfer active sites of metalloproteins has

inspired an extension of the entatic/rack-induced state to photosensitizer dynamics.'®?
While a core concept in bioinorganic chemistry and a powerful way to inspire new ligand
design, the entatic state is difficult to quantify, and there are only a few examples in the
literature where this has been accomplished.2? Here we have leveraged correlations
between *MLCT excited state lifetimes of Cu(l) bis-phen complexes and their corresponding
E°s (Figure 2.5), Ais, vis, and energy gaps (Figures 2.6A/2.6B/2.6C, respectively). These
linear correlations are observed for over four orders of magnitude change in t and provide a
direct means to quantify entatic state contributions to the excited state dynamics of a broad
range of Cu(l)-based photosensitizers.

There can be differences in the quantified entatic energies, however, depending on
which correlation is used. A summary of values for different approaches is given in Table
2.4. When using E°s, there can be significant contributions from differential oxidation state
stabilization, which, for Cu(l) bis-phen complexes, stabilizes the oxidized over the reduced
state and lowers the redox potential. This can affect the correlation between In(t) and redox
potential. For example, from Table 2.4, the correlation between In(t) and experimental redox
potential provides an estimate of an entatic contribution of 12.9 + 2.9 kcal/mol for a four
order in magnitude change in 1, while the same correlation using calculated values of redox
potentials gives 6.8 + 2.1 kcal/mol. The difference between these values largely derives from
the overestimation of the calculated E°s of bis-phen, -mmp, and -dmp complexes. This
overestimation decreases the slope of the In(t)/E° correlation and gives rise to a lower value
of entatic energy. Above, it was shown that accounting for the differential oxidation state

stabilization for the three complexes (using bis-phen*, -mmp*, and -dmp*) results in a slope
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of 13.1 + 3.6 kcal/mol, in much better agreement with experiment. Lastly, by using H-

capped structures, it was demonstrated that the electron donating effects of the 2,9-alkyl
substituents can oppose the entatic state contributions (e.g., by ~3 kcal/mol for bis-phen vs.
bis-dtbp).

Table 2.4. Entatic state analyses.?

Method R? slope | y-int Entatic Entatic
(eV) (eV) (kcal/mol)® (kcal/mol)®
E° (1) | 0.963 | 0.0606 | 0.9616 | 3.2+0.7 129+2.9

E°(2)° | 0.935 | 0.0322 | 1.1264 1.7+£05 6.8+2.1
E°(3) | 0.946 | 0.0616 | 0.9440 | 3.3%0.9 13.1+3.6

E°(4)9 | 0.857 | 0.0414 | 11243 | 22+1.0 8.8+4.1
N(D" | 0.984 | -0.0816 | 0.0873 43+0.6 17.3+2.2
Ai(2)' | 0.992 | -0.1020 | 1.0010 | 5.4 +05 21.7+2.0
Ai(3) | 0972 | -0.0832 | 0.8817 | 4.4+0.7 17.7+3.0
A (A% | 0.977 | -0.0740 | 0.8156 39+0.6 15.7 £ 2.4
yi(D)" | 0956 | -0.0998 | 1.2383 | 5.3%1.1 21.2+45
vi(2' | 0.966 | -0.1027 | 1.2571 | 55+1.0 21.8+4.1
vi(3) | 0.934 | -0.0979 | 1.2378 | 5214 20.8+5.5
vi (4 | 0.952 | -0.1002 | 1.2461 | 53+1.2 21.3+4.8
EG(1)" | 0.965 | 0.1046 | 0.9424 | 56+1.0 22.2+4.2
EG(2)' | 0.978 | 0.1205 | 0.8395 | 6.4+0.9 25.6 + 3.8
EG(@3) | 0.926 | 0.1043 | 0.9172 55+1.6 22.1+6.2
EG (4" | 0.962 | 0.1032 | 09539 | 55+1.1 21.9+4.3

& Error analyses conducted at the 95% confidence interval.

b One order of magnitude change in 1.

¢ Four orders of magnitude change in t.

d Using experimental E°s.

¢ Using calculated E°s (uncapped).

" Using calculated E°s with differential oxidation state stabilization (bis-phen*, -mmp*, and
-dmp*). *Optimized structure includes a weak H»O interaction as discussed in the text.

