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ABSTRACT

HOMOGENEOUS LIGAND-CENTERED HYDROGEN EVOLUTION
AND HYDROGEN OXIDATION:

EXPLOITING REDOX NON-INNOCENCE TO DRIVE CATALYSIS

Andrew Z. Haddad
April 20, 2017

Hydrogen is a promising carbon-free fuel / energy carrier and is an essential
building block for many industrial and agricultural processes. Rising energy demands
have ignited interest in the development of carbon-free and carbon neutral energy
sources. In this context, hydrogen is an attractive candidate—being energy-dense,
carbon-free—and easily accessible through a two-electron reduction of water.
Accordingly, many electrochemical homogeneous catalyst systems have been studied,
with a focus on understanding the mechanism of hydrogen evolution proceeding through
metal-hydride intermediates. However, there has been a renaissance in hydrogen
evolution reaction (HER) catalyst design, with many groups implicating ligand redox
non-innocence as a crucial driving force for catalysis rather than metal-hydride
formation. In this dissertation, using characterization techniques including, cyclic
voltammetry, controlled potential coulometry, UV-visible spectroscopy, '"H NMR, cyclic
voltammetry modeling, x-ray crystallography, kinetic isotope effect studies, and density

functional theory, we investigate ligand-centered electrocatalysts, which function without

vii



the generation of metal-hydride intermediates, for the production and oxidation of
dihydrogen.

Chapter three expands upon the previous work in the Grapperhaus Lab, and focus
on Rel; (L = diphenylphosphinobenzenethiolate). Rel; reduces acids to H, in
dichloromethane with an overpotential of 0.708 V and a turnover frequency (TOF) of 32
s, and also oxidizes H, in the presence of base with an overpotential of 0.970 V and a
TOF of 4 s™. The mechanism is supported by kinetic isotope effect (KIE) studies and
density functional theory calculations (DFT). Chapters four and five will build on
Chapter three, aiming to develop sustainable approaches for ligand-centered catalysis.
The non-transition metal complex, ZnL', the metal-free complex, Hng, and the transition
metal complex, CuL' (L' = diacetyl-bis(N4-methyl-3-thiosemicarbazonato)), function as
electrocatalysts for hydrogen evolution (ZnL', H,L' and CuL') and hydrogen oxidation
(ZnL1 and Hle). H,L'and ZnL' display TOF’s of 1,320 s and 1,170 s! at overpotentials
of 1.43 and 0.756 V, respectively, while the CuL' complex demonstrates a TOF of
10,000 s. H,L" and ZnL' also display TOF values for H, oxidation of 32 s'and 72 s at
overpotentials of 0.328 and 0.315 V, respectively. Mechanisms for the HER were

modeled using digital simulations and are further supported by DFT calculations.

ReLs;, ZnLl, Hle, and CuL! represent a fundamentally new class of
electrocatalysts. Contrary to traditional molecular electrocatalysts that employ a metal-
hydride as the key mechanistic intermediate, this approach facilitates H, evolution
through ligand-centered proton and electron-transfer events resulting in the evolution of
H, through either ligand-centered H*® radical coupling or ligand-centered hydride proton

coupling.
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CHAPTER I:
INTRODUCTION



1.1. Hydrogen: Importance and Background

Energy is an essential requirement for the development of any society, and therefore
should be a key consideration in discussions of sustainable development. Yet, reliable
and practical renewable energy sources remain a paramount challenge as we continue
into the 21% century.' Current energy needs are largely met by fossil fuels, but these
sources are non-renewable and their use releases billions of tons of the greenhouse gas
CO, annually.® Long range predictions suggest a tripling of global energy needs by
2100, while also suggesting depletion of all fossil fuel reserves other than coal by 2042.*
Clearly, the current energy use is unsustainable, and researchers are going to great

lengths to develop renewable resources capable of meeting energy demands. >

In this context, hydrogen can be viewed as being a promising alternative carbon-
free fuel/energy carrier, in addition to currently being an essential building block for
industrial and agricultural processes. Estimates suggest that a hydrogen based economy
would require as much as 150 million tons of H, annually, demonstrating the need for
efficient electrolytic and/or photochemical catalysts that generate H, from carbon-free
sources.® As such, the development of both heterogeneous and homogeneous catalysts for
hydrogen evolution reactions (HER) from water/acid for H, production and hydrogen

oxidation reactions(HOR) for H, utilization have received significant attention.”*

Not only is hydrogen an attractive energy carrier candidate, but there is also a
great demand for hydrogen in other industrial sectors. Industrial production of ammonia
via the Haber-Bosch process currently accounts for 54% of all hydrogen use; coming in a
close second is the chemical industry/refineries, accounting for a substantial 35% of its

use (Figure 1). Even more, 95% of industrial H, production derives from fossil-fuel



cracking, which is environmentally unsustainable due to the aforementioned perpetual
increases in atmospheric CO; levels and continual lowering of global carbon
reserves,”>'® further indicating the need to develop alternative, carbon neutral methods

for hydrogen production.'”’

Metal /Glass Food Industry
Industry 2%
3%

Electronic
Industry
6%

Figure 1. Percent of global hydrogen use by industry.'’
1.2.  Hydrogenase and Biomimetic Hydrogenase Complexes
Hydrogenases are a diverse group of metalloenzymes that catalyze one of the simplest

molecular reactions, the oxidation of dihydrogen to protons and electrons and the reverse

reaction, the formation of H,.'"™" The term hydrogenase was first suggested by

20,21
1#%

Stephenson and Strickland in 193 when observing activity in anaerobically grown

Escherichia Coli cells which mediated the reversible reduction of dyes with H,. The



observation that the dye reduction was reversibly inhibited by CO indicated the
involvement of a transition metal in H, activation. The hydrogenase reaction takes place
at either an iron or nickel center, which utilize specific ligands to increase the acidity of
H, leading to a heterolytic splitting of the molecule. This process is strongly accelerated
by the presence of a nearby base. The reverse reaction, the evolution of H,, involves the

respective coupling of H and H  ions.
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2e’ g
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Figure 2. (Top) Structures of the [NiFe] hydrogenase™ and of the [FeFe] hydrogenase from Dd.”
(Bottom) the chemical structures of the active sites of the two types of hydrogenases are given;
the arrows indicate the open metal coordination sites.

Hydrogenases are widespread in nature, occurring in bacteria, archaea, and some

18192425 They can be divided into three groups, according to the metal ion

eukarya.
composition of their active sites, as either [NiFe], [FeFe], or [Fe] hydrogenase, with H,

evolution favored in [FeFe]-hydrogenase, and Hj-oxidation preferential at [NiFe]-



hydrogenase.”*" A characteristic feature of two of the classes, [NiFe] and [FeFe]
hydrogenases, is that the iron atoms are ligated by small inorganic ligands such as CO
and CN", which were first detected by FTIR spectroscopy.>’™ They also exhibit sulfur
bridged bimetallic centers, with an open coordination site on one of the metal centers

34-37

(Figure 2). The third class, [Fe] hydrogenase, contains only a single iron atom with

CO ligands on the iron center, in addition to its cofactor.

A combination of crystallographic and spectroscopic data has provided a clear
view of the enzymatic mechanism for the [FeFe] hydrogenase (Figure 3). The initial state
of hydrogenase is a dianion, termed Hox. In this state, the proximal iron site (Fe,) is Fe(I)
and is in an octahedral coordination environment, containing two thiolate bridging
ligands with a pendant amine, two CO ligands with one terminal and one bridging, a
terminal CN ligand and a thiolate which is associated with [FesS4] cluster. The distal
iron, (Feq) is five coordinate with a free coordination site and is Fe(II).*® Upon one-
electron reduction and protonation, the Fe(Il) center is reduced to Fe(I) giving the Heq
state. Here, the cubane subcluster is still in the oxidized state, while the di-iron sub
cluster is still in the Fe(I)/Fe(I) state, with Fe, in a square pyramidal geometry bearing a
free coordination site. It is important to point out that the location of the added proton has
not been determined, but it is thought to be either on the right five-coordinate iron center
or on one of the bridging sulfurs.®* The formation of H,q from Hy is additionally
described as a proton-coupled electron transfer process. Very recently a third
paramagnetic redox state, Hgeq (super-reduced), has been experimentally observed and
characterized by EPR and FTIR spectroscopy.40 Hgeq contains one more electron than

H.eq, which is located on the [4Fe—4S] cluster, and is characterized by a Fe(I)/Fe(I)/[4Fe—



4S]+ configuration. It is suggested that Hgeq forms part of the catalytic cycle as an

4041 1t was then proposed, on this basis, that H, oxidation,

additional intermediate.
catalyzed by [FeFe]-hydrogenases, proceeds via initial binding of H, to the
exchangeable/free coordination site of Hox, followed by heterolytic cleavage of the H—H
bond assisted by the bridgehead amine function, and finally transfer of two individual
electrons from the Fe-bound hydride to the [4Fe—4S] cluster and the Fe, of the [FeFe]
subsite. Ejection of the protons and the electrons from Hgq regenerates Hox to complete
the catalytic cycle. Each step is reversible, and proton reduction to H, is proposed to use
the same catalytic steps and intermediates, but in the opposite direction. The structure for
[NiFe] hydrogenase was first structurally characterized by the Fontecilla-Camp Group in

1995.>** Several H, uptake mechanisms have been proposed for [NiFe] hydrogenases,

but a consensus has yet to be reached.*
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Figure 3. Postulated catalytic mechanism for reversible H' reduction by [FeFe]-hydrogenases,
the location of the proton in the H,.q and Hyq4 state is undetermined, adapted from reference 53.40

To provide further insight into the active sight and reaction mechanism of [FeFe]
and [NiFe] hydrogenase synthetic inorganic chemists began to make model complexes of

hydrogenase in order to mimic its bifunctional behavior and high activity for H,

evolution and oxidation.

explored. Interestingly—prior to the structural elements of [FeFe] hydrogenases active

site being known—in 1929 Reihlen et al. reported the preparation of analogous

A number of biomimetic hydrogenase models have been

dithiolate-bridged hexacarbonyl di-iron complexes, [(u-SEt),Fe(CO)s] (Figure 4).**
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Figure 4. Synthetic scheme for the preparation of [(u-SEt),Fe(CO)s] (left), and precursor diiron
hexacarbonyl complex (middle) used in route to the first true [FeFe] hydrogenase model [(u-
pdt)Fe,(CO)4(CN),]* (right). ***

The structural characterization of the H-cluster in 1998-1999 by Peters et al,***

served as an inspiration to many groups who desired to create synthetic hydrogenase
analogues. Three groups, Pickett, Rauchfuss, and Darensbourg, replaced two CO groups
with two CN ligands in order to generate the water soluble dianion, [(u-
pdt)Fe,(CO)4(CN), 1> (Figure 4).2* These first-generation [FeFe] hydrogenase mimics
initiated further synthetic inorganic chemistry research. Currently, there are over 300

model systems reported.”*

Interest in [FeFe] hydrogenase has continued to the present day, with close to 100

new papers in the last five years.’*”®

Much of this second-generation work has been
directed to the bridging group ligands, to overcome limitations such as large
overpotential requirements. Strategies included using higher group chalcogens such as
selenide to replace the bridging dithiolates™, inclusion of a suitably substituted aromatic
dithiolate bridgehead,”® substitution of the CN ligands to phosphines,” and addition of
benzene rings bearing strong electron withdrawing groups like chloride.®®®' These

approaches led to moderate success, reducing overpotentials by roughly 150 mV,

although at the expense of catalytic efficiency in terms of turnover frequencies.



1.3.  Mechanistic Features of H, Evolution and Oxidation

The investigation into the production or oxidation of Hj, as discussed above, has long
been a fundamental interest of energy research. In addition to better understanding
hydrogenase, research in this area does have a double incentive—that is to understand

completely, whether the reaction follows a homolytic or a heterolytic pathway (Figure 5).

62,63 10,13,64-90

This has been a long held question”™” and continues to be a hotly debated issue.

H,
[M””] o
[Mn+ /_\ [Mn]
Homolytic [M"”] Heterolytic

e / \
H
[Mn-1] H+ H+, ~ [Mn+] 2

Figure 5. Illustration of two potential routes for H, evolution following either a homolytic or
heterolytic pathway.

One common and well-studied class of H, evolution catalysts is the cobaloxime
family of complexes. Initial reports by both Peters et al.’% and Dempsey et al. suggested

a homolytic pathway involving a bi-molecular mechanism, where homolytic bond

10,64,91

cleavage of two Co'-H species results in the evolution of hydrogen. However,

further research by Muckerman et al"? and Fontecave et al”"™ tend to favor a heterolytic

pathway, which was further supported by an array of computational reports that also

72,92

favor the heterolytic pathway. Recently, even more light has been shed onto the



mechanism of H; evolution with these complexes with Artero et al. suggesting in situ
formation of catalytic nanoparticles as the active species for catalysis.” Dubois and
Bullock have extensively evaluated the reactivity of nickel and iron bis(diamine)

1494 The complexes mimic nature by employing a pendant amine as a proton

complexes.
relay group, in order to lower overpotential and increase turnover frequency and achieve
some of the fastest reported homogeneous HER TOFs. Furthermore, Eisenberg and
Holland reported a series of metal-dithiolene complexes with the highest TOFs and
lowest overpotentials of synthetic transition metal-sulfur electrocatalysts under
homogeneous conditions.”'” Each of these systems are thought to follow a metal-
hydride pathway and it is widely regarded that transition metals capable of forming
metal-hydride intermediates are essential to the HER mechanism. Naturally, most HER
electrocatalysts reported to date closely follow the archetypal mechanism of ligand

protonation, metal reduction, proton to hydride migration, and subsequent

chemical/electrochemical steps leading to H, release.”

While the metal-hydride approach has led to significant advances, catalyst
candidates that fall into this paradigm are limited to economically viable first-row
transition metals complexes capable of stabilizing hydrides. Moreover, few complexes of
this type are reported to catalyze both HERs and HORs."? This has led to a renaissance in
hydrogen evolution or oxidation electrocatalyst design and thought, stimulating

researchers to probe ligand-centered homolytic routes for catalysis.

1.4. Ligand-Centered HER Electrocatalysts

Classical behavior of transition complexes which involve a redox process encompasses

oxidation or reduction of the metal, leaving the ligand unaffected. However, ligands can
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also participate in the redox process. In these cases, the ligand is referred to as being
redox non-innocent or redox active.”®?” These types of ligands and their metal complexes
have attracted substantial attention over the past decade and longer, since they offer a
unique opportunity to modify the reactivity of transition metal complexes. Within

traditional redox non-innocence, four different strategies can

Approach A Approach B

catalytic reaction <\ /_) catalytic reaction

strategy lll
ligand involved in

|ncreased Lewss
Rirategy | Acidity on the metal S X substrate bond
s X making/breaking

catalytic reaction S ; :
\ 5 ~— catalytic reaction
S_M*_L(H-ZJ «—> S_M*(n-i’)__L L-MWM)'S.

stable metal  unstable metal induced radical-type
oxidation state oxidation state reactivity on the strategyiy
substrate-ligand
strategy Il

Figure 6. Illustration showing the four traditional reaction pathways observed with redox non-
innocent ligands in catalysis (S = substrate).

be employed. The first is the modification of the Lewis acidity of the metal via
reduction/oxidation of the ligand. Doing so strongly influences the substrate affinity and
lowers reaction barriers for subsequent reaction steps. The second approach involves
exploiting an electron-reservoir in the redox active ligand. This allows the metal to work
with the ligand and store extra reducing or oxidizing equivalents on the ligand in
elementary steps, avoiding uncommon oxidation states of the metal. The third strategy
essentially forces/generates a reactive ligand-radical. These reactive ligand radicals can

then actively participate in the making and breaking of chemical bonds during catalysis,
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allowing reactions to be performed that are difficult to achieve otherwise. The final
strategy is similar to the third, but uses radical-type activation of the substrates or
modification of the substrate reactivity in cases where the substrate itself acts as a redox
non-innocent ligand, as demonstrated previously in the Grapperhaus group.”® In general
terms, a redox active non-innocent ligand can either participate in the catalytic cycle by
(A) accepting/releasing electrons (strategies I and II) or by (B) forming/breaking

chemical bonds of the substrate (strategies III and IV) (Figure 6).

The first non-transition metal homogeneous HER catalyst reported was an
aluminum-bis(imino)pyridine complex by Thompson et al. that evolved H, with a TOF
of 3.3 hr'' at an overpotential of 0.5 V, via ligand-centered reduction and protonation.”’
As shown later in Chapter three, Haddad et al. reported a rhenium dithiolate complex as
the first reversible, ligand-centered catalyst for both HER and HOR, which proceeds
through a radical coupling mechanism.”’ Subsequently, Solis et al. reported a nickel
phlorin intermediate with a hydridic C-H bond that reacts with an external acid to
produce H; in a purely ligand-centered process.71 Following these reports, Zarkadoulas et

al. reported DFT computations that suggested Ni-dithiolene HER catalysts may proceed

via metal-hydrides or a ligand-centered mechanism.*

Recently, we reported the first examples of HER/HOR activity with the non-
innocent bis(thiosemicarbazone) ligand framework, Chapter four.”® The zinc complex of
diacetyl-bis(N-4-methyl-3-thiosemicarbazone), ZnL', catalyzes HER with a maximum
TOF of 1170 s, and the HOR in the presence of triethylamine with a maximum TOF of
72 s, Unlike many prior homogeneous catalysts that rely on oxidation state changes of

transition metals associated with the generation of a metal-hydride intermediate, the non-
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transition metal Zn(II) is redox inactive, requiring redox processes to be mediated by the
ligand. Results of that work indicate a ligand-centered process involving a binuclear
transition state with evolution of H; via ligand hydride-proton coupling. Notably, the free
ligand H,L' also demonstrates similar HER activity. In addition to homogeneous
catalysis, transition metal-free HER electrocatalysts have been reported in heterogeneous
systems, based on N-doped graphene (NG) with graphitic-carbon nitride (G-C3Ny),'™ as
well as metal-free and zinc-phthalocyanines.'”' "% Furthermore, a heterogeneous metal-
free frustrated Lewis pair '*” HOR electrocatalyst has been reported and is proposed to

operate via a hydride intermediate, similar to Ni >'® and Fe **'® homogeneous HOR

catalysts.