9 Using calculated E°s (H—capped).

h Using calculated energies (uncapped).

' Using calculated energies with differential oxidation state stabilization (bis-phen*, -mmp*,
and -dmp¥*).

I Using calculated energies (H—capped).

K Using calculated energies (uncapped, gas phase).
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Overall, the sensitivity to differential oxidation state contributions, largely

stemming from the fact that the total oxidation state changes during redox (i.e., Cu(l/Il)), in
addition to contributions from electron-donating/-withdrawing effects of the 2,9-alkyl
groups, suggests that using the correlation between E° and In(t) is not an ideal way to
quantify entatic states in photophysical processes. This is perhaps not surprising given that
ground state potentials are thermodynamic quantities and do not take into account important
contributions from shifts and changes in the curvature of the excited state potential energy
surfaces when an entatic state is present (Figure 2.10).

The extension of the correlation to Ais alleviates some of the issues presented using
E°s. The entatic energies estimated using the correlations with calculated Ais are also given
in Table 2.4. Here the correlation provides an entatic energy of 17.3 £ 2.2 kcal/mol, and
differential oxidation state stabilization using bis-phen*, -mmp*, and -dmp* provides an
entatic energy that varies less relative to the same comparison using redox potentials (21.7 +
2.0). Additionally, the entatic energy is not sensitive to electron-donating/-withdrawing
effects (i.e., H-capped vs. capped, 17.3 £ 2.2 vs. 17.7 £ 3.0 kcal/mol, respectively). These
observations are also mirrored by the use of calculated yis, which provide an entatic energy
of 21.2 £ 4.5 kcal/mol for a four order of magnitude change in t. This value is similar when
incorporating differential oxidation state stabilization, H—capped vs. uncapped structures, or
gas phase vs. CPCM calculations (Table 2.4), which indicates that it is a robust, general
means to estimate entatic contributions to photophysical processes. This correlation is used

below to quantify entatic energies across other types of Cu(l)-based photosensitizers.
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2.3.1. Extension to Other Copper(l) Bis-Phenanthrolines

In addition to the 2,9-alkyl and -aryl complexes discussed above, a variety of other
copper(l) bis-phen-based complexes have been characterized in the literature. These
homoleptic complexes are based on the ligands: 4,4°,6,6’-tetramethyl-2,2’-bipyridine
(tmbp), 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (bathocuproine or bcp), 2,9-di-n-
butyl-4,7-dimethyl-1,10-phenanthroline (dbdmp), 2,9-bis(trifluoromethyl)-1,10-
phenanthroline (bfp), 2,9-dineopentyl-1,10-phenanthroline (dnpp), 2,9-di-n-butyl-3,4,7,8-
tetramethyl-1,10-phenanthroline (dbtmp), and 2,9-dichloro-1,10-phenanthroline ligand (Cu-
Cl, for consistency'%?) (Figure 2.11).21:192103 v; values were calculated for these complexes
and are compared to the In(t) vs. i line given by the 2,9-alkyl complexes in Figure 2.12A.

In Figure 2.12A, the non-diphenyl Cu(l) bis-phen-based complexes all fairly closely
track the In(t) vs. vyi line given by the 2,9-alkyl complexes. Of these species and those
discussed above, the bis-bfp and Cu-Cl complexes are unique due to the presence of electron-
withdrawing groups at the 2,9-positions. Using the gas phase correlation between In(t) and
vi, the estimated entatic energies for bis-bfp and Cu-Cl are 16.5 + 3.4 and 14.3 £ 3.0,
respectively. However, we can further investigate the potential role of electronics provided
by the —CF3 and —Cl substituents using the H—capped structures. The gas phase vis for the
uncapped and H-capped versions of bis-bfp are 0.793 and 0.721 eV (A = -0.072 eV, -1.6
kcal/mol), respectively, while the analogous values for Cu-Cl are 0.722 and 0.856 eV (A =
0.134 eV, ~3.1 kcal/mol). Consistent with the earlier discussion of Ais and, especially vis, the
excited state lifetimes appear to be largely reflecting the steric effects on structure, and the

electronic contributions to the lifetimes are relatively minor.
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Figure 2.12. Gas phase plots of In(t) vs. (A) vi and (B) energy gap for all Cu(l) complexes.
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Previous discussions in the literature have ascribed the long lifetime of bis-bfp to