Clearly, the use of redox non-innocent ligands provides a variety of new and
versatile tools that can be used to control reactivity of transition metal complexes. The
principal of non-innocent ligands are rapidly being applied to HER and HOR
electrocatalysis, leading to the pursuit of new catalysts for small molecule activation
where reactivity occurs exclusively on the ligand. This type of reactivity leads to
mechanisms for hydrogen evolution or oxidation in which the H—H bond is either split
or formed in either a ligand-centered homolytic fashion through the coupling of two H®
radicals, or in a ligand-centered heterolytic fashion via recombination of H" and H". The
study of these two types of ligand-centered catalysis for HER and HOR will be presented

in the following chapters of this dissertation.
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CHAPTER II:
EXPERIMENTAL DETAILS
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2.1. Materials and Physical Methods

All chemicals were purchased from commercial sources (Aldrich, VWR Chemicals, TCI,
Acros, Alfa Aesar) and used without purification unless noted otherwise stated. AgPF¢
was obtained from Aldrich and stored in an argon filled dry box. The ligand, LH, and the
ReLs; and [ReL;*C,H4][PFs], metal complexes were synthesized by the modification as
described below.''® The H,L ligand and the CuL' and ZnL' and metal complex were
made according to published literature methods ''"''? as described below. All solvents
were purified with an MBraun solvent purification system or prepared (methanol)
utilizing standard methods and were freshly distilled immediately before use.'” All
reactions were performed under anaerobic conditions via standard Schlenk line
techniques unless otherwise noted. X-ray crystallography was conducted by Dr. Mark
Mashuta at the University of Louisville's X-ray diffraction. X-ray crystallographic data
were collected on a Brucker SMART APEX CCD diffractometer. CCDC-1403507 and
1410091 contains the supplementary crystallographic data for this dissertation. Data can
be obtained free of charge from The Cambridge Crystallographic Data

Centerviawww.ccdc.cam.ac.uk/data_request.cif.

2.2. Crystallographic Details
A purple prism 0.27 x 0.27 x 0.12 mm’ crystal of [Re(LH)L,]PFs was mounted on a glass

fiber for collection of x-ray data on an Agilent Technologies Gemini CCD diffractometer.
The CrysAlis PRO (CCD)5 software package (v 1.171.36.28) was used to acquire a total
of 562 thirty-second frame w-scan exposures of data at 100.0(1) K to a 26 max = 56.20°
using monochromated MoK a radiation (0.71073 A) from a sealed tube. Frame data were

processed using CrysAlis PRO (RED)5 (v 1.171.34.36) to determine final unit cell
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parameters: a = 9.59553(9) A, b = 33.0018(3) A, ¢ = 15.41951(15) A, a= 90°, p=
97.5416(10)°, y= 90°, V = 4840.66(8) A3, Deac = 1.663 Mg/m®, Z = 4 to produce raw hkl
data that were then corrected for absorption (transmission min./max. = 0.743/1.00; p=
2.834 mm-1) using SCALE3 ABSPACK. The structure was solved by Patterson methods
in the space group P 2,/c using SHELXS-907 and refined by least squares methods on F2
using SHELXL-977 incorporated into the SHELXTLS (v 6.14) suite of programs. All
non-hydrogen atoms were refined anisotropically. The H atom bonded to S3 was located
in difference maps; its geometric parameters were refined with U(H) = 1.2 x Ueq
(attached S atom). Phenyl hydrogen atoms were placed in their geometrically generated
positions and refined as a riding model that were included as fixed contributions with
U(H) = 1.2 x Ueq (attached C atom). For 13,986 unique reflections (R(int) 0.0281) the
final anisotropic full matrix least-squares refinement on F2 for 598 variables converged at
R; =0.033 and wR;, = 0.078 with a GOF of 1.09.

Preparation of [Re(LH)L,]PFs Crystal:

[Re(LH)L,]PFs crystals were prepared as follows: A 7.5mg sample of [ReL3*C,H4][PF¢]>
was placed in a test tube and 1 mL of dry methanol was added via syringe to yield a
burgundy red solution. The sample was sealed with a rubber stopper secured with copper
wire. After thirteen days, dark purple crystals of [Re(LH)L,]PFs were obtained.
Crystallographic data can be obtained free of charge from The Cambridge
Crystallographic Data Center (CCDC 1403507).

Preparation of [Re(LH)L,]O3SCF; Crystal:

[Re(LH)L,]O3SCF; crystals were prepared as follows: A 3 mM solution of ReLs in dry

degassed chlorobenzene was sealed in a vacuum/flame dried test tube and under a
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hydrogen atmosphere with 7 pL of triflic acid. The solution was carefully layered with
dry, degassed cyclohexane. After ten days dark purple crystals of [Re(LH)L,]O3;SCF3
were obtained. Crystallographic data can be obtained free of charge from The Cambridge

Crystallographic Data Center (CCDC 1410091).

2.3.  Chemical Synthesis
(2-diphenylphosphinobenzenethiol), (LH): Benzenethiol (6.6 mL, 7 g, 0.064mol) was

added dropwise slowly to n-butyllithium solvent (57 mL, 0.142 mol) and N, N, N', N'-
tetramethylethylenediamine (22 mL, 0.14 mol) in 100 mL (0.142 mol) in cyclohexane at
room temperature under nitrogen atmosphere. The reaction mixture was heated to 70°C
for four hours under reflux, it was filtered and then the precipitate was washed with
hexane (100 mL). Tetrahydrofuran (100 mL) in acetone dry ice bath at -78°C dissolved
the resultant lithium precipitate (lithium 2-lithiobenzenethiolate).
Chlorodiphenylphosphine (8.41 mL, 0.045mol) was then added dropwise to the THF
solution in at 0° C over 2 hours. The mixture was stirred for 24 hours at room
temperature. The reaction mixture, diphenylphosphine 2-lithiobenzenethiolate, was
quenched with aqueous hydrochloric acid (30 mL HCI and 170 mL distilled water) and
dried in vacuo. Distilled water (150 mL) and 300 mL diethyl ether was then added. The
water layer was extracted with ether (3X). The ether layer was then dried with MgS0,4 and
then the ether was using an external trap to give the indicated products (2-
diphenylphosphinobenzenethiol). Yield: 1.208 g. '"H NMR (CD,Cl,): (ppm) = 7.3-6.7
(14H, m), 4.00 (1H, SH). *'P NMR (CD,CL) (ppm) = -11.73.

[tris(2-diphenylphosphinobenzenethiolato)rhenium(l11)], (ReLs): 0.11 g (0.036

mmol) LH (2-diphenylphosphinobenzenethiol) in 0.7 mL triethylamine was added to 0.1
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g (0.12 mmol) [ReOCl; (PPhs),] in methanol (25 mL). The mixture was heated and
stirred under reflux for 30 minutes. The precipitate was filtered under gravity. The
burgundy product was washed with ethanol and diethyl ether and dried in vacuo. Yield:
75 % (0.096 g, 0.09 mmol). The square wave voltammetry showed events at 427 mV, -
357 mV and -1600 mV vs Fc'/Fc.
([ethane-I,2-diylbis((thio-2,I-phenylene)diphenylphosphine)]-(2-
diphenylphosphinobenzenethiolato)rhenium(l11)) hexafluorophosphate,
([ReL3*C,H4][PFs]2): To a burgundy solution of ReL; (30 mg, 28 umol) in C¢HsCl (5
mL) was added AgPFg (14 mg, 56 pmol). The resulting solution was bubbled with
ethylene during which an orange color developed. The mixture was then filtered through
cotton wool to remove Ag (s). Within 10 minutes a fine orange microcrystalline product
precipitates. The C¢HsCl was removed via cannula and the product dissolved in a mixture
of CH,CI, (1.0 mL) and C¢HsClI (0.6 mL) under an ethylene atmosphere. Slow
evaporation of the solvent yields x-ray quality needles.
Diacetyl-bis(N4-methyl-3-thiosemicarbazone), (H,L'): 4-methylthiosemicarbazide
(2.40g, 22.8 mmol) was dissolved in ethanol (50 mL) and butane-2,3-dione (1.0 mL, 11.4
mmol) and concentrated H,SO4 (5 drops) were added. The reaction stirred at room
temperature for 16 hours. The white precipitate was filtered, rinsed with ethanol and
diethyl ether. (93.0%). 'H-NMR (DMSO-dg) & 10.23 (s, 2H) NH, 8.38 (m, 2H) NHCHj,
3.02 (d, 6H, J = 4.5 Hz) NHCH3;, 2.20 (s, 6H) 2 x CHs.
Diacetyl-bis(N4-methyl-3-thiosemicarbazonato) zinc(Il), (ZnLY): H,L' (1.50 g, 5.8
mmol) was suspended in methanol (50 mL) and Zn(OAc),2H,0 (1.39 g, 6.3 mmol) was

added. The reaction stirred at reflux for 4 hours. The yellow precipitate was filtered,
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rinsed with methanol and diethyl ether. '"H NMR (DMSO-d): & / ppm 7.21 (2H, br s,
CH;NH); 2.83 and 2.81 (6H, two overlapping singlets, CH;NH); 2.20 (6H, s, CH;C=N).
Diacetyl-bis(N4-methyl-3-thiosemicarbazonato) copper(ll), (CuL'): HoL' (0.50g, 1.9
mmol) was suspended in methanol (25 mL) and Cu(OAc), H,O (0.42g, 2.09 mmol) was
added. The reaction was stirred at reflux for four hours, and the red-brown precipitate
was filtered, and rinsed with methanol and diethyl ether.
Diacetyl-bis(N4-methyl-3-thiosemicarbazonato) Copper(l),
Bis(cyclopentadienyl)cobalt(111), [(CuL']: In a the glove box, 6 pmoles (2 mg) of
CuL! was dissolved in 2 mL DMSO-ds and stirred. To this was added 1 equivalent of
cobaltocene (6 umoles / 1 mg) and stirred for 15 minutes. Upon addition of cobaltocene,
the solution color changes from red to purple. "H NMR (DMSO-dg): & / ppm 7.94 (1H, s,

CH;NH); 2.86 (3H, CH;NH); 2.72 (3H, s, CH;C=N).

2.4. Electrochemical Methods

Cyclic voltammetry is a technique involving sweeping the electrode potential between
limits Einitiar and Egn, at a predetermined sweep rate or scan rate, v. Once the electrode
potential reaches Egpy, it 1s switched and returned to Einjtial.“47“5 The observed peaks in
cyclic voltammetry are the result of oxidation or reduction at the electrode surface, which
is known as the Nernstian diffusion layer process. As the reduction potential (E,c) is
reached for a system, current is produced by the reduction of the analyte.

All cyclic voltammetry (CV) and controlled potential coulometry (CPC)
measurements for experiments with Rel; were recorded using a Par 273 potentiostat,
while all cyclic voltammetry (CV) and controlled potential coulometry (CPC)

measurements for experiments with H,L', ZnL', and CuL' were recorded using a Gamry
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Interface potentiostat/galvanostat. All CV experiments were performed using a glassy
carbon working electrode (6.5 mm diameter, surface area = 0.07 cm?), a platinum wire
counter electrode, and Ag/AgCl reference electrode. Potentials are reported versus
ferrocenium/ferrocene (Fc'/Fc), which was measured as an internal reference for each
sample. The working electrode was polished with alumina slurry prior to use. Working
and counter electrodes were both cleaned before use by sonication in water, methanol,
isopropanol, acetone and experimental solvent (dichloromethane/methanol/acetonitrile).
All electrochemical experiments were conducted under a N, atmosphere (except for H,
oxidation studies). CV measurements were conducted using a three-neck electrochemical
cell that was washed and dried in oven over night before use.

CPC measurements with RelL; were conducted using a custom cell described
previously''® with a volume of ~ 10 mL, which was washed and dried in oven over night
before use. The working compartment was fitted with a glassy carbon working electrode
(surface area = 0.07 cm’) and an Ag/AgCl reference electrode. The auxiliary
compartment was fitted with a Pt wire counter electrode. The working compartment was
filled with 10 mL of 0.05 M acetic acid in a 0.1 M BuyNPF¢ dichloromethane solution,
while the auxiliary compartment was filled with 2 mL of 0.1 M Bu4NPFg
dichloromethane solution. Solution diffusion across the glass frit was slow under static
pressure. Both compartments were purged for 15 min with N,. A control (blank) CPC
study over 6 hours resulted in a total charge accumulation of 614 pC. Electrolysis was
then measured with the addition of the 0.3 mM ReL;. Electrolysis was conducted for 6
hours and the headspace samples were subjected to gas chromatographic analysis. A

Gow-Mac series 400 GC-TCD with molecular sieve column was used for product
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detection. The column was heated to 130 °C under N, gas flow with 250 pL injection
samples injected onto the column. The integrated area of the H, peak was then compared
to the calibration curve made in order to calculate the moles of H, generated.

CPC measurements for experiments with ZnL' and CuL' were conducted using a
two-compartment glass electrolysis cell with working and auxiliary compartments
separated by a frit, with a volume of 10 mL in each, washed and dried the night before
use. The working compartment was fitted with a glassy carbon working electrode and an
Ag/AgCl reference electrode. The auxiliary compartment was fitted with a Pt wire

counter electrode.

For CPC experiments with ZnL' the working compartment contained 12 mM
acetic acid added to a 0.1 M BusNPF¢ methanol solution, while the auxiliary
compartment was filled with 0.1 M Bu4sNPF¢ methanol solution. Both compartments
were purged for 15 min with N». A control (blank) CPC study was conducted and
subtracted from experimental results. Electrolysis was then measured with the addition of
the 0.1 mM ZnL, and run for 2.5 hours. Headspace samples were extracted and subjected
to gas chromatographic analysis every 30 minutes. A Gow-Mac series 400 GC-TCD with
molecular sieve column was used for product detection. The column was heated to 130
°C under N, gas flow with 250 pL injection samples injected onto the column. The
integrated area of the H, peak was then compared to the pre-made H, calibration curve in

order to calculate the volume and moles of H, generated.

For CPC experiments with CuL' the working compartment contained 0.226 M
acetic acid added to a 0.1 M BusNPFg acetonitrile / dimethylformamide (DMF) solution,

while the auxiliary compartment was filled with 0.1 M BusNPF¢ acetonitrile / DMF
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solution. Both compartments were purged for 15 min with N prior to electrolysis. A
control (blank) CPC study was conducted and subtracted from experimental results.
Electrolysis was then measured with the addition of the 0.6 mM CuL' and conducted
various time intervals, then subjected to GC-TCD analysis at the end of the electrolysis in

the same manner as described above.

Blank and control experiments were performed for ReLs, CuL!, ZnL' and H,L'
HER CV studies. Blank runs consisted of 0.1 M BuyNPF¢ methanol, dichloromethane, or
acetonitrile, depending on experiment, which had been purged with N, gas for 10
minutes. Control CVs run in 0.1 M BuyNPF¢ methanol, dichloromethane, or acetonitrile
with acetic acid showed minimal currents when compared to currents observed after

addition of either CuLl, ZnL'! or HoL! electrocatalysts.

Blank and control experiments were performed for ReLs, ZnL! and H,L' HOR
CV studies. Blank runs consisted of 0.1 M BusNPFg methanol or dichloromethane
solutions, which had been purged with N, gas for 10 minutes. Control CVs in the absence
of catalyst were performed. CVs were run under an H, atmosphere in solutions of 0.1 M
BusNPF¢ methanol with increasing concentrations of triethylamine, added until reaching
base saturated concentrations. The current observed was significantly lower when
compared to the current observed after the addition of the ReLs, ZnL' or H,L'
electrocatalysts. Additionally control experiments were performed with ReLs, ZnL' or
H,L' in 0.1 M BusNPFg methanol solutions under an N, atmosphere. Application of an
N, atmosphere resulted in no catalytic currents. After introduction of an H, atmosphere

and purging the solution with H, for 15 minutes, catalytic current was observed.
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Post electrolysis dip tests experiments were performed on the working electrode
after electrolysis in 0.1 M BusNPF acetonitrile / DMF solutions with 0.6 mM CuL' with
0.292 M acetic acid added. After completion of electrolysis, the working electrode was
taken from the solution and rinsed with DI water. In both DMF and acetonitrile solvents,
a thin film was persisted, coving the working electrode surface. This film-covered
electrode was then immersed into a fresh solution of 0.1 M BusNPF4 acetonitrile / DMF
solution and CVs were recorded. Both CVs showed irreversible reductions and
irreversible oxidations. Upon addition of 0.292 M acetic acid, an increase of catalytic
current was observed at -1.7 V vs Fc'/Fc, consistent with data observed from
homogeneous CV experiments, and also implying that the film is an active catalyst for
HER either acting dependently, independently, or in conjunction with homogenous

catalysis. Efforts are currently underway to better understand this development.

2.5. Overpotential Determination and Calculations

Overpotential can be defined as the difference between the thermodynamic and
equilibrium potentials for a given reaction and the potential at which the reaction occurs
under a set of specific conditions. In the case of H, evolution or oxidation, when either
the equilibrium potential for the standard state H'/H, couple (E°y:) is not known for
some particular solvent or a reliable pKa scale is unavailable, the direct measurement of
the equilibrium potential for the reduction of protons (Ey+) can be accomplished through
an open circuit potential (OCP) measurements, as described by Bullock, Appel and
Helm.'" Using this method this method provides an accurate determination of the
equilibrium potential for the H'/H, couple under a wide range of acids and bases, as well

as solvents or mixtures of solvents. For example, recent reports using this method have
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118
and

appeared in the literature for the determination of Ep: of protic ionic liquids
various acid base pairs in acetonitrile and/or water.!” The accurate determination of
overpotential requires an estimation of E.» and Epyi, each of which can change,
depending on the reaction conditions. The value for the potential for catalysis should be
related to the catalytic current, and therefore, we use Ecuyn. This combined with a value
for Epy, obtained through OCP measurements allows for calculation of the overpotential
(n) for proton reduction or H, oxidation under specific experimental conditions. This can
be estimated as: 1 = |(Eocp - Ecar2)|, where Eqcp is the measured open circuit potential
measured under catalytic conditions specific for each reaction, and E.,; is the potential at
one-half the maximum of the catalytic current measured for the catalyzed reduction of
protons or oxidation of H,. (see appendix for OCP plots)
Overpotential Calculation: ReL; HER:
n = Overpotential = |(Egu-+ocp)) -(Ecar2)|
n=1[-0.222 V -(-0.930 V)]|
n=0.708 V vs Fc'/Fc
Overpotential Calculation; ReL; HOR:
n = Overpotential = [(Egu+ocp)) -(Ecar2)|
n=-1.18 =(0.210 )]|
n =0.970 V vs Fc'/Fc
Overpotential calculation; ZnL! HER:
n = Overpotential = [(Egu+ocp)) -(Ecar2)|
n =1[-0.924 —(-1.68)]|

n =0.756 V vs Fc'/Fc
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Overpotential calculation; ZnL! HOR:
n = Overpotential = |(Egu+ocp)) ~(Eca2)|
1= (0.190-0.505)|
n=0.315V vs Fc'/Fc
Overpotential calculation; H,L' HER:
n = Overpotential = |(Egu+ocp)) ~(Eca2)|
1= [-0.37 ~(-1.80)]]
n=1.43V vs F¢"/Fc’
Overpotential calculation; H,L! HOR:
n = Overpotential = |(Egu+ocp)) -(Ecar2)|
1= (0.177-0.505)|
n=0.328 V vs Fc'/Fc
Overpotential Calculation; CuL' HER
n = Overpotential = [(Egu+ocp)) -(Ecar2)|
1= [[-0.50 —(-2.20 V)]|

n=1.7 Vvs F¢'/Fc’

2.6. Relj: Determination and Calculation of Third-Order Rate Constant,

k, from Pseudo First-Order Rate Constant kg, and estimation of Turnover

Frequency (TOF) for H, Evolution and Oxidation

Calculations were performed using the method described by Dubois et al.** A summary

of the methods with respect to our specific data is provided below. Equation 1 details the

relationship between the catalytic current i¢, the catalyst concentration [cat], and the acid

concentration [H'] for a catalytic reaction that is second-order in acid, and first-order in

catalyst. The terms n, F, A, and D, are the normal electrochemical terms related to the
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number of electrons transferred, Faraday's constant, area of the electrode, and diffusion
constant, respectively.

icqt = NFA[cat]\/Dk[H*]? (1)

Equation 2 (Randle-Sevcik eq.)'™

provides the relationship between the peak current ip,
catalyst concentration, and scan rate (v) in the absence of acid. The factor of 0.4463 is
related to the diffusion equations,'"* R is the gas constant, and T is temperature in K. The

other terms are the same as in equation 1.

. FvD
ip = 0.4463FA[cat] |— )

Thus, the ratio of ica/ip (equation 3) is obtained from equations S1 and S2

icat _ nm  |RTK[H*]?
ip  0.4463 Fv

3)

Under pseudo first-order conditions where Kops = k[H*]?, equation 3 simplifies to 4.”%'"

lcat _ n RTkops (4)
ip 044634 Fv

It should be noted that from equations 3 and 4 that the ratio of ica/ip should be directly
proportional to the acid concentration at lower acid concentrations and independent of
acid concentrations under pseudo first-order conditions as shown in our experimental
results.

Equation 4 can be rewritten to solve for Kops under scan rate independent conditions.

Using numerical values of constants at 298 K, equation 5 is obtained.
Kops = v * 1.94(524)? 5)
14

At a scan rate of 0.2 V, our currents of 149 pA and 17 pA for ica and i, yield Kops = 29.8

-1
S .
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From equation 3, a straight line in a plot of icat/ip versus [H'] in the acid-dependent region
is indicative of a second-order dependence on acid concentration. As shown in later in
chapter 3 for scan rates of 0.2, 0.5, and 1.0 V/s, respectively, our data is consistent with
this interpretation.

Further, the third-order order rate constant, k, can be obtained from the scan rate
dependence of the slopes of the current vs [H'] plots in order to provide a double slope

plot for which the slope can be used to solve for k, described by equations 6 and 7.

ip 044634 Fv

by T el A (©6)

n RTk

slope = o i v 7
40 y = 9.7442x + 12.503
R?=0.9982
30
Ic/Ip vs.
[H+] Slope ,,
10 Slope: ic/ip for different scan rates
——Linear (Slope if ic/ip for different scan rates)
0
0 1 2

[Scan Rate]™*

Figure 7. Double slope plot for evaluation of the third order rate constant, K.
A plot of slopes from Figures S7 — S9 versus \E yields a linear relationship (Figure 7).

The slope of this line (the double slope) allows quantification of the third order rate

constant K using equation 8 at 298K.
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double slope = 0.72Vk (8)
Using our data, k = 184 M2 s™.

2.7. ZnL! and H,L: Determination and Calculation of TOF for H,
Evolution and Oxidation

As stated above equation 4 is obtained by taking the ratio for catalytic current, equation

1, and peak current (equation 2).

iL‘_th — n RTkas
ip 0.4463 Fv

“4)
Equation 4 can further be simplified to equation 5 under scan rate independent

conditions, when n=1 for bimolecular processes. An n value of 1 was used due to the bi-

molecular nature of the mechanism involving ZnL' and H,L'.

icat
kops = v x [%] ©)
Since no peak current for ZnL' was observed in the absence of substrate in methanol, the
experimentally determined diffusion coefficient (described below), 1.15 x 107, was used
to calculate the value for 1,. This gave an i, of 43 pA when run at 5 V/s (the scan rate in
which catalytic current becomes independent of scan rate). Furthermore, the value of 1,
was confirmed through simulations using DigiElch, which agree with the calculated 1,
values. Using equation 5, the TOF or Kops can be calculated using the experimentally
determined i, value as well as the ic, observed at 5 V/s, 230 pA. This results in a TOF of
1170 s

We then calculated the TOF using Eq. 10, which is Eq. 1 under pseudo first-order

conditions, to compare both calculated values, which are in agreement with each other.
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icar = nFA[cat]\[Dkgps (10)
Sample Calculations ZnL* TOF/Kops:
Using Eq. 10:
lcat =230 pA; i, =43 pA;v=5.0 V/s
= Kobs/ TOF = 1170 5™!
Using Eq. 9:
icat = 230 pA; n = 1 mole ¢ / mole of ZnL; F = 96485 C / mol ¢”; A =
0.071 cmz; [cat] = 3E-6 moles / cm3; Deye = 1.15B-7 cm?/ s.
=Kops/ TOF= 1100 s™!
HOR TOF ZnL and H,L Sample Calculation when v = 1.0 V/s:
znL":

V/s
TOF=725"
H,L*:
TOF = Kobs =V * 1.94(icar/ ip)’when icat = -475 pA and i, = -117 pA at 1.0
V/s

TOF =325

2.8. CuL!: Determination and Calculation of TOF for H, Evolution
Using equation 5 as described above we can calculate the estimated TOF for the CuL'

1

electrocatalyst. The i, of Cu™ reduction event, 14.0 pA, and the i max of 2.25 mA

correspond with a maximum icy / ip value of 161, affording a TOF of 10000 stin
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120-123

acetonitrile. Following the same procedure for CVs run in DMF, we get a TOF of

514057
CuL' HER TOF Sample Calculations

TOF 4, Sample Calculation for CuL' in acetonitrile:

Using equation 5, at scan-rate independent conditions, when v = 0.2 v/s and when
icat = 2250 PA and i = 14 A

l—f =160.71
14
TOF ax / Kops = 10000 s

TOF ay Sample Calculation for CuL' in dimethylformamide:

Using equation 5, at scan rate independent conditions, when v = 1.0 v/s, and when
Icat = 1490 YA and i, =29 HA

feat _ 51 44
lp
TOFmax / Kops = 5140 s

2.9. Rels: Quantification of H, from Controlled Potential Coulometry
(CPC) and Calculation of Turnover Number and Faradaic Efficiency

Theoretical Moles of Hydrogen Made via Total Charge:
(Qnet) X (1 mol €/96485 C) x (1 mol Hy/2 mol e') = liberated moles Ho.
Qnet = Quith cat- Qwio ca= 31.2202635-0.0002635 =31.22 C
(31.22) x (1 mol €/96485 C) x (1 mol Hy/2 mol €’) = 0.000162 mol
H,
TON = (mol of H; produced/ mol of catalyst used)

=(0.000162/0.000003) = 54.0

% Headspace Calculation
Assumptions
1. Henry's constant (ky) for hydrogen in dichloromethane is 0.00151 M/atm

2. Bulk electrolysis occurs in a closed, gas tight cell.
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3. The volume of the solution is 10.0 mL and it remains constant.
4. The headspace above the reaction prior to bulk electrolysis is 1 atm of nitrogen.
5. The reaction takes place at 298 K.
6. Ideal gas behavior
Calculation Procedure
1. Calculate moles of H; based on total charge at 100% Faradaic efficiency.
2. Divide by the volume of the solution to obtain [H;] in solution.
3. Convert ky to the dimensionless form ky* by multiplying by RT.
a. kn = [Ho]sin/Pr2
b. Puo/RT = npe/ Ve = [Ha]g
c. multiply both sides of "a": kKHRT = RT[H2]sIn/PH2
d. combine "c¢" and "d": kuRT = [Ho]sin/ [H2lg = ku™
4. Use k4 to calculate equilibrium [H,], assuming an initial [Hy]y= 0 and initial [Hy]ss
from step 2.
5. Calculate the equilibrium P, using ideal gas law and the equilibrium [Ha]4 = n/V.
6. Calculate the total pressure as the sum of the partial pressures of N, and Hs.

7. Calculate the % H; in the headspace from the values in 5 and 6.

Sample Calculation: 6 hour electrolysis
31.22 C x (mol ¢)/(96485 C) x (1 mol H,)/(2 mol €)=0.000162 moles H, (0.000162
moles H;)/(0.010 L)=0.0162 M H,

kp™ = (0.00151 M/atm) x (0.08214 L atm/mol K) x (298 K) = 0.03696
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[HZ] sln 2> [H2]g

intial 0.0162 0
delta -X +x
final 0.0162-x X

0.03696 = (0.0162 — x)/x

0.03696x =0.0162 —x

1.03696x = 0.0162

x =[H,]; =0.01562 M

Pr2 = NRT/V = RT[H2]¢ = (0.08214 L atm/mol K) x (298 K) x 0.01562 M = 0.3824 atm

Pr=1+0.3824 = 1.3824 atm

% Hy =100 x (0.3824/1.3824) =27.7%
Observed actual value is lower 21.8%. This indicates either 1) some H, escaped
the cell as it was not gas tight and/or 2) Faradaic efficiency is less than 100%.
Results are consistent with a minimum

= Faradaic efficiency of 73%.

2.10. ZnL*: Quantification of H, from CPC and Turnover Number and

Faradaic Efficiency Calculations

Theoretical Moles of Hydrogen Made via Total Charge:
19.8 C x (1 mol e/ 96485 C) x (1 mol H,/ 2 mol €”) = moles H, theoretical
Moles H, theoretical = 0.00011 moles H,
Faradaic Efficiency Calculation:
To quantify H, production, the output gas was sampled, 250 pL, every 30 minutes and

analyzed by the GC-TCD described in electrochemical methods section. After sampling,
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the chromatographic peak area of hydrogen is obtained. The GC-TCD calibration curve
was prepared by sampling known hydrogen concentrations, made with known volumes of
hydrogen, from the working compartment, with a constant known N, flow rate, and then
measured by the same procedure described above. A linear relationship between the
chromatographic peak areas of the hydrogen sampled and the specific amounts of
hydrogen used was established, defined by y = mx + b, where y is the peak area and x is
the amount of hydrogen. Using this linear relationship, the amount of hydrogen produced
during experimental electrolysis can be calculated from the integrated peak areas

obtained.

Faradaic Efficiency = (Moles H, Quantified / Moles of H, Theoretical) x 100%
Faradaic Efficiency = (0.000093 moles) / (0.00011 moles) x 100%
Faradaic Efficiency = 85%
TON Calculations:
TON = Moles of H, Produced / Moles of ZnL Used
TON = (0.00011 moles H;, produced) / (0.000003 moles ZnL used)

TON =36.7

2.11. CulL!: Quantification of H, from Controlled Potential Coulometry and
Turnover Number and Faradaic Efficiency Calculations

Sample Calculations CuL' FElectrolysis in Acetonitrile:
Trial 1: Total charge = Quith cat - Qblank = Qnet
60.49 C—-0.0576 C=60.43

Theoretical Moles of Hydrogen Made via Total Charge:
60.43 Cx (1 mol e/ 96485 C) x (1 mol H,/ 2 mol ¢) = moles H,
theoretical
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Moles H, theoretical = 0.00031 moles H, based on
charge from electrolysis

Trial 1: CuL' TON Calculation:
TON = Moles of H, Produced / Moles of CuL! Used
TON = (0.00031 moles H, produced) / (0.000006 moles CuL'
used)
TON =517

Trial 2: Total Chal’ge = Qwith cat = leank = Qnet
84.74 C—-0.0576 C = 84.68

Theoretical moles of Hydrogen made via Total Charge
84.68 C x (1 mol e/ 96485 C) x (1 mol H, / 2 mol ') = moles H,
theoretical
Moles H, Theoretical = 0.00044 moles H, based on
charge from electrolysis

Trial 2: CuL' TON Calculation:
TON = Moles of H, Produced / Moles of CuL! Used
TON = (0.00044 moles of H, produced) / (0.000006 moles CuL'
used)
TON=73.3

Sample Calculations CuL' Electrolysis in DMF
Trial 1: Total charge = Quith cat - Qblank = Qnet
67.03 C—-0.0682 C=66.96 C

Theoretical Moles of Hydrogen made via total Charge:
66.96 x (1 mol e/ 96485 C) x (1 mol H, / 2 mol €’) = moles of H,
theoretical
Moles H, Theoretical = 0.00035 moles H, based on
charge from electrolysis

Trial 1: CuL' TON Calculation:
TON = Moles of H, Produced / Moles of CuL' Used
TON = (0.00035 moles of H, produced) / (0.000006 moles CuL'
used)
TON =58.3

Trial 2: Total Charge = Quith cat - Qblank = Qnet
85.06C—-0.682C=85C

Theoretical Moles of Hydrogen made via total Charge:

85 x (1 mol e /96485 C) x (1 mol H, / 2 mol €’) = moles of H;
theoretical
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Moles H, Theoretical = 0.00044 moles H, based on
charge from electrolysis

Trial 2: CuL' TON Calculation:

TON = Moles of H, Produced / Moles of CuL! Used

TON = (0.00044 moles of H, produced) / (0.000006 moles CuL'
used)
TON =73.3

Trial 2: CuL' Faradaic Efficiency Calculation:

Faradaic efficiency = (moles of H, quantified)/(moles of H, theoretical

based on charge) x 100%

=(0.00038 moles) / (0.00044 moles) x 100%
= 86 % Faradaic Efficiency

Faradaic Efficiency Determination: Evolved gas from the cathode compartment
displaced water in a cylinder with radius 1.12 cm by a height of 2.16 cm. Using the
equation for the volume of a cylinder, V = n(r)’h, we can calculate the volume displaced.
This is calculated to be 8.513 mL. Using the conversion factor of 22.4 L of any ideal gas
per one mole of gas allows us to quantify the number of moles of H, evolved as 3.8 x 10*
moles. This value can then be compared to the theoretical number of moles of H, evolved
based on charge determined earlier, 4.4 x 10™. Faradaic efficiency is defined as moles of
H, quantified/moles of H, theoretical based on charge x 100%. This corresponds with a

86% Faradaic efficiency.

2.12. Determination and Calculation of Diffusion Coefficients, Dy, for ZnL?!

and CuL’
CV data were collected at multiple scan rates from 0.1 to 1.0 V/s establishing that

reduction is diffusion limited. Using the Randles-Sevcik equation (Eq. 2) and plotting
peak current vs the square root of the scan rate allows for accurate calculation of the

diffusion coefficient, Dy.
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Determination of ZnL' Diffusion Coefficient (Do):
Slope (Figure 24B) = 1.94E-5 = 0.4463F A[cat][(FDo/RT)]*

A=0.071 cm’

[cat] = 3E-6 moles/cm’

F =96485 C/mole ¢’

R = ideal gas constant

T=298 K

Dp=1.15x 10”7 ¢cm?/s in MeOH for ZnL'

Determination of CuL' Diffusion Coefficient (Dy):

Slope (Figure 40 inset) = 3.22E-5 =

0.4463FA[cat][(FDo/RT)]*

A=0.071 cm’

[cat] = 6E-7 moles/cm’

F =96485 C/mole ¢

R =1deal gas constant

T=298 K

Do= 2.3 x 10" cm?/s in acetonitrile for CuL'

2.13. Kinetic Isotope Effect Calculations
Rels

Using equation (5) we can calculate Kqps for experiments using D-acetic acid and D-triflic

acid.
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D-Acetic Acid: At a scan rate of 0.2 V/s, ica= 63.17 uA and ip = 22.48 pnA giving a Kops =

3.06

KIE = ky/kp =29.8 51 /3.06 s = 10

-1
S .

D-Triflic Acid: At a scan rate of 0.2 V/s, , ica= 115 uA and i, = 38 uA giving a Kops = 3.55

-1
S

KIE = kny/kp =29.8s1/3.55s'=9

ZnLt

Following same procedure above but instead using equation (10) we can calculate KIE

for ZnL' using D-acetic acid.

Scan Rate

ky (s

ko (s

kn/ ko (57

5V/s

1170

975

1.2

CuL?

Following same procedure above, using equation (5) we can calculate KIE for CuL'

using D-acetic acid. KIE studies on CuL' were performed from 0-100% mole D-Acetic

acid use. The results are summarized below.

%D-Acid | icat (UA) TOF (s) | KIE
0.00 2250 | 10021.68 1
20.00 1837 | 6680.269 | 1.500192
40.00 1257 | 3127.852 | 3.204015
60.00 1045 | 2161.764 | 4.635883
80.00 910 | 1639.3 | 6.113392
100.00 819 | 1327.833 | 7.547398

37




2.14. Digital Simulations using DigiElch

Digital simulations of voltammetric data were performed using commercially available
DigiElch Pro software package (v.7) '**. ZnL' models were fit using an experimentally
determined ZnL' diffusion coefficient and fitted values of a and ks, which were based on
experimental CVs of the electrocatalysts run from 0.1 to 1.0 V/s. The consistency of the
mechanism over a broad set reaction conditions was confirmed through models
employing multiple scan rates and acid concentrations, all which agree with experimental

results (See Appendix for additional simulation data).

2.15. Computational Methods

General Considerations

Hybrid Hartree-Fock density functional theory (hybrid DFT) has long been of great
interest for computational thermochemistry, saddle point analysis, and general
computational structure optimizations. One main advantage is its low computational cost
with respect to ab nito methods. Many hybrid DFT functionals have been shown to be
very promising for calculation of reaction barrier heights as well as optimization of

transition state geometries.

Generally speaking, hybrid DFT involves mixing various amounts of the Hartree-
Fock (HF) nonlocal exchange operator with DFT exchange correlation functionals. A few
promising hybrid DFT functionals are B3LYP,'” M06,'*°and mPW1PW91."*" These
hybrid DFT methods have been shown to be effective for obtaining accurate molecular
structures, vibrational frequencies, and bond energies. The most important variable that
varies in these types of functionals is the fraction of the HF exchange set. For B3LYP the

HF exchange set is 20%, for mPWI1PWO9I it is 25% and for M06 it is 27%. Other
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important parameters of functionals include local spin density approximation (LSDA),
density-gradient expansion, constraint satisfaction, modeling the exchange-correlation
hole, and empirical fits. The constraint satisfaction factor refers to having the correct
limit for a uniform electron gas. The M06 family of functionals, in general, is better at
improving this parameter, relative to first generation hybrid DFT functionals like B3LYP
or BLYP. M06 also improves upon LSDA factor by including a spin density gradient and
a spin kinetic energy density, in addition to local spin density. When using the term,
local, this means that there has been replacement of a small fraction of the local density-
functional exchange by exactly computed exchange.'*® Hybrid functionals allow one to

129-137

use density functional algorithms, and plane wave algorithms'*® which require

much less computation when compared to the best algorithms for nonlocal functionals.
Rel s

All reported calculations were performed in the gas phase using Density Functional
Theory (DFT) employing the M06 exchange correlation functional'* and the LANL2DZ
basis set for all atoms as implemented in the Gaussian09 suite of programs.'> LANL2DZ
was chosen rather than 6-311g(d) due to it being a double zeta basis. Contrary to
minimum basis where there are only enough functions used to contain the electrons of the
neutral atoms (usually core plus valence orbitals), a double zeta (DZ) basis double the
number of all basis functions. For example consider hydrogen with two 1s functions, 1S
and Is’. 1s and 1s’ can be thought of as inner and outer functions. The inner function has
a larger zeta, {, and is therefore tighter. The outer function has a smaller , and is
therefore more diffuse. This enables DZ basis sets to be more computationally flexible

when describing charge distribution in both parts of a molecule (the metal and the
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ligand), whereas minimum basis sets do not. Other positives of DZ basis sets include
doubling the number of functions. This provides a much better description of bonding in
the valence region as well as improving the description of energetically important but

chemically uninteresting core electrons.

Initially, the restricted formalism using a restricted Hartree-Fock (RHF) wave
function was invoked, and subsequently unrestricted calculations based on an unrestricted
Hartree-Fock (UHF)-type wave function were carried out for complexes with even
electron counts. Furthermore, the B3LYP functional was used to obtain broken symmetry

. 125,140-143
solutions. =

Frequency calculations were performed for all optimized stationary
points to ensure they were true minima. Transition states (TS) were determined using the
Berny algorithm with GEDIIS, and verified by intrinsic reaction coordinate (IRC)
calculations with forward and reverse step sizes of 40. TS structures were constructed

manually based on their optimized reactants and products under tight constraints, with no

symmetry imposed. Chemcraft software was used for graphics visualization.'**
ZnL*

All calculations were performed in the gas phase using density functional theory (DFT)
employing the B97-D exchange correlation functional, and the 6-311G(d) basis set for all
atoms as implemented in the Gaussian09 suite of programs for electronic structure '** and
ChemCraft was used for graphics visualization '**. Transition states were determined
locally using the Berny algorithm with GEDIIS, and verified by IRC calculations with
forward and reverse step sizes of 40. All optimizations were performed under tight

constraints, with no symmetry imposed. Several dimeric TS structures in various
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protonation states were initially investigated by DFT using the Berny algorithm for local
TS optimization in the gas phase. These structures were constructed manually based on
optimized reactants and products, or by modifying previously published semicarbazide
dimers.'*® Dimers without ruptured Zn-S and Zn-N bonds were also considered, but

precluded based on energetic grounds.

CulL!?

Initial calculations were performed using M06, B3LYP and B97-D.'?>126:140-142147 Bageq

on energetic minima results, B97-D was chosen for use as functional for subsequent
calculations. Optimizations were performed in the gas phase using density functional
theory (DFT) employing the B97-D exchange correlation functional, and the 6-311G(d,p)
basis set for all atoms as implemented in the Gaussian09 suite of programs for electronic
structure'* and ChemCraft was used for graphics visualization.'** All optimizations were
performed under tight constraints, with no symmetry imposed. All input coordinates are

available in in the Appendix.
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CHAPTER III:
LIGAND-CENTERED
ELECTROCATALYTIC HYDROGEN
EVOLUTION AND HYDROGEN
OXIDATION
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3.1. Introduction

Hydrogen serves as a promising alternative carbon-free fuel and is an essential building
block for industrial and agricultural processes. Currently, 95% of industrial H, derives
from fossil-fuel cracking, which is environmentally unsustainable due to perpetual
increases in atmospheric CO, levels and continual lowering of global carbon
reserves.”'>'® Estimates suggest a hydrogen based economy would require as much as
150 million tons of H, annually, further demonstrating the need for efficient electrolytic
and/or photochemical catalysts that generate H, from carbon-free sources.® As such, the
development of both heterogeneous and homogeneous catalysts for hydrogen evolution
reactions (HER) from water/acid for H, production and hydrogen oxidation reaction

(HOR) catalyst for H, utilization have received significant attention.”'*

The energy
stored within the H, molecule can be recovered in a fuel cell through the catalyzed
oxidation of H; to protons (HOR); which is the reverse of a HER. The utility of H, as an
energy storage/recovery agent has been exploited since the earliest forms of life through
reactivity at the transition metal-sulfur cores of hydrogenase with H, evolution favored in

2628 In spite of

[FeFe]-hydrogenase and Hj-oxidation preferential at [NiFe]-hydrogenase.
the efficiency of these enzymes, their translation to industrial applications has been
proven difficult, underscoring the need for artificial HER and HOR electrocatalysts.
Platinum is the current “gold standard” because it operates at low overpotential with high
turnover frequencies; however, its scarcity and high cost severely limit wide spread
use.2?%1% Thus, a considerable effort has been directed toward earth-abundant, first-row
transition metal catalysts, including the remarkable bio-inspired pendant-base
bis(diamine) nickel complexes of Dubois and Bullock.*'* Furthermore, Eisenberg and

Holland reported a series of metal-dithiolene complexes with the highest TOFs and
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lowest overpotential of synthetic transition metal-sulfur electrocatalysts under

7,11,12

homogeneous conditions. In addition, cobalt complexes of glyoxime ligands have

been shown to be efficiently evolve H, at low overpotential over a wide range acid/base

o 148,14
conditions in both aqueous and non-aqueous solvents,'**'*’

although indicate the activity
may result from nanoparticles formed during catalyst degradation.'™® Each of these and
related systems follows a metal-hydride pathway and it is widely regarded that transition
metals capable of forming metal-hydride intermediates are essential to the HER
mechanism. Naturally, most HER electrocatalysts reported to date closely follow a
mechanism including ligand protonation, metal reduction, and proton to hydride
migration with subsequent chemical/ electrochemical steps leading to H, release.”

While the metal-hydride approach has resulted in significant advances, catalyst
candidates are limited to economically viable first-row transition metals complexes
capable of stabilizing hydrides. Moreover, despite numerous years of effort, materials
based on this paradigm have not yet yielded practical systems for wide-scale
application.”> The development of new catalytic systems that function via a
fundamentally different mechanism may prove valuable to overcome this current

98,151-156

limitation. Given our laboratory’s history with non-innocent ligands, it seemed

logical to investigate ligand-centered hydrogen evolution reactivity.
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Re La

Scheme 1. Stick representation of ReL; (L = diphenylphosphinobenzenethiolate).

The synthesis and electrochemistry of ReL; (L =

diphenylphosphinobenzenethiolate) (scheme 1), was first reported by Dilworth et al. in

/1L

1992."7 The electrochemistry of ReL; displays a reversible Re™" reduction at -1.50 V

and two reversible, non-innocent oxidations at -0.4 (Re"™™) and +0.5 V (Re"™) vs

Fc'/Fc (ferrocenium/ferrocene) (Figure 8).">

Re(I/(N)
151 Re(IV)/(II) E=-15V

-20 T T T T
1 0.5 0 -0.5 -1 -1.5 -2
Potential (V) vs Fc*/Fc®

Figure 8. Cyclic Voltammogram (CV) of 0.3 mM ReL; in 0.1 M BuyNPF¢ CH,Cl, solutions.
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The non-innocence of the ligands is attributed to covalent metal-sulfur
interactions that result in frontier molecular orbitals with significant metal-d and sulfur-p
character, as also observed previously in our laboratory with the analogous ruthenium
complex, RulL,, 16143 ISLISLISAISSISEST A g g result, while [ReL;]" contains a formal Re",
the complex has some Re"-thiyl radical character and the formal Re" of [ReLs;]*" has
Re'V-thiyl and Re'-dithiyl radical character. The reactivity of this complex was
previously studied for the reversible binding of ethylene.”®'**!3%160

Expanding upon this previous work in the Grapperhaus Lab, and given the rich
literature history of HER electrocatalysis using dithiolenes, we surmised that ReLs could

serve as an electrocatalyst for hydrogen evolution or hydrogen oxidation, dependent on

the presence of acid or base and the applied potential.

| B (2, - s3( px)}+ CoHy LUMO

xz- plane

Bl Y.
- l*ssi" Y DOHQ

< {M(dy) - S2(p,) - S3(py)} + CoH4 HOMO

xz-plane

Hy HOMO/LUMO © R H,
NN
P1/ ‘\83’ i

&/

Figure 9. (A) Calculated "p-type" lone-pair orientation of [M(SP);]" enforced by meridional PS
chelates. (B) Proposed interactions of [M(SP);]" frontier orbitals with LUMO (top) and HOMO
(bottom) of C,H,. (C) HOMO/LUMO symmetries of Ho.
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A combination of characteristics makes metal-thiolates an excellent HER first-
sphere promoter. Employing two lone pairs, metal-thiolates will easily accept protons
under even moderately acidic conditions. Dithiolenes are well-known to exhibit non-
innocent  redox behavior, affording ligand-centered  reductions and

11,12,143,153,161

oxidations. This ligand non-innocence offers extremely reactive thiyl

radicals. As detailed in (Figure 9A) the facial arrangement of the PS chelates in [ReLs]"
enforces a symmetry preferred interligand addition route.'*'>* The lone-pair p-type
orbitals on S1 and S2 are coplanar, and the frontier molecular orbitals include an
occupied out-of-phase combination supporting the necessary geometry needed to interact
with the m*-orbital of alkenes, and a vacant in-phase combination, which is anti-bonding
with respect to the metal d-orbital, providing the proper symmetry to interact with the

n orbital of alkenes, or in the case of H,, the o orbital.'*

When examining the
HOMO/LUMO molecular frontier orbitals of H, (Figure 9C) we observe the same
analogous frontier orbital arrangement as that seen in the HOMO/LUMO of ethylene

(Figure 9B) which suggests similar interactions with H, and ethylene.

3.2.  Results and Discussion

3.2.1. Cyclic Voltammetry HER and HOR Studies and X-ray
Crystallography
Upon addition of acetic acid to CH,Cl, solutions of ReL; the cathodic current at -1.70 V

vs Fc'/Fc increases, indicative of electrocatalytic reduction (Figure 10). Two new peaks
appear 0.18 V and -0.84 V, respectively. These values are shifted by + 0.52 and + 0.76 V
relative to [ReL3]™ and [ReL;]"", respectively, suggesting protonation of a single thiolate

donor.
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Figure 10. CV of ReL; with excess CH;CO,H added in 0.1 M Bu,;NPF¢ CH,Cl, solution.

Figure 11. (Left) Labeled ORTEP' of [Re(LH)L,]" from [Re(LH)L,]PF,. (Right) Labeled
ORTEP'* of [Re(LH)L,]" from [Re(LH)L,]O;SCF;.

In order to confirm the identity of the new peaks, attempts were made to isolate
and crystallize the protonated intermediate, [Re(LH)L,]". High quality single crystals of
[Re(LH)L,]PFs, obtained as a degradation product of [ReL3;*C,H4]PF¢ in methanol,
reveal S3 as thiol through the location and subsequent refinement of the proton H55

(Figure 11 left). The S3-H55 bond distance is 1.077(18) A with a Rel-S3-H55 bond
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angle of 105.8(18)°. The structure was confirmed by X-ray analysis of [Re(LH)L,]" as
the triflate salt prepared upon protonation of ReL; with triflic acid (Figure 11 right). A
comparison of metric parameters for ReLs, [Re(LH)L2]+, and [ReL3°C2H4]2+ is provided
in Table 1 below.”®"” The metal ligand bond distances of the [Re(LH)L,]" cation in the
structures of [Re(LH)L,]|PFs and [Re(LH)L,]O3;SCF; are consistent. The corresponding
Ru-P bond distances differ by 0.011(1) to 0.014(1) A while the corresponding Ru-S bond
distances are statistically equivalent. The S3-H bond distance of [Re(LH)L,]PF¢ is
0.076(26) A longer in than [Re(LH)L,]O3SCF3, which is a small change compared to the
relative error. The Re-S bond distances in Rel;, [Re(LH)L2]+, and [ReL3°C2H4]2+ reveal
a common trend upon sulfur-modification. Conversion of S3 from an anionic thiolate in
ReL; to a neutral thiol in [Re(LH)L,]" increases the Re-S3 bond by 0.018(5) A, whereas
the bond distances to the remaining thiolates contract by 0.120(5) and 0.014(5) A for Re-
S1 and Re-S2, respectively. The same compensatory effect is observed, but to a larger
degree, in the ethylene adduct [R€L3'C2H4]2+. Conversion of S2 and S3 from anionic
thiolates to neutral thioethers increases bond distances by 0.131(6) and 0.163(6) A,
respectively. The bond distance to the sole remaining thiolate, S1, decreases by 0.268(6)
A. Addition of strong acids to solutions of [Re(LH)L,]" results in a color change from
purple to yellow-brown, although we have no yet been able to isolate [ReLs*H,]* or its
reduced derivatives.

Table 1. Comparison of selected bond distances and bond angles between ReL;, [Re(LH)L,]PFs,
[RC(LH)L2]03SCF3 and, [RCL3‘C2H4] [PFG]z.a

Bond ReLs® | [Re(LH)L,]PFs | [Re(LH)L,]O3SCF3 | [ReLs*CoH4][PFe]2”
distances
(A°)
Re-P1 2.473(5) 2.4976(6) 2.4836(8) 2.420(3)
Re-P2 2.411(5) 2.4493(6) 2.4480(8) 2.457(3)
Re-P3 2.391(5) 2.4419(6) 2.4308(8) 2.467(3)
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Re-S1 2.477(5) 2.3575(6) 2.3547(8) 2.209(3)
Re-S2 2.303(5) 2.2884(6) 2.2855(8) 2.434(3)
Re-S3 2.269(5) 2.2875(6) 2.2917(7) 2.432(3)
S3-H55 1.077(18) 1.001(19)
S2-C55 1.857(10)
S3-C56 1.831(10)
Bond Angles
@)
S(1)-Re(1)- | 166.4(1) 168.17(2) 166.53(3) 169.97(9)
S(3)
P(1)-Re(1)- | 159.6(1) 162.63(2) 163.23(3) 174.00(9)
S(2)
P(2)-Re(1)- | 166.7(1) 164.48(2) 164.85(3) 162.68(9)
P(3)
S(3)-Re(1)- | 113.0(2) 109.95(2) 108.54(3) 84.37(10)
S(2)
S(2)-C(55)- 112.3(7)
C(56)

a) Data from reference 149 with relabeling of atomic positions for consistency.
b) Data from reference 90.
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=
5 0 -
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100 [Re(LH)L,])2*
1.00 0.50 0.00 -0.50 -1.00 -1.50 -2.00

Potential (V) vs Fc'/Fc

Figure 12. Cyclic Voltammograms of 0.3 mM ReL; in 0.1 M BuyNPF4 CH,Cl, solution showing
H, evolution upon successive additions of CH;CO,H. Inset: Plot of catalytic current vs CH;CO,H
concentration, showing acid saturation above 0.4 M CH;CO,H.
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CVs obtained during titration of CH3;CO,H into 0.1 M BusNPF¢ CH,Cl, solutions
of 0.3 mM ReL; display a gradual growth in the intensity of the catalytic current at -1.7 V
vs Fc'/Fc (Figure 12) (see appendix for additional data). At low acid concentrations, the
current displays a linear dependence on the acid concentration, indicating diffusion
control to the electrode surface. At acid concentrations above 0.4 M, the current is acid-
independent indicating the solution is acid saturated, and that CV response is no longer
limited by diffusion (Figure 12;inset).'*"'*'% Under these pseudo-first order conditions,
the turnover frequency (TOF), which is also the observed rate constant, is 30 + 4 s™'.
Hydrogen evolution using sulfuric acid as the H™ source yields a statistically equivalent
TOF of 32 + 3 s™. The overpotential for hydrogen evolution is 0.708 V with either acid

source, based on open circuit potential measurements (Figure 13).'"”
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Figure 13. Open circuit potential for the reduction of protons to acetic to H, with 0.4 M
CH;COOH added to 0.1 M BuyNPF¢; CH,Cl, solution.

A series of controls were performed to confirm that the electrocatalyst ReL; was

indeed responsible for catalysis. Acetic acid (0.4 M) was added to a 0.1 M BusNPFg
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CH,Cl; solution without any added catalyst. CVs display that the reduction of acetic acid

occurs with an onset potential of -1.9 V vs Fc'/Fc, giving values far below those

observed upon the addition of Rel;. A subsequent dip-test control was performed in

order to eliminate the possibility of catalyst decomposition or deposition on the electrode

surface as source of possible catalysis. Prolonged reduction of ReL; was performed by

holding an applied potential of -2.0 V vs Fc'/Fc. The electrodes were then removed from

the solutions rinsed with DI water and then immersed into a fresh solution containing no

catalyst, upon which no current was observed, thus eliminating the possibility of

decomposition or absorption onto the electrode surface.
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Figure 14. Peak Current vs. [ReL;] using weak acid (CH;CO,H) at (A) 0.2, (B) 0.5, (C) 1 V/s,
and using strong acid (H,SO,) at (D) 0.2 (E) 0.5, (F) 1.0 V/s.

In order to determine the order of the reaction with respect to catalyst

concentration, CVs were run at scan rates of 0.2, 0.5 and 1.0 V/s at fixed [H'] (20 mM
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for both strong and weak acids) under varied concentrations of ReL;. The peak currents
from each CV were recorded and plotted against the concentration of the ReL;
electrocatalyst. Plots for both strong and weak acids across all scan rates display a linear
correlation between peak current and catalyst concentration, indicating a first-order
dependence on the concentration of catalyst (Figure 14A-F). Overall, the rate law for H;
evolution is third-order with a rate constant k = 184 M? s (see Chapter II for more
information on calculation of k).
In addition to electrocatalytic hydrogen evolution, ReL; also catalyzes H,

oxidation. Addition of triethylamine to ReL; under 1 atmosphere of H; increases anodic
current near the formal Re""" couple (Figure 15). At concentrations above 0.8 mM, the

catalytic current is base-independent and a TOF of 4 + 1 s ' was determined at an

overpotential of 970 mV (see appendix for more information).**''"-'®® Control

experiments with triethylamine/H,, but no ReL3, show no significant current.
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Figure 15. CV showing H, oxidation upon successive additions of triethylamine to 0.3 mM ReL;
in 0.1 M BuyNPF¢ CH,Cl, solution under 1 atm of H, gas.
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3.2.2. Controlled Potential Coulometry and Gas Product Analysis

== Blank
304 s 3 HoOurs
25| === 6 Hours
S 204
Q
o0
o
S 15- -
101
t = 80 min
5 “1 t = 40 min
0 - . . Retention T|ln"e .
0 5000 10000 15000 20000
Time (s)

Figure 16. Plot of charge vs time recorded during the controlled potential coulometry of 0.3 mM
ReL; for 1.5 hours (blue) and 6 hours (red) in the presence of CH;CO,H. Inset: Gas
chromatography thermal conductivity (GC-TCD) readout of headspace analysis during
electrolysis.

The robustness of the catalyst was evaluated by controlled potential coulometry bulk
electrolysis experiments. At an applied potential of —1.8 V vs Fc'/Fc, ReLs catalytically
evolved H, from 0.1 M BusNPF¢ CH,Cl, solutions containing 0.05 M acetic acid, with
turnover numbers (TON) of 13.6 and 54.0 after 1.5 and 6 h, respectively (Figure 16).
Under these conditions, the TOF remains at ~9 h™' with no significant decrease in HER
activity over 6 h. The gas evolved during electrolysis was confirmed as H, by gas
chromatography analysis of headspace (Figure 16 inset). After 6 h, the headspace

consisted of 22% H, indicating a minimum Faradaic efficiency of 73%, although the
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actual value may be higher as some H, escaped during electrolysis (see appendix for

more information).

3.2.3. Deuterated Acid Studies

The ReL; complex catalyzes H, evolution approximately 8 times faster than it catalyzes
H, oxidation. The TOF for H, evolution is statistically equivalent for weak and strong
acids, suggesting the two pathways share a common rate-determining step (RDS). Further
information into the RDS was obtained by performing catalysis using deuterated acid
substrates. The ReLs catalyst exhibits a large kinetic isotope effect (KIE) of 9 + 1 for
both weak and strong acids, CH;CO,H/ CD;CO;D and CF3;SO;H/CF;SOs;D. The
similarities of the KIE values for strong and weak acids further support a common RDS,
in which evolution of H; does not involve reaction with a proton, given that KIE values
are statistically equivalent when using strong or weak acid. The large value of the KIE
further suggests the rate determining step is Hj release with significant catalyst-hydrogen
bond breaking occurring at the transition state. Despite the significant number of
electrocatalysts reported for HERs, relatively few studies have reported KIE data. Gray

1 o
7 A similar

and coworkers reported an inverse KIE with values ranging from 0.54—0.57.
inverse value observed by Fukuzumi was attributed to rate-determining metal hydride
formation via proton coupled electron transfer.'®® The relatively high KIE values for
ReL; as compared to the inverse KIE observed for metal hydrides by Gray et al., clearly
indicate a different mechanism for H, evolution. Markedly, Fukuzumi recently reported a
KIE of 40 for H, evolution with [Ir'"(Cp*)(H,0)(bpm)Ru"(bpy),]-(SO4),(Cp* = n5-

pentamethylcyclopentadienyl, bpm = 2,2-bipyrimidine, bpy = 2,2'-bipyridine) attributing

the unusually high KIE to large tunneling effects during catalytic H, evolution
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reactions.'® Overall, the rate law for hydrogen evolution is third-order with a rate
constant k = 184 M s™'. The rate constant is approximately 200 times lower than the

corresponding value for the Mo—S dimer metal thiolate, k = 3.7 x 10*M* s™', reported by

Dubois.”’
1.7 V
: o [ReL3'H2] ¢ . [R6L3'H2]*
Catalytic H, evolving
2 EVOIUtlon complex + H+
+ H*
raduction J [ReLs]” &— [Re(LH)L;]
in acid | H?
Hy
-1.60V -1.00V
+ H*
Catalyst —> Rel; <—’ [Re(LH)L2]*
- H*
-0.34 V| + H*| |-H*
o'xidation
in base [ReL3]* [ReL3-H2]2"
A H, addition
Catalytic +0.42V compax
H, Oxidation T
[ReL3)?*
-+ HZ

Scheme 2. Proposed Mechanism for Electrocatalytic H, evolution and oxidation by ReLs;.

3.2.4. Mechanism Discussion and Theoretical Insight

Based on kinetic studies and the unusually large KIE values observed with ReLs, we
initially assigned the rate-determining step for H, evolution as H, release from the H,
evolving intermediate [Rel;-H,], Scheme 2. The cyclic voltammetry studies clearly
demonstrate that both electrons must be delivered prior to the H, evolution step. We can

discount a catalytic route involving a single reduction prior to H, release (via [ReLs-H,]")
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since this route proceeds through the monothiol complex [Re(LH)L,]", which is reduced
at potentials significantly more positive than the catalytic event. As shown in Figure 12,
under catalytic conditions the cyclic voltammogram contains redox events associated
with [ReL;]" and [Re(LH)L;]", in addition to the catalytic event. Potentials associated
with [Re(LH)L,]*""* and [Re(LH)L,]™ are observed at 0.18 and —0.84 V, respectively.
These values are shifted by +0.52 and +0.76 V relative to [ReL;]™ and [ReL3]"",
respectively, consistent with protonation of a single thiolate donor, as previously
described.'”*!"!

While reduction of [ReLs-H,]" is the final step of hydrogen evolution, hydrogen
oxidation proceeds through sequential oxidations followed by H, addition. Oxidation of
ReL; by two electrons in the presence of H, generates the hydrogen addition complex,
[ReLs;-H,]*". Stepwise deprotonation with two equivalents of triethylamine regenerates

ReL; via [Re(LH)L,]", Scheme 2 bottom.

[ReL3'H;] = [Re(LH)2L] [H-Re(LH)L3]

Re(l)-dithiol OF  Re(l11)-hydride
o
[ReLs'Ho]* = [Re(LH),L]* [H-Re(LH)LJ*
Re(ll)-dithiol O Re(IV)-hydride
-H, +H+T
[Re(LH)L7] €
+H+| +e'|
[ReLs]" [Re(LH)Lo]*
REL3 +e'T +H+T

Scheme 3. Proposed Mechanism of H, Evolution by ReLs.
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In order to elucidate the mechanism of hydrogen evolution by ReL;, DFT
calculations were performed. The electronic and geometric properties of all complexes of
the proposed mechanism in Scheme 3 were explored along with location of their
transition states for H, evolution pathways. Complexes with an even number of electrons
(ReLs, [Re(LH)L,]", [HRe(LH)L,]and [Re(LH),L]) were considered in both the singlet
(S = 0) and triplet (S = 1) ground states for both closed-shell and open-shell
configurations. All odd electron complexes ([ReLs], [Re(LH)L,]°, and [Re(LH),L]")
were calculated as doublets (S = 1/2). Intermediates formed upon the addition of one
proton were evaluated with protonation at S3, consistent with previous x-ray
crystallographic studies.'”’ Addition of the second proton was examined for both ligand-

based protonation at S2 and metal-based addition as the Re-hydride.

“[ReL,)’AG=0.0/+2.6
S=0/S=1 Exp.
Re-S1 2571242 2.477(5)
Re-S2 2.36/2.45 2.303(5)
Re-S3 2.35/2.49 2.269(5)
Re-P1 2.52/2.48 2.473(5)
Re-P2 2.46/2.59 2.391(5)
Re-P3 2.43/2.50 2.411(5)
P2-Re-P3 166.6/170.8 166.7(1)

Figure 17. Bond lengths (A) and angles (°) for ReL; from S = 0 and S = 1 DFT optimizations
(MO6/LANL2DZ) and the experimental (Exp.) x-ray crystal structure.””’ AG indicates relative
zero-point free energy (kcal / mole) values of the S =0 and S = 1 electronic states.
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The ground state of the neutral ReL; complex is best described as a restricted
singlet Re(I1I) (d*, S = 0) center bound to three thiolate ligands (Figure 17). Optimized
metal-ligand bond lengths for the singlet ground state are 0.02 to 0.09 A longer than
experimental values, as typical for DFT calculations, while triplet state deviations from
experimental bond lengths were larger. Furthermore, the neutral singlet species (S = 0)
was favored over the triplet state (S = 1) by 2.6 kcal/mole. Due to the small difference in
energy between the singlet and triplet states, attempts were made to obtain broken
symmetry solution for the open-shell singlet. Calculations for the open-shell singlet were
performed using the singlet geometry in combination with triplet orbitals as initial
guesses. Examination of optimization steps show a decrease in the <S**2> value moving
from 2.0152 and collapsing to a final value of 0.00. This result confirms the nature of the

ReL; complex as a closed-shell restricted singlet.
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"“[Re(LH)L,]’ AG = +5.33 /0.0
S=0/S=1 Exp.
Re-S1  237/239  2.3575(6)
Re-S2 2.371242 2.2884(6)
Re-S3 2.51/2.58 2.2875(6)
Re-P1 2.54 /250 2.4976(6)
Re-P2 2511244 2.4493(6)
Re-P3 2.49/2.50 2.4419(6)
S3-H43 1.38/1.38 1.077(18)
P2-Re-P3 166.6/166.5 166.7(1)

Figure 18. Bond lengths (A) and angles (°) for [Re(LH)L,]" from S = 0 and S = 1 DFT
optimizations (B3LYP/LANL2DZ) and the experimental (Exp.) x-ray crystal structure.” AG
indicates relative zero-point free energy (kcal / mole) values of the S = 0 and S = 1 electronic
states.

The 1nitial steps of the catalytic mechanism involve the transfer of one proton and
one electron to ReL; to yield the neutral [Re(LH)L;] intermediate. Prior studies indicate
that either proton or electron transfer can occur first.” Initial protonation at S3 yields the
previously isolated and characterized [Re(LH)L,]". The [Re(LH)L;,]" intermediate is best
described as a Re(Il) (S = 1) open-shell triplet coordinated by two non-innocent thiolate
donors and one thiol donor (Figure 18). Single point energy calculations were performed
as both closed-shell singlet and triplet in addition to obtaining the broken symmetry
solution. Comparison of the triplet state geometric parameters reveal good agreement

with the x-ray crystal structures of [Re(LH)L,]". The free energy of the triplet is also
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preferred energetically, lying 5.33 kcal/mole lower than the closed-shell singlet and 3.55
kcal/mole lower than the open-shell singlet. Further examination of the <S**2> values
confirms an open-shell configuration of the triplet, yielding a final value of 2.0132, with
the less energetically preferred open-shell singlet with an <S**2> value of 0.9516.

For the double intermediates, [ReLs], [Re(LH)L,]’ and [Re(LH),L]", examination
of the atomic spin densities (SD) reveals a propagation of ligand-centered radical
character around the three S donors with each protonation step. The formal Re(II) species
[ReLs] shows 6.5 and 6.4 % SD on the S2 and S3 donors with no significant contribution
from S1 (Figure 19A). This suggests S2 and S3 have a small degree of thiyl character and
can be considered “non-innocent”, while S1 is best described a thiolate. Protonation of
[ReLs] occurs preferentially at S3 yielding [Re(LH)L,] resulting in a notable transfer of
spin-density from S3 and Re onto S1 and S2. The S1 and S2 donors are now non-
innocent with 8.6 and 9.1 % SD, respectively, whereas S3 is a thiol (Figure 19B). The
next step of the mechanism is the formation of [Re(LH),L] upon addition of the second
proton. Although this may potentially occur at sulfur yielding a Re(II)-dithiol or at the
metal to give a Re(IV)-hydride, only the former structure could be optimized. Protonation
is favored at S2 prompting a shift of SD onto S1, which now accounts for 23.1% of the
unpaired SD (Figure 19C). The electronic structure of [Re(LH),L]" is doublet (S = 1/2)
with a formal Re(II) center coordinated by a non-innocent thiolate (S1) and two thiols (S2

and S3).
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(A) ‘[ReL,] AG = 0.0

S=1/2
Re-S1 2.57
Re-S2 2.47
Re-S3 2.46
Re-P1 2.45
Re-P2 2.42
Re-P3 2.41
S3-H43  N/A
S2-H44  N/A

P2-Re-P3 168.2

(A) Atom SD %
S1=0
S2=6.5
S3=6.4
Re = 83.9

(B) [Re(LH)L,]°AG = 0.0
S=1/2

Re-S$1 2.51
Re-S2 2.44
Re-S3 2.47
Re-P1 2.47
Re-P2 2.46
Re-P3 242
S3-H43 1.38
S2-H44  N/A

P2-Re-P3 169.0

(B) Atom SD %

(C) “[Re(LH),L]" AG = 0.0
S=1/2

Re-S$1 2.38
Re-S2 2.53
Re-S3 2.52
Re-P1 2.40
Re-P2 2.48
Re-P3 2.48
S3-H43 1.38
S2-H44 1.38

P2-Re-P3 167.2

(C) Atom SD %
S1=23.1
S2=0.0
S3=0.0
Re =70.9

Figure 19. Bond lengths (A), bond angles (°), and spin-density percentage contributions for the S
= 1/2 DFT optimizations (MO6/LANL2DZ) of (A) [ReLs], (B) [Re(LH)L,]’, and (C)

[Re(LH),L]".

Propagation of spin density as a function of protonation may be seen by analyzing

the geometric parameters of the doublet intermediates. The Re-S1 bond distance

decreases as a function of ligand electron density, further indicating non-innocent

character. The distance drops from 2.57 A in [ReL3] to 2.51 A in [Re(LH)L,] after initial

protonation at S3, with a further decrease to 2.38 A in [Re(LH),L]" after the second

protonation at S2. The Re-S2 bond distance decrease upon protonation at S3 is consistent

with an increased SD, which further increases when S2 is protonated. The Re-S3 bond

distance shows an increase with each protonation step.
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"[Re(LH),L]’ AG = 0.0 *[HRe(LH)L]’ AG = +4.7
S=0 S =1

Re-S1 2.51 Re-P3 2.41 Re-S1 2.41 Re-P3 N/A
Re-S2 2.49 S3-H43 1.39 Re-S2 2.42 S3-H43 1.39
Re-S3 242 S2-H44 1.39 Re-S3 2.59 S2-H44 N/A
Re-P1 2.38 Re-H44 N/A Re-P1 2.44 Re-H44 1.68
Re-P2 242 P2-Re-P3 170.0 Re-P2 2.56 P2-Re-P3 165.9

Figure 20. Bond lengths (A) and angles (°) for optimizations (MO6/LANL2DZ) of (A)
[Re(LH),L]’ (S = 0) DFT and (B) [HRe(LH)L,]’ (S = 1). and (c) [Re(LH),L]". AG indicates
relative zero-point free energy (kcal / mole) values of the S = 0 and S = 1 electronic states (see
appendix for analysis of the singlet [HRe(LH)L,]’ species).

The final step of the HER mechanism is the addition of a second electron to yield
the hydrogen evolving complex ReL;*H,, which can be represented as either a Re(I)-
dithiol or a Re(Ill)-hydride. The electronic and geometric parameters of the Re(I)-dithiol,
[Re(LH),L], were examined in the singlet (S = 0), as well as the triplet (S =1 ) states,
however with only successful optimization of the singlet electronic state. The electronic
and geometric parameters of the Re(Ill)-hydride, [HRe(LH)L,], was examined as a
singlet (S = 0) and triplet (S =1 ) with the triplet being 2.03 kcal/mole lower in energy
than the singlet (see Appendix for more information). The singlet Re(I)-dithiol (S = 0)

configuration is favored over the triplet Re(Ill)-hydride (S = 1) by 4.7 kcal/mol (Figure

20). This energy gap is sufficiently small, and it should be noted that [HRe(LH)L;]
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cannot completely be excluded as the H,-evolving complex based solely on single point

energy calculations.
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Figure 21. Transition states and energy profile for HER through Re-dithiol and Re-hydride
pathways. (A) Representation of TS-[Re(LH),L] showing lengthening of two S-H bonds
associated with H, evolution. (B) Representation of TS-[HRe(LH)L,] showing H, evolution from

Re-H and S-H. (C) Comparison of relative energies (ZPE corrected) for Re-dithiol and Re-
hydride HER pathways using M06/LANL2DZ.

To unequivocally resolve the electronic structure of the H-evolving complex,
transition states (TS) for reaction pathways were located for both [Re(LH),L] (Figure
21A) and [HRe(LH)L,] (Figure 21B). The traditional metal-hydride [HRe(LH)L;]
pathway proceeding through TS-[HRe(LH)L;] requires an insurmountable 81.5 kcal /
mole barrier. In contrast, ligand-centered H, evolution along the [Re(LH),L] pathway

proceeds through TS-[Re(LH),L] over a modest barrier of 2 kcal / mole (Figure 21C),

represented by the imaginary frequency i1113 cm™. The S-H bond lengths in TS-
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[Re(LH),L], 1.524 and 1.532 A, are 0.125 — 0.133 A longer than the respective
equilibrium bond lengths, 1.399 and 1.399 A in [Re(LH),L]. This may be attributed to a
transfer of charge densities from the formal Re(I) to the thiol sulfurs moving forward
along the intrinsic reaction coordinate (IRC), initiating the release of two H-atoms that
couple to form hydrogen (Figure 22ABCD). The IRC analysis is consistent with a ligand-
centered H, evolution pathway best described as homolytic cleavage of two cis-

coordinated metal thiol S-H bonds.
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Figure 22. (A) Transition state geometry of [Re(LH)L,] along the HER pathway, shown with
active S-H bond dissociations and Re atom associated with the imaginary frequency, i1113 cm™.
(B) Transition State Analysis of H, Evolving Complex [Re(LH),L]. Internal reaction coordinates
(IRC) moving through the TS for [Re(LH),L] associated with the imaginary frequency i1113 cm’
'. (C) Charge densities of sulfur and hydrogen atoms near H, evolution for [Re(LH),L] along the
HER pathway with respect to IRC, associated with the imaginary frequency i1113 cm™, S3 / S4
(cyan, magenta) and H5 / H105 (blue, purple). Transition State S-H bond lengths = 1.524 A and
1.532 A. (D) Charge densities of the Rhenium atom near H, evolution with respect to IRC,
associated with the imaginary frequency i1113 cm™, Rel (red).

65



3.3.  Conclusion

Homogeneous electrochemical studies were performed to assess Rel; as an
electrocatalyst for H, evolution and oxidation.’ Electrochemical studies show that Rel;
reduces acid in CH,Cl, to H, with an overpotential of 0.708 V and a turnover frequency
of 32 + 3 s via a unimolecular mechanism. Additionally, ReL; oxidizes H, in the
presence of base at an overpotential of 0.970 V with a turnover frequency of 4 + 1 s™. To
our knowledge this is one of four published electrocatalysts which can perform both the
HER and HOR reaction. Furthermore, it was the first ligand-centered HER/HOR
electrocatalyst reported. The HER mechanism is supported by DFT, including location of
the transition state and intrinsic reaction coordinate analysis, identifying the H, evolving
complex as a Re-dithiol that generates H, through a radical coupling mechanism. The
process involves homolytic S-H bond cleavage with no formation of metal-hydride
intermediates. The results represent the first example of a ligand-centered HER
mechanism to be validated through a rigorous combination of digital simulations of
voltammetric data, DFT optimizations and spin-density analyses of all catalytically
relevant metal complexes, location of the transition state and analysis of intrinsic reaction
coordinates by computational methods.

While unprecedented in homogeneous mononuclear systems, Yan et al. recently
reported heterogeneous H, evolution from MoS, proposing exposed unsaturated S edge
atoms as reaction sites.'”” The unique reactivity of ReL; could be attributed to a sterically
crowded, kinetically inert, and coordinativley saturated metal center that prevents facile

formation of metal hydride, which is proposed for other active metal—sulfur catalysts.

While this would normally be expected to render a complex inactive, the noninnocent

ligands in Rel; are known to react with small molecule substrates in a ligand-centered
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pathway. This could explain the unusual KIE and bifunctional (H, evolution and H,
oxidation) activity of ReLs. Nonetheless, this work represents a valuable jumping off
point into the field of strictly ligand-centered catalysis, and the lessons learned will

undoubtedly be pivotal in the future design of other small molecule activation catalysts.
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CHAPTER IV:
SUSTAINABLE METAL
ALTERNATIVES FOR LIGAND-
CENTERED H, EVOLUTION AND
HYDROGEN OXIDATION
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4.1. Introduction

The ReLl; system described in Chapter Three opens the door to novel pathways and
alternative strategies for catalytic HER development. However, the system suffers from
significant limitations including: 1) incorporation of a non-sustainable, precious metal; 2)
the ligand synthesis requires multiple steps that are air, moisture, and/or light sensitive
performed under inert conditions; 3) catalysis is limited to halogenated organic solvents;
4) modification of the ligand structure requires an individualized approach for each new
derivative; and 5) large complex size/3™ row transition metal complicates computational

studies of the mechanism.

7 N
_S N— N—
@ES“"leS N N
ReL, Ph, ZnlL'

First Generation Second Generation
X P_re‘:i":“;‘s Metal N , + Sustainable Non-Transition Metal
X Air/Moisture Sensitive Synthesis + Bench-top Synthesis
X Framework Challenging to Modify + Framework Easily Derivatized

X Active only in Halogenated Solvents 4 Active in Water, Alcohol, Acetonitrile

X High Molecular Weight + Low Molecular Weights

Scheme 4. Comparison of first and second generation Ligand-Centered HER Electrocatalysts.

To overcome the limitations of ReL;, we developed new catalysts based on the
non-innocent  bis-thiosemicarbazone ligand H,L' (L'=diacetyl-bis(N-4-methyl-3-

thiosemicarbazide), Scheme 4. This chapter will focus on two electrocatalysts based on
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this ligand class, encompassing the metal free ligand, H,L' and the transition metal free,
ZnL' Scheme 5. H,L' represents the first homogeneous metal-free HER catalyst, ZnL' is
the most active transition metal free HER catalyst.’® Further, these systems overcome the
limitations noted above as they: 1) incorporate sustainable first-row metals; 2) the ligand
syntheses require no specialized skills and can be performed on the benchtop in water
and/or alcohol using inexpensive synthons; 3) catalysis occurs in water/alcohol or
acetonitrile; 4) the framework is easily derivatized and very stable to hydrolysis; 5) the
structures are small with metals that are well calibrated from the computational

perspective.
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Scheme 5. Representation of ZnL' and Hle.

Other ligand-centered processes for HER/HOR are emerging in the literature,
Scheme 6. Initial reports focused on heterogeneous systems including a metal-free HER

catalyst based on N-doped graphene with graphitic-carbon nitride'® and metal-free and



101,105,106

zinc-phthalocyanines. Notable heterogeneous HOR electrocatalysts include a

metal-free frustrated Lewis pair'"’

that is proposed to operate through a hydride
intermediate similar to homogeneous Ni and Fe HOR catalysts. More recently, an
aluminum-bis(imino)pyridine complex was reported as a homogeneous, non-transition
metal HER electrocatalyst with a TOF of 3.3 hr'.* Activity was attributed to a radical
process involving homolytic C-H bond cleavage. A similar mechanism was proposed for
a nickel “hangman”-porphyrin complex via a Ni phorlin intermediate, although no TOF
was reported.'”” Recently, a heterobimetallic W-Ni complex employing a redox-active
ligand was reported as a HER catalyst in acidic aqueous solutions with a cis-thiolate core

proposed as the active site.'™

The recent development of ligand-centered HER/HOR
catalysts underscores the need for alternate approaches to the traditional metal-hydride
systems. The remainder of this chapter will cover the electrochemical, computational, and

mechanistic study of H,L' and ZnL' as electrocatalysts for hydrogen evolution or

hydrogen oxidation.

AW
Ph Al\r
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i ?1 = | .THF
\ N _Ar Cy
N NN N
I N (o]
WAy N
| | Ph Ar
Zheng et al. Nature Chemistry, 2014 Berben et al. Angewandle Chemie, 2015  Nocera et al. PNAS, 2016

Scheme 6. Selected ligand-centered HER/HOR electrocatalysts, taken from references 71, 99 and
100.71,99,100
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4.2.

Results and Discussion

4.2.1. ZnL' Cyclic Voltammetry Characterization
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Figure 23. (A) Cyclic voltammogram of ZnL' in 0.1 M BusNPF, methanol solution (B) Blow up
of cathodic region of cyclic voltammogram of ZnL' in 0.1 M Bu,NPF, methanol solution. (C)
Cyclic voltammogram of ZnL' in 0.1 M Bu,;NPF, acetonitrile solution.

ZnL' was synthesized according to literature procedure reported by Holland et al.''"-'!?
The ZnL' complex is stable open to air and is soluble in a variety of solvents including,
methanol, ethanol, acetonitrile, and dimethylformamide. Zn" complexes of tetradentate
ligands that are constrained in pseudo-square planar conformations can potentially bind a

fifth donor atom in the axial coordination site, as indicated in Scheme 5 175

2

foreshadowing the ability of the ZnL' to dimerize, making it an excellent candidate for

multi-step electrocatalysis.
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Figure 24. (A) Cyclic voltammogram of ZnL' in 0.1 M Buy;NPF, methanol solution scanned at
0.1 (black), 0.2 (dark blue), 0.3 (purple), 0.4 (blue), 0.5 (green), 0.6 (light green). 0.7 (yellow),
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0.8 (orange), 0.9 (red) and, 1.0 (black) V/s. (B) Cottrell plot of the peak current plotted against
the square root of the scan rate.

CVs of ZnL' were initially run in methanol and acetonitrile. In 0.1 M Bu4NPFg
methanol solution an irreversible oxidation observed with onset potentials near and 0.3 V
vs Fc'/Fc (Figure 23A). In methanol sweeping in the cathodic direction was limited by
solvent reduction of methanol, resulting in no observed reductions (Figure 23B).
However cathodic sweeps in acetonitrile show an irreversible reduction at -2.3 V vs
Fc'/Fc (Figure 23C). Subsequent CV studies without substrate were run from 0.1 to 1.0
V/s (Figure 24A) Cottrell plots were constructed by plotting the peak current from each
against the square root of the scan rate in order to yield a linear relationship with a slope
of 1.94 x 107( Figure 24B). This was then used in conjunction with the Randles-Sevcik

equation in order to calculate a diffusion coefficient of 1.15 x 107 cm?/s.

4.2.2. ZnL' Cyclic Voltammetry Hydrogen Evolution and Hydrogen
Oxidation Studies
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Figure 25. (A) Cyclic voltammograms of 3 mM ZnL' in methanol with no added acid (black), 6
mM CH;COOH (blue), 9 mM CH;COOH (purple), and 12 mM CH;COOH (red). Data collected
at a scan rate of 0.5 V/s in the presence of 0.1 M BuyNPF¢ as supporting electrolyte. (B) Plot of
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ica V8 [CH;COOH] for 3 mM ZnL' (red) at scan rates of 0.2 (A), 0.3 (e), 0.4 (m), and 0.5 (@)
V/s.

Solutions of ZnL' in methanol display catalytic hydrogen evolution upon reduction in the
presence of acetic acid. The cathodic current intensity at —1.7 V increases with increasing
acid concentration indicative of an electrocatalytic process (Figure 25A). The current
plateaus at 12.0 mM acetic acid, indicating acid saturation and signifying that CV
response is no longer limited by diffusion of the substrate to the electrode surface (Figure
25B) MO0 with a maximum TOF of 1170 s™' at overpotential of 756 mV (see

121,176,177 - -
©"" The new reduction event observed during

appendix for more information).
catalysis at -1.5 V in methanol signifies that the HER undergoes an initial protonation

prior to reduction, effectively pushing the first reduction to more anodic potentials than

that observed in the absence of acid.
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Figure 26. (A) Cyclic voltammograms of 3 mM ZnL' in ACN with no added acid (black), 2.4
mM CH;COOH (dark blue), 4.8 mM CH;COOH (blue), 7.2 mM CH3;COOH (light blue), 9.6 mM
CH;COOH (green), 12.0 mM CH3;COOH (light green), 14.4 mM CH3;COOH (yellow), 16.8 mM
CH;COOH (orange), 19.2 mM CH3COOH (red), and 21.6 mM CH;COOH (dark red). Data
collected at a scan rate of 0.5 V/s in the presence of 0.1 M BusNPF; as supporting electrolyte. (B)
Plot of i vs [CH;COOH] for 3 mM ZnL' (red) at scan rates of 0.2 (4) V/s.
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In acetonitrile, addition of acetic acid results in catalytic current at -2.3 V (Figure
26A), which is within the range of reduction potentials previously reported for similar
thiosemicarbazones.'”™ The catalytic current becomes independent of acid concentration
at 23 mM (Figure 26B), yielding a higher TOF value of 11700 s™' than that observed in
methanol, but with a larger overpotential of 1.07 V (see appendix for more information).
The lower overpotential in methanol is consistent with outer-coordination sphere proton
shuttling,'” which facilitates ligand protonation prior to electrochemical reduction, as

previously suggested for thiosemicarbazone complexes.'®
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Figure 27. (A) Cyclic voltammograms of 0.3 mM ZnL in methanol under 1 atm. H, with no
added base (black), 3 mM (CH;CH,);N (dark blue), 6 mM (CH;CH,);N (light blue), 12 mM
(CH3CH,);N (light purple), 21 mM (CH;CH,);N (dark purple), and 30 mM (CH3CH,);N (red).
Data collected at a scan rate of 0.5 V/s in the presence of 0.1 M Bu,NPF, as supporting
electrolyte. (B) Plot of ic./i, vs [(CH;CH,);N] for 0.3 mM ZnL under 1 atm. H, (red) at scan rates
of 0.2 (A), 0.5 (®),and 1.0 (x) V/s.

As well as electrocatalytic HER, ZnL' also catalyzes HOR. Introduction of
triethylamine to methanol solutions of ZnL! under 1 atm of H, results in an increase in
anodic current near the irreversible oxidation wave of ZnL'.(Figures 27A). The catalytic

current intensity shows saturation behavior (Figure 27B) with near saturation at a base
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concentration of 30 mM, indicating that catalysis is no longer limited by diffusion of the
substrate to the electrode surface, yielding a TOF of 72 s™' with an overpotential of 0.31
V (see appendix for more information). The HER and HOR TOF values of ZnL' is
substantially higher than those of other proposed ligand-centered catalysts, suggesting

that H,L' itself may also demonstrate catalytic activity.

In order to determine the reaction order with respect to the catalyst for the HER,
CVs were run at a fixed acid concentration of 12 mM with increasing concentration of
ZnL' (Figure 28A). The peak current was measured at each catalyst concentration. Rather
than yielding a linear first-order relationship, a second-order dependence was observed.
A plot of the peak current versus the squared catalyst concentration yielded a linear
dependence confirming the second-order dependence on ZnL', although above

concentrations of 2.0 mM the plot deviates from a second-order to first-order dependence

(Figure 28B).
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Figure 28. (A) Cyclic Voltammograms of 1.0 mM (black), 1.5 mM (blue), 2.0 mM (light blue),
2.5 mM (magenta), 3.0 mM (red) ZnL' with 12 mM CH;COOH in 0.1 M Bu,NPF¢ methanol
solution. (B) Plot of peak current versus [ZnL']>.
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4.2.3. H,L' Cyclic Voltammetry Hydrogen Evolution and Hydrogen
Oxidation Studies
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Figure 29. (A) Cyclic Voltammogram of H,L' in 0.1 M BuyNPF, solution collected at 0.5 V/s.
(B) Blow up showing cathodic scan only of H,L'.

The metal-free HoL' ligand was subsequently evaluated as a proton reduction and
hydrogen oxidation electrocatalyst. In the absence of acid, H,L' displays an irreversible
reduction at —2.1 V and an irreversible oxidation at +0.5 V vs Fc'/Fc in 0.1 M BusNPFg
methanol solutions (Figure 29AB). Upon addition of acetic acid, the cathodic current at
—2.1 V increases steadily (Figure 30A), reaching a maximum at concentrations of 9.8
mM (Figure 30B). Under acid-saturated conditions, H,L' displays a TOF of 1320 s~' with
an overpotential of 1430 mV (see appendix for more information). To our knowledge,

this is the only reported metal free, homogeneous, electrocatalyst for HER.
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Figure 30. (A) Cyclic voltammograms of 3 mM H,L' with no added acid (black), 3 mM
CH;COOH (blue), 5.8 mM CH3COOH (purple), and 7 mM CH3COOH (light purple), 8.2 mM
CH;COOH (pink) and, 9.8 mM CH3;COOH (red) . Data collected at a scan rate of 0.5 V/s in the
presence of 0.1 M BuyNPF¢ as supporting electrolyte. (B) Plot of i, vs [CH;COOH] for 3 mM
H,L' (blue) at scan rates of 0.2 (A), 0.5 (#), and 1.0 () V/s.

Given the bi-functional nature of the Zn based system we decided to investigate
H,L' as an electrocatalyst for hydrogen oxidation. Introduction of triethylamine to
methanol solutions of Hle under 1 atmosphere of H; results in an increase in anodic
current near the irreversible oxidation wave of HoL'(Figures 31A). The catalytic current
intensity shows saturation behavior (Figure 31B) with near saturation at a base
concentration of 21 mM, indicating that catalysis is no longer limited by diffusion of the
substrate to the electrode surface, yielding a TOF of 32 s~' with an overpotential of 0.33
V (see appendix for more information). Again, to our knowledge this is the only reported

metal-free homogeneous electrocatalyst for the oxidation of H,.
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Figure 31. (A) Cyclic voltammograms of 0.3 mM H,L in methanol under 1 atm. H, with no
added base (black), 0.75 mM (CH;CH,);N (blue), 1.5 mM (CH;CH,);:N (cyan), 3 mM
(CH3CH,);N (light blue), 6 mM (CH3CH,);N (light purple), 9 mM (CH;CH,);N (purple), 12 mM
(CH3CH,);N (pink), 15 mM (CH3CH,);N (rose), 18 mM (CH3;CH,);N (red) and, 21 mM
(CH;CH,):N (dark red). (B) Plot of i/i, vs [(CH;CH,);N] for 0.3 mM ZnL under 1 atm. H,
(blue) at scan rates of 0.2 (A), 0.5 (@), and 1.0 (x) V/s.

4.2.4. ZnL' Extended Stability and Gas Identification: Controlled Potential

Coulometry Studies
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Figure 32. (A) Plot of charge vs time recorded during bulk electrolysis of 0.1 mM ZnL' and 12
mM CH;COOH in methanol with 0.1M Buy,NPFg as supporting electrolyte. (B) Headspace
readout of GC-TCD showing H, as gaseous product at times 30, 60, 90, 120, and 150 minutes
during electrolysis.

The stability of ZnL' as a HER electrocatalyst was further examined by controlled
potential coulometry. At an applied potential of —1.7 V vs Fc'/Fc, ZnL' evolves H, from

12 mM acetic acid solutions in methanol with a turnover number of 37 after 2.5 h (Figure
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32A) based on a total charge of 19.8 C. The identity of the gaseous product was
confirmed as H, by gas chromatography thermal conductivity (Figure 32B). The
integrated peak areas of headspace samples collected during electrolysis indicate a
minimum Faradaic efficiency of 85% (see Chapter II for more information) throughout

the electrolysis; the TOF remained consistent at 15 h™' with no signs of decreasing

activity.
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Figure 33. (A) UV spectra recorded every 15 minutes during the electrolysis of 1 mM ZnL'
under applied potential of -1.7 V in 0.1 M BuyNPF4 methanol solution. (B) CV of ZnL after
electrolysis in 0.1 M BuyNPF¢ methanol solution with 12 mM acetic acid added. v = 0.2 V/s vs
Fc'/Fc.

Spectroelectrochemical experiments were performed on 0.1 M BusNPF4 methanol
solutions of ZnL' with an applied potential of —1.7 V in order to identify the absorption
characteristics of the one-electron reduced electrocatalyst, [ZnL] . UV—vis spectra were
recorded before electrolysis and then measured every 15 min during electrolysis showing
the growth of the absorption band near 250 nm and a decrease in the absorption band near

430 nm (Figure 33A). A cyclic voltammogram was then recorded with addition of 12
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mM acetic acid (Figure 33B). An additional control was performed after prolonged
reduction in order to rule out ligand decomposition onto electrode surface as a possible
source of catalysis. After reduction, the working electrode was removed, washed with DI
water, and then placed in fresh solution containing no catalyst, upon which no current

was observed.

4.25. ZnL' Mechanism Evaluation: Digital Simulations, Isotope Effect
Studies

To evaluate the HER mechanism of ZnL, we first determined the rate law and measured
the H/D kinetic isotope effect (KIE). As shown earlier in Chapter 4.2, under non-
saturating acid conditions icy is directly proportional to [H'] indicating a first-order
dependence on acid concentration.'’ Varying the [ZnL'] at fixed acid concentrations
confirm first-order dependence at catalyst concentrations above 2 mM (Figure 28B).
Using the deuterated acid CD3;CO,D, the ZnL' catalyst displays a small KIE of 1.2,
which is distinct from the inverse KIEs reported for several metal-hydride HER catalysts
and from the large KIEs associated with electrocatalysts thought to be proceeding

through tunneling.
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Figure 34. Comparisons of experimental (solid) and simulated (dotted) cyclic voltammograms
for 3 mM ZnL' and 12 mM CH;COOH in methanol with 0.1M Bu,NPF; as supporting electrolyte
at scan rates of 0.3 (blue), 0.4 (purple), and 0.5 (red) V/s.

Digital simulations of the cyclic voltammograms (Figure 34) reveal parallel routes
to proton reduction involving homocoupling of two, neutral Zn(HLe) radicals and
heterocoupling of a neutral Zn(HLe) radical with the cationic radical [Zn(H,L+)]". The
proposed mechanism (Figure 35) begins with protonation of ZnL' K = 2.4 x 10°,
followed by reduction to Zn(HLe), E° = —1.81 V vs Fc'/Fc. In the homocoupling
pathway, two Zn(HLe) rapidly combine, ki =3 x 10° M s, to evolve H, and regenerate
2 equivalents of ZnL'. In the alternate pathway, 1 equivalent of Zn(HL-) is further
protonated, K = 8.8, prior to heterocoupling. Combination of [Zn(H,L¢)]" with the second
equivalent of Zn(HLe), k; = 2 x 10" M™' s7', yields H, completing the catalytic cycle.
The simulated kinetic and thermodynamic parameters reveal that both routes to H,
evolution are operational across a range of experimental conditions (see Appendix for

more information).
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Figure 35. Concurrent catalytic pathways for hydrogen evolution through homocoupling of
neutral Zn(HLe) radicals (red arrows) and heterocoupling of a neutral Zn(HLe) and cationic
[Zn(H,L+)]" radicals (blue arrows).

4.2.6. ZnL! Density Functional Theory Study

Figure 36. Optimized Structure of [ZnLH]" with protonation on the hydrazino nitrogen, B97-
D/6-311G(d)

Density functional theory calculations using the B97-D functional and the 6-311G(d)
basis set support the proposed catalytic cycle and elucidate the hydrazino nitrogen as the

site of protonation. Each of the metal complexes in Figure 35 was successfully optimized.
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Energies reveal that protonation at the hydrazino nitrogen (Figure 36) is favored by at

least 13.0 kcal/mol relative to other potential basic sites within ZnL' (Figure 37).

E (kcal.mole™)

N
+13 51— [Zn-SH]'
' [H-Zn] ——+13.3
! +13——[Zn-NH,]
" [Zn-NH'——0

Figure 37. DFT optimized structures showing energetic stability of protonated species, [ZnL'H]".
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Figure 38. Energy profile along with spin densities of species involved in catalyzed H, evolution.
Spin-density profiles for (A) Zn(HLe) and (B) [Zn(H2Le)]+. (C) Relative energies (ZPE
corrected) for H, evolution through the heterocoupling of Zn(HLe) and [Zn(H2Le)]" using the
B97-D/6-311G(d) level of theory. (D) Structure of the singlet [Zn,(Hs;Le,)]" transition state
through the heterocoupling pathway. Analysis of the eigenvector associated with the imaginary
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frequency 11572 cm ', and the charge densities of atoms for H, evolution with respect to intrinsic
reaction coordinate.

Evolution of H, through homocoupling of two Zn(HLe) radicals is exergonic by
42.6 kcal/mol, while the parallel pathway involving heterocoupling of Zn(HLe) and
[Zn(H2Le)]" releases 28.8 kcal/mol. Analyses of the Zn(HLe) and [Zn(H,Le)]" spin
density profiles (Figure 38A,B) show radical character delocalized on both protonated
ligand frameworks. H, is evolved by radical heterocoupling, overcoming an 8.1 kcal/mol
barrier (Figure 38C,D). The absence of spin density on Zn for all species involved in the

HER is in unequivocal support of ligand based reduction.
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Figure 39. (Upper) Transition state geometry of [Zn,H;L*%,]" along the HER pathway, shown
with active N-H bond lengths associated with the imaginary frequency i1572 cm™ , and
equilibrium bond lengths in parentheses. (Lower) Charge densities of atoms near H, evolution
with respect to IRC; N-H of [Zn(HL®)]" (blue, and cyan), and N-H of Zn(H,L®) (magenta,

purple).

The transition state (TS) can be described as a dimer with H dissociations from
each monomer fragment, along their respective N—H coordinates to form H, (39 Upper).
This is consistent with N—H bond lengths in the TS of 1.25 A for Zn(HL+) and 1.36 A for
[Zn(H,Le)]" compared to respective equilibrium N—H distances, both of 1.02 A. The
longer N—H bond in the TS associated with [Zn(H,Ls)]" may also be attributed to an
increased charge density along the forward IRC for both N and H, compared to Zn(HL-)
(Figure 39 Lower). The HER from [Zn,H;Le,]" is thus interpreted as dimeric, where the
now charge-reorganized Zn(H,Le) fragment promotes early electron transfer and is

coupled to proton transfer from [Zn(HLe)]" to form H.
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Table 2. Bond length comparison of calculated HER intermediates

Structures ZnL | [ZnHL]" | Zn(HL®) | [ZnH,L*T

Bond Lengths (A) | Zn-S1 | 2.368 | 2.423 2.458 2.386
Zn-S2 | 2.368 2.318 2.341 2.386

Zn-N2 | 2,116 2.118 2.059 2.061

Zn-N3 | 2.116 2.125 2.045 2.061

S1-Cl1 1.774 1.719 1.728 1.732

CI1-N5 1.356 1.343 1.373 1.349

N5-C5 | 1.460 1.467 1.459 1.463

CI1-N1 1.339 1.373 1.351 1.361

NI-N2 | 1.344 1.357 1.368 1.362

N1-H15 - 1.015 1.016 1.015

N2-C2 1.312 1.313 1.368 1.348

C2-C3 1.478 1.470 1.427 1.436

C3-N3 1.312 1.322 1.345 1.348

N3-N4 | 1.344 1.321 1.349 1.362

N4-C4 | 1.339 1.361 1.329 1.361

C4-S2 1.774 1.767 1.792 1.732

C4-N6 1.356 1.341 1.367 1.349

N6-C8 1.460 1.469 1.458 1.463

Examination of the change in bond lengths and bond angles amongst ZnL,
[Zn(HL)]", Zn(HLe), and [Zn(H2Le)]" (Tables 2-3) assist to explain structural and
electronic changes over the course of the ZnL' catalyzed HER mechanism. Initial
protonation of ZnL' to give [Zn(HL)'] results in a slight puckering of the ligand
framework around the Zn center shown by the lengthening of the Zn-S1, Zn-N2, Zn-N3
bonds and a decrease in the Zn-S2 bond as well as an increase in the S1-Zn-S2, N3-Zn-
S2 bond angles and decrease of the S1-Zn-N2, N2-Zn-N3 bond angles. Subsequent
reduction to the neutral radical species, Zn(HLe¢), is accompanied by significant
contraction of the Zn-N2 and Zn-N3 bonds, 2.118 A and 2.125 A to 2.059 A and 2.045
A, respectively. Furthermore, moving across the mechanism from protonation to

reduction, the C2-C3 bond length always decreases in length moving from an initial
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length of 1.478 A to 1.470 A after protonation, and then decreasing further to 1.427 A

after reduction, in agreement with the spin-density map of Zn(HLe).

Table 3. Bond angle comparison of calculated HER intermediates.

Structures ZnL | [ZnHL]" | Zn(HL®) | [ZnH,L°T"
Bond Angles (°) S1-Zn-S2 | 118.02 119.08 116.68 117.56
S1-Zn-N2 | 82.78 81.57 82.39 83.80
N2-Zn-N3 | 76.43 74.94 77.40 73.34
N3-Zn-S2 | 82.78 84.41 85.07 83.30
C1-S1-Zn | 93.70 96.92 95.10 95.54
NI1-N2-C2 | 121.88 122.99 120.43 122.41
NI1-N2-Zn | 122.08 119.62 119.13 118.45
C2-N2-Zn | 116.04 117.39 115.19 118.59
C3-N3-Zn | 116.04 117.76 117.15 118.59
C3-N3-N4 | 121.88 122.01 121.05 122.41
N4-N3-Zn | 122.08 120.23 121.44 118.45

4.3. Conclusion

In summary, the non-transition-metal complex ZnL' and the metal-free ligand H,L'
represent a fundamentally new class of homogeneous HER and HOR electrocatalysts.
Unlike traditional catalysts that employ a metal-hydride as the key intermediate, this new
approach facilitates H, evolution through ligand-centered radical coupling. The
combination of the redox active ligand H,L' with the non-transition-metal Zn constrains
redox activity to the ligand, in contrast to transition-metal complexes where spin-
coupling between the ligand radical and unpaired electrons on the metal may reduce
reactivity. The confinement of radical character to the ligand is further evidenced by the
catalytic activity of H,L'; albeit with higher overpotential than ZnL'. The enhanced
activity with Zn is attributed in part to the Lewis acidity of Zn(II), which balances the
charge of the anionic ligand, promotes protonation, and lowers the reduction potential.

Further, Zn(Il) provides a structural framework for the N,S, chelate that pre-organizes
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the radical complexes for H, evolution. We can envision the strategies introduced in this
study being tailored in future works to improve TOF and lower overpotential and for the

development of other catalysts for small molecule activation.
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CHAPTER V:
TRANSITION METAL ASSISTED
LIGAND-CENTERED H;
EVOLUTION
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5.1. Introduction

Rising international energy demands, coupled with growing concerns of repercussion
from global climate change, have ignited considerable interest in the development of
carbon-free and carbon neutral energy systems.”'>'® Hydrogen is a promising component
of these systems as a light weight, energy dense carrier. Hydrogen evolution reactions

(HERSs), which involve a two-electron reduction of protons, can be used to store energy in

H,, with subsequent energy release through hydrogen oxidation reactions (HORs)."!8!"12

Consequently, there has been significant research into the development of inexpensive,

abundant homogeneous and heterogeneous materials that serve as electrocatalysts for the

183

production of H,. Platinum is an excellent catalyst for HER and HOR, ™ yet its scarcity

and high costs limit practical large scale application, leading to the pursuit of sustainable

80,89,90,184-191

alternates that employ abundant first-row transition metals. Not surprisingly,

much of these works have taken an approach to generate HER catalysts which operate via
mechanisms invoking metal-hydrides. While this approach has led to substantial
advances, sustainable candidates are limited to economically viable first-row transition
metals complexes capable of stabilizing metal-hydrides. The recent development of HER
catalysts that function via ligand-centered processes or employ redox-active ligands,'*>
has expanded the realm of HER electrocatalysts beyond traditional transition metal-

76,99
1,”

hydrides to include non-transition meta and metal-free catalysts’® for HER invoking

77,193

ligand-directed radical coupling of H-atoms or protonation of ligand-centered

hydrides.”"’

As discussed previously in Chapter Four, we reported the first examples of

HER/HOR activity with the non-innocent bis(thiosemicarbazone) ligand framework.”
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The zinc complex of diacetyl-bis(N-4-methyl-3-thiosemicarbazone), ZnL', catalyzes
HER with a maximum TOF of 1170 s™' and the HOR in the presence of triethylamine
with a maximum TOF of 72 s™. The HER mechanism was established through a rigorous
protocol involving kinetic studies, including digital simulations of electrochemical data,
DFT computations of catalytic intermediates, and location of the transition state. Results
indicate a ligand-centered process involving a binuclear transition state with evolution of
H, via ligand hydride-proton coupling. Notably, the free ligand H,L' also demonstrates
similar HER activity. Very recently, Straistari et al. reported HER activity with a related
bis(thiosemicarbazonato)Ni(II) complex with an enhanced TOF of 3080
s, proposed to involve initial ligand-centered reduction and protonation followed by
metal-centered reduction.*® The compound studied in this chapter, CuL', was previously
investigated by Holland et al. in 2008 as a radiopharmaceutical agent for the treatment of
hypoxic cells."™ In their studies, electrochemical characterizations were performed in an
array of conditions, including under slightly acidic reducing conditions (22 mM
maximum). In that report, the authors state that they observe the production of hydrogen,
however, no complete analysis of these observations was provided. In this study, we
reexamine these findings while continuing our pursuit of alternate HER strategies which
avoid metal-hydride intermediates, and provide a more complete report of ligand-
centered HER activity observed with the bis(thiosemicarbazonato)Cu(II) complex, CuL',

Scheme 7.
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5.2.  Results and Discussion

5.2.1. CuL' Cyclic Voltammetry HER Studies

4 S

H,L'

2
' Sol{
M
R R
) S

ML’
L'=R = CH,
M=Cu, Zn

Scheme 7. Representation of thiosemicarbazone based electrocatalysts.

Building upon our previous work, the neutral, monomeric complex diacetyl-bis(N-4-
methyl-3-thiosemicarbazonato)Cu(Il), CuL', was evaluated as HER electrocatalyst,
Scheme 7. The synthesis and single crystal x-ray structure of CuL' was originally
reported by Dilworth et al.'”>'”® The CuL' compound was isolated as air-stable burgundy

solid from H,L' and copper(Il) acetate per prior methods (described in Chapter II).

93



<30
501 oo
020
< 40- 315
3 30- <10
- o5
cC . a.
ot 20 00 020406081012
:?_) 10_ (V)D_S
0 e
-10_
'20 T T T T T T T T
-0.50 -0.70 -0.90 -1.10 -1.30 ‘
Potential (V) vs Fc*/Fc

Figure 40. CVs of CuL' in 0.1 M BusNPF; acetonitrile solution at scan rates of 0.1 (black), 0.2
(blue), 0.3 (light blue), 0.4 (green), 0.5 (light green), 0.6 (purple), 0.7 (yellow), 0.8 (orange), 0.9
(red) and 1.0 (black) V/s.CuL'. Inset: Cottrell plot of peak current vs square root of scan rate.

The cyclic voltammogram (CV) of CuL' in acetonitrile containing 0.1 M
BusNPF; as supporting electrolyte displays a reversible Cu'" event at -1.20 V vs. Fc'/Fc
consistent with prior reports. Additional CV data collected at multiple scan rates from 0.1
to 1.0 V/s (Figure 40) were used to construct Cottrell plots (Figure 40, inset) establishing
that the Cu'™" reduction is diffusion limited and demonstrating the potential of CuL' as a
homogeneous electrocatalyst. The slope of the plot yields a diffusion coefficient of 7.9 x
10 cm?/s. The catalytic activities for hydrogen evolution were then evaluated in two

solvents, acetonitrile and dimethylformamide (DMF).
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Figure 41. (A) CVs of 0.6mM CuL' (black) in 0.1M BuyNPF, acetonitrile with 0.0244 (purple),
0.0448 (light purple), 0.0896 (light blue), 0.134 (pink), 0.179 (yellow), 0.244 (light green) and
0.269 (red) M CH;COOH, Inset. Blow up of CV showing shift of Cu™" reduction event. (B) Plot
of icali, vs [CH;COOH] for 0.60 mM CuL' (blue) at scan rates of 0.20 (X), 0.50 (e) and 1.00 (*)
V/s (C) Catalytic Tafel Plot of CuL' (blue) with comparison of performance for hydrogen
evolution with those of others reported in literature. Blue 0: Co'(dmgH),py; green e:
[Ni(P,""N™),]*; red m: NiL?*; magenta A: ZnL'; purple X: H,L'. "’

Addition of acetic acid to 0.6 mM acetonitrile solutions of CuL' shifts the Cu""
potential from -1.20 V to -0.95 V and introduces a catalytic cathodic current at -1.70 V vs
Fc'/Fc (Figure 41A). The +0.25 V shift is consistent with a single protonation event prior
to the initial electrochemical reduction (Figure 41A, inset).”” The catalytic current
intensity at -1.70 V displays linear dependence on the concentration of acid, indicating
diffusion control to the electrode and confirming a first-order dependence on acid
concentration.'” At concentrations greater than 0.269 M, catalytic current saturates at a
maximum value of 2.25 mA (Figure 41B). The i, of Cu"" reduction event, 14.0 pA, and
the icat max of 2.25 mA correspond with a maximum iy / Ip value of 161, affording a

TOF of 9,900 s 120123

Catalytic activity was also assessed in DMF. CVs of 0.6 mM CuL' in 0.1 M
BwNPFs DMF solutions exhibit an increase in current at -1.9 V vs Fc¢'/Fc upon

increasing additions of acetic acid (Figure 42A). At concentrations of acid greater than
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0.292 M, the current saturates reaching a maximum icy; of 1.49 mA (Figure 42B). Acid
addition results in the same shift of the Cu'" potential from -1.20 V to -0.95 V, as
observed in acetonitrile, which is consistent with previous reports suggesting a single
protonation event prior to reduction.'” Catalytic current becomes independent of scan
rate above 1.0 V/s. Under these conditions when icg is 1490 pA and i, is 29 pA, the TOF
is estimated to be 5140 s™', significantly lower than values observed when performed in

acetonitrile.
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Figure 42. (A) CVs of 0.6mM CuL' (black) in 0.1M Bu,NPF, DMF with 0.0244 (light purple),
0.0448 (purple), 0.0896 (blue), 0.157 (green), 0.202 (light green), 0.246 (yellow), 0.269 (orange).
And 0.292 (red) M CH3;COOH. (B) Plot of ¢ / i, vs [CH;COOH] concentration.

Control CVs containing only acetic acid were run in acetonitrile and DMF. Addition of
67.2 mM acetic acid to of 0.1 M BusNPFg acetonitrile solutions resulted in an observable
current of 300 HA. However after 2 CV cycles the current drops to a stable value near
100 pA. Upon addition of 0.6 mM CuL', the current increases to 900 HA (see appendix).
In DMF addition of 22.4 mM acetic acid results in almost no current increase, giving

current values of roughly 5 PA. Addition of 0.6 mM CuL' to this solution resulted in an
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increase, giving a value of 200 HA (see appendix)Higher concentrations of acetic acid
were also performed as controls. Addition of 0.292 M acetic acid to 0.1 M Bu4NPFq
DMEF solutions results in a current value of 50 pA. Upon addition of 0.6 mM CuL' results

in an increase of current to 650 YA (see appendix).

The Tafel plot of the log TOF versus overpotential for CuL' (Figure 41C)
represents the TOF activity as a function of the applied overpotential.'”’ CuL' displays
the highest maximum logTOF values reported to date of any homogeneous ligand-
centered electrocatalyst, reaching a maximum of 3.99. The CuL' electrocatalyst
maintains a logTOF value greater than one, with applied overpotentials greater than 1.2
V. Overpotentials less than 1.2 V result in significantly decreased TOF values,
correlating with negative or near zero logTOF values. The local maxima observed near

/1

0.4 V is indicative of the pre-catalytic Cu™ reduction, which has an anodic shift of 0.25

V during catalysis.

The maximum logTOF for CuL' of 3.99 requires a large overpotential of 2.0 V.
Comparatively, state of the art metal-hydride HER electrocatalysts, such as nickel-
bis(diphosphine) and cobaloxime exhibit logTOF values of 4.00 at overpotentials of 0.50
and 0.40 V, respectively.'”’ Our previously reported ligand-centered electrocatalysts
ZnL' and H,L' have lower maximum logTOF values than CuL', but they achieve logTOF
values of 3.06 and 3.12 at lower overpotentials of 0.75 and 1.4 V, respectively.”® Artero’s
related NiL? electrocatalyst achieves a maximum logTOF of 3.50 at an overpotential of

0.4 V, similar to the state of the art metal-hydride HER catalysts.™
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5.2.2. CuL® Extended Stability: Controlled Potential Coulometry and Gas
Identification
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Figure 43. (A) Bulk electrolysis showing plot of charge versus time of 0.6mM CuL' in 0.1 M
BuyNPF; acetonitrile (pink and orange) and in 0.1 M Buy;NPF4 DMF (red and blue) with 0.292M
CH;COOH added. Blank acetonitrile (green). (B) GC-TCD headspace readout of H, from
electrolysis. (C) Summary of CPE results.

A series of controlled potential electrolysis (CPE) experiments were performed using 0.6
mM CuL' and 0.292 M acetic acid, held at -1.7 V vs Fc'/Fc (the potential of half
maximum catalytic current), in both DMF and acetonitrile (Figure 43A). Electrolysis in
0.1 M BusNPF¢ DMF solutions was as allowed to run for 84,400 seconds (23.4 hours)
resulting in a total charge passed of 85 C, corresponding to 4.4 x 10™ moles of H,
produced with a turnover number (TON) of 73.3. Gas analysis of the headspace was
analyzed using gas chromatography thermal conductivity (GC-TCD) (Figure 43B),
confirming H; as the gaseous product. The growth of charge during the electrolysis
remained linear over the course of the experiments and showed no signs of degradation or
decrease in activity over 23 hours. A second CPE in DMF over 72,120 seconds (20

hours) yielded similar results giving a slightly lower charge of 66.96 C, producing 3.5 x
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10 moles of H, corresponding with a TON of 58.3. CPE’s performed in 0.1 M Bu,;NPFj
passed similar charge, giving values of 60.43 and 84.74 C corresponding to TON values
of 51.7 and 73.3 over electrolysis times of 15,000 and 13,000 respectively. In contrast to
CPE’s performed in DMF, the growth of the charge with respect to time is much steeper,
possibly indicating that the HER reaction proceeds faster in acetonitrile, which is
consistent with CV studies which indicate that the HER TOF in acetonitrile is
approximately twice as fast than when performed in DMF. After 15,000 of electrolysis in
acetonitrile solutions, the auxiliary compartment began to become discolored, changing
from the clear solution which initially is just 0.1 M BusNPFg, to a cloudy brown color,
suggesting diffusion of some species across the frit from the working compartment.
Around the same time when this happens, the charge begins to plateau reaching a
maximum value. All CPE trials in acetonitrile resulted in diffusion across the frit, thus

only shorter electrolysis’s were able to be performed.
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Figure 44. Dip test post electrolysis in acetonitrile: After electrolysis working electrode
was rinsed with water and immersed in a fresh solution of 0.1 M BusNPF acetonitrile
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solution and a CV was recorded (blue). 0.269 M acetic acid was then added and a CV
was obtained (red)

After electrolysis, dip-tests were performed on the working glassy carbon
electrode to identify any potential electrode adsorbed species. In both DMF and
acetonitrile, the electrode was removed and washed with D.I water and then immersed
into a fresh 0.1 M BusNPF¢ DMF/acetonitrile solution and a CV was run. In both cases
the electrode the electrode displays a reduction event near -0.9 V, the same potential at
which [CuL'H]" is observed during CV studies, suggesting that the adsorbed species may
be [CuL'H]". Upon addition of acetic acid to these new solutions current increases and
catalysis is observed (Figure 44). Recently, Dempsey and co-workers reported that
protonation of the unreduced cobalt dithiolene HER catalyst results in an electrode
adsorbed intermediate which regenerates the homogeneous cobalt complex upon
reduction.'”® Using the methods of Dempsey and co-workers we then performed a “soak
test”, in which the working electrode was left to sit in a 0.1 M BusNPF acetonitrile
solution with 0.6 mM CuL' and 0.292 M acetic acid. The electrode was left immersed in
the solution overnight. The electrode was then removed and put into a fresh solution of
0.1 M BusNPFg acetonitrile solution with no added acid or catalyst. A CV was run, and
no redox events were observed, suggesting that electrode adsorption occurs only under
reducing conditions, contrary to what is observed by Dempsey and co-workers. The
electrode adsorbed films that resulted post electrolysis in DMF and acetonitrile were then
scraped off of the electrode and collected for analysis by x-ray photoelectron
spectroscopy, in order to gain insight into its composition. We are currently awaiting

these results.
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5.2.3. Mechanistic Insights
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Figure 45. (A) CVs of 0.6 mM CuL' in 0.1 M BusNPFg acetonitrile solution with 0.269 M
acetic acid, from 0-100% D-acetic acid use. (B) Plot of %D-Acetic acid use vs KIE.

To further evaluate the HER mechanism of CuL', we examined the H/D kinetic isotope
effect (KIE). Using deuterated acetic acid CD3CO,D, the CuL' catalyst displays a large
KIE of 7.54, suggesting that the rate-determining step involves the breaking/making of
labeled acid substrate. In order to gain more insight into the nature of this transition, CVs
were run in 0.1 M BuyNPF; acetonitrile solution with 0.269 M acetic acid added. The
percent fraction of CD3CO;D was increased from 0 to 100% in increments of
20%.(Figure 45A). The ratio of the observed reaction rates relative to the rates obtained
when not using CD;CO,D were interpreted in order to obtain KIE values. These were
then plotted against their respective percent CD3;CO,D concentrations yielding a linear
fit, with KIE values ranging from 1 at 0% CDs;CO,D, to 7.54 when using 100%
CDsCO;D (Figure 45B). The linear response of the KIE with respect to the percent
CD3CO;D used suggests a RDS with a concerted bond making/breaking process, in

which both hydrogen atoms are equivalent. The high KIE value observed when using
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100% CD;CO;D are distinct from the inverse KIEs reported for some HER catalysts
proceeding through metal-hydrides,'®’ but similar to that observed for a ligand-centered
Re-thiolate HER catalyst.”” It has been reported previously that KIE values exceeding

seven, may implicate some semblance of quantum tunneling,'®%'¢%19%20

2

e

275 1375 475 575 675 775 875 975 1079
Wavelength (nm)

Figure 46. UV-Visible spectrum of CuL' titrated with acetic acid; 0.022 (dark red), 0.044
(red), 0.056 (light red), 0.067 (orange), 0.089 (light orange), 0.112 (yellow), 0.134 (light
green), 0.157 (green), 0.202 (sky blue), 0.244 (blue), 0.269 (magenta), 0.292 (light blue),
0.337 (purple), and 0.382 (black) M.

In order to confirm that protonation of CuL' occurs before electrochemical
reduction, UV-Visible spectroscopy acid titrations were performed. 0.6 mM CuL' was
dissolved into deoxygenated DMF and the UV spectrum was recorded showing an
absorbance bands at 310, 375, 475 and 520 nm. The solution was then titrated with acetic

acid increasing in concentration from 0.022 M to 0.382 M. Upon increasing additions, the
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absorbance bands at 310, 375, 475, and 520 decrease in intensity concurrent with an
increase in intensity of new bands at 405 and 460 nm, yielding isosbestic points near 380
and 450 nm, consistent with the formation of the protonated intermediate, [CuL'H]"

(Figure 46).

"H NMR further confirms the hydrazino nitrogen as the site of protonation. In the
glove box, 6 x 10° moles of CuL' was dissolved in DMSO-dg, to which one equivalent of
cobaltocene was added and stirred for 15 minutes in order to achieve the reduced anionic
copper(I) complex [CuL']". Upon addition and stirring with cobaltocence, the solution
changed color from red to light purple. An aliquot was syringed out and injected into an
NMR tube for analysis. The spectrum of [CuL'T displays the expected peaks values with
chemical shifts at 2.726, 2.886, and 7.948 ppm, integrated 3:3:1, consistent with methyl
backbone CH3, NH(CHj3), and NH, respectively. Upon addition of one equivalent of
HBF4, the solution changes