the electron-withdrawing nature of the —CFs substituents.? The analysis here suggests
otherwise. For comparison, the flattening angle of bis-bfp in the Cu(l) ground state and
3MLCT excited states are 89° and 66°, respectively. Interestingly, the same angles for bis-
dbp are very similar to bis-bfp at 90° and 65°. Additionally, the yis for bis-bfp and bis-dbp
are within ~1 kcal/mol, and their respective lifetimes are 165 and 150 ns (Appendix A Table
A.4). Thus, the power of the entatic analysis is highlighted here and suggests that the excited
state lifetime of bis-bfp is not strongly influenced by electron-withdrawing effects. Rather,
steric contributions are dominant.

Cu-Cl provides another interesting comparison. It was shown above that the y; of Cu-
Cl is reduced by 0.134 eV (~3.1 kcal/mol) by the —CI substituent. Furthermore, the ligand
flattening angles in the reduced and *MLCT states are 90° and 59°, respectively. For
comparison, the same angles for bis-dmp are 90°and 65°. However, bis-dmp has a y; of 0.910
eV, which is 0.188 eV higher than Cu-Cl. This higher vi is present despite the smaller change
in ligand flattening for bis-dmp relative to Cu-CIl. However, despite this reduced vy; for Cu-
Cl relative to bis-dmp, it still has a reduced excited state lifetime (63 ns) relative to bis-dmp
(90 ns), which suggests that electronics play a role in the excited state lifetime. This is in
agreement with a recent study of the effects of halogen substituents by Pellegrin et al.*%
Thus, the entatic state analyses can be used to disentangle steric and electronic effects across
Cu(l)-based photosensitizers, and bis-bfp and Cu-ClI have provided two interesting examples
for mononuclear Cu(l) complexes. Similar analyses are extended to binuclear Cu(l)

complexes below.
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2.3.2. Additional Classes of Copper Complexes

In addition to Cu(l) bis-phen complexes, a wide range of additional Cu(l) complexes
with long 3MLCT excited state lifetimes have been reported. Among these are three- and
four-coordinate mononuclear amidophosphine complexes!®#1% and binuclear Cu complexes
constructed from either [PPP]" (bis(2-di-iso-propylphosphinophenyl)phosphide)® ({PPP-
Cu(D)}2) or [PNP] (bis(2-(diisobutylphosphino)pheny)amide)!°”1% ({PNP-Cu(l)}2) ligands
reported by Peters et al. McMillin et al. pioneered insights into two classes of heteroleptic
Cu(l) complexes constructed from one 2,9-alkyl substituted 1,10-phenanthroline (phen, dmp,
or dbp) and a bulkier phosphine ligand (e.g., POP (bis[2-(diphenylphosphino)phenyl]ether)
or two triphenylphosphines (PPhs)).1%° Additionally, Shi et al. has recently developed highly
emissive two-coordinate Cu(l) complexes with carbene and carbazolyl ligation.”* These
complexes provide an interesting opportunity to utilize the correlations developed above to
gain further insights.

The yi values for these complexes were calculated and are compared to the In(t)/yi
correlation generated by the 2,9-alkyl complexes in Figure 2.12A. We first discuss the results
related to the amidophosphine and carbene complexes (orange, white, and beige circles in
Figure 2.12A). For [PN]Cu(PPhs)z, and (PhsP)2Cu(cbz), using the ts of 20,300 and 11,700
ns equates to decreased excited state structural reorganization of 27.5 + 5.8 and 26.3 £ 5.5
kcal/mol, respectively, relative to [Cu(l)(phen).]*. However, the excited states of these
mononuclear Cu complexes do not feature pure SMLCT excited states like the bis-phen-
based Cu(l) and the binuclear Cu(l) complexes (vide infra) and therefore the reduced
structural reorganization energies for these complexes are not ascribed to entatic

contributions. Instead, the long lifetimes of these complexes derive from a change in the
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relevant excited state from *MLCT-based to intra-1% or inter-ligand-based.'® Thus, these

complexes achieve intrinsically lower structural reorganization by leveraging a different
excited state that delocalizes the electron/hole over the ligand framework.

Shi et al.” has developed a series of two-coordinate Cu(l) complexes featuring an N-
heterocyclic carbene and carbazolyl (Cz) ligands. For the monoamido-aminocarbene
(MAC*) complex, (MAC*)Cu(CzCN), the 1200 ns lifetime equates to a decreased excited
state structural reorganization of 21.0 + 4.4 kcal/mol relative to [Cu(l)(phen)2]*. Similarly to
the amidophosphine complexes considered above, Shi et al.”* have ascribed the excited state
to an interligand charge transfer, albeit with a small Cu contribution, and we therefore do not
ascribe these lower structural reorganization energies to entatic contributions. Rather, these
are again ascribed to electron/hole delocalization over the ligand framework due to a different
excited state. Lastly, the two-coordinate Cu(l) carbene complexes were used to develop new
materials for OLEDs. While beyond the scope of this study, in principle one could also use
plots similar to those in Figures 2.6A/B/C to develop an entatic description that describes
nonradiative vs radiative decay channels, as well as the energy of light emission, which
would provide a means to develop new luminescent Cu(l) complexes for applications in
OLED technology.

An additional interesting set of points is McMillin’s heteroleptic phen-based
complexes containing the POP ligand (Figure 2.12A, pink markers). While there are only
three data points, it appears that these complexes form a line parallel to the homoleptic 2,9-
alkyl substituted complexes. Thus, across this series of three POP complexes, the steric bulk
at the 2,9-positions of the phen ligand tunes In(t) and y; in a similar fashion as the bis-phen

2,9-alkyl complexes. The shift in y-intercept between the bis-phen complexes and the
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heteroleptic phen-POP complexes quantifies the differential effect of the ligand—metal

bonding between bis-phen and phen-POP complexes and how this affects vi, with the POP
ligand actually giving rise to a larger yi. For the phen-POP complex, the angle between the
phen ligand and the P-Cu—P plane is 87° and 57° in the reduced and 3MLCT states,
respectively. Going to the more constrained dmp-POP complex, these angles are 88° and
75°, respectively. These angles are actually similar to those corresponding to the bis-dbp and
bis-dtbp 2,9-alkyl complexes (Appendix A Table A.6). These bis-phen complexes would be
near to the phen-POP points if the latter were translated to the line made by the 2,9-alkyl
complexes in Figure 2.12A. Finally, we note that the Cu-ligand bonding in the *MLCT
excited states is quite different for the bis-phen and phen-POP complexes. For example, in
the SMLCT state of bis-dbp, the Cu Loewdin spin density and population is 0.58 and ~50%,
respectively, while in the phen-POP complex, they decrease to 0.46 and ~35%, indicating
significantly more covalent ligand—metal bonding. This is expected in going from the Cu-N
bonds of the bis-phen complexes to the Cu—P bonds of the phen-POP complexes. Thus, while
the phen-POP complexes are constrained due to entatic contributions, which gives rise to
their long lifetimes, their yis are increased relative to the 2,9-alkyl complexes due to more
covalent and stronger Cu—P vs. Cu-N bonds. The comparison between Figures 2.12A and
2.12B is also insightful for these complexes and is touched on briefly below (vide infra).
The binuclear Cu complexes (yellow markers, Figure 2.12A) from Peters et al 196.10
fall particularly close to the correlation generated by the 2,9-alkyl complexes. These
binuclear Cu complexes have long lifetimes (10,900 and 600 ns for {PNP-Cu(l)}2 and {PPP-

Cu(l)}2, respectively) and small yis and Ais (0.352/0.550 eV and 0.208/0.389 eV for {PNP-
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Cu(D}2 and {PPP-Cu(l)}2, respectively). Harkins et al.1®® ascribed the long lifetime to

limited excited state structural reorganization and provided an experimental estimate of vy;
(~0.32 eV), which is in agreement with the calculations presented here. Using the gas phase
correlations between In(t) and vyi, the {PNP-Cu(l)}> and {PPP-Cu(l)}> complexes have
reduced yi contributions of 26.1 £ 5.5 and 19.4 £ 4.1 kcal/mol, respectively, relative to the
structurally flexible [Cu(l)(phen).]*. Using the Ai correlation gives 15.0 + 6.3 and 8.3 + 4.9
kcal/mol. Regardless of method, there is a ~7 kcal/mol difference in Aifyi between the [PNP]
and [PPP] ligand sets, with [PNP] providing reduced energies. Below, we identify the origin
of this difference.

In addition to the purely steric constraints provided by the 2,9-alkyl ligand sets,
excited state electron delocalization in binuclear assemblies can also contribute to their
reduced vis relative to a mononuclear Cu complex. Analogous to electron transfer active sites
in biology, excited state 3MLCT formation in a binuclear assembly may benefit from excited
state mixed valency to reduce reorganization energies.!!® Electron delocalization plays an
important role in the inner sphere reorganization energies of class Il vs. class Il binuclear

metal sites and is described by:!%°

Ai = kgisn(Ar)?, (eq 2.2)

where Kgis is the force constant of the distortion coordinate, n is the number of distorting
bonds, and Ar is the magnitude of bond distortion upon redox. For a valence-localized dimer,
n is halved and Ar is doubled (Nmon/Ndim ~0.5 and Armon/Ardim ~2). Assuming similar force

constants and the absence of more global structural changes during redox, A; is roughly twice



49
as large for a localized oxidation. Indeed, electron delocalization in the SMLCT state of

the [PNP]" complex can be observed in a plot of the excited state f-LUMO reflecting the
transient oxidation of the Cu2N> core (Figure 2.13A). As in the Cua active site, metal-metal

interactions facilitate a class 111 mixed-valent (e.g., Cu(1.5)/Cu(1.5)) 3MLCT excited state.
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Figure 2.13. Key geometric and electronic structural influences for the excited state
dynamics of the binuclear Cu(l) complexes considered here. (A) Delocalized SMLCT S-
LUMO for the [PNP] binuclear Cu(l) complex. (B) Comparison between the oxidized
structures with [PNP] and [PPP]" ligands. Note that the asterisks highlight the different N/P—
C bond distances. Blue and orange lines correspond to structures of [PNP] and [PPP]
ligands, respectively.

The contributions from this class Il mixed-valency can be quantified and
differentiated from entatic contributions through a series of systematic comparisons.
However, in order to make these comparisons we turn to As, as the analysis requires the
extraction of the CuzXz cores, prohibiting the evaluation using the 3MLCT state. For {PNP-
Cu(l)}2, the gas phase Ai is 0.208 eV. Removing the CuzN2 core with the ligating P atoms
and capping with Hs gives the neutral Cu(l)2(NH2)2(PHs)s analog. Optimizing the Hs and
leaving the heavy atoms frozen provides a 4; of 0.320 eV. Furthermore, a full optimization
of the Cu(1)2(NH2)2(PHz3)4 analog in both oxidized and reduced states provides a A; of 0.696

eV. Lastly, Ai for a Cu(1)Zn(I1)(NH2)2(PH3)4 analog increases dramatically to 2.152 eV. This
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increase from 0.696 to 2.152 eV reflects the two times increase in A; predicted from eq 2,

as well as additional large structural distortions, including the rotation of the P—Cu—P plane
into the CuZnN: plane, upon localized oxidation. Using these values, Ai of {PNP-Cu(l)} is
reduced by 1.456 eV (~33.6 kcal/mol) going from a mononuclear to binuclear core. Also,
between the frozen and optimized structures, Ai is reduced by 0.376 eV (~8.7 kcal/mol); this
difference corresponds to an estimate of the entatic contribution to the reduction in A;.
Similarly, for {PPP-Cu(l)}2, removing the Cu2P> core, optimizing the Hs, and leaving the
heavy atoms frozen provides a 4i of 0.519 eV. Carrying out a full optimization, A; increases
to 0.673 eV. This provides an entatic contribution of ~3.5 kcal/mol. Interestingly, this value
is ~5 kcal/mol smaller than that obtained for {PNP-Cu(l)}.. Furthermore, the relative Ais for
the fully optimized cores of {PNP-Cu(l)}> and {PPP-Cu(l)}. are 0.696 and 0.673 eV,
respectively, indicating that very minimal (<1 kcal/mol) contributions to the reduction of A
derives from intrinsic bonding differences. Thus, the greater than one order of magnitude
increase in *MLCT excited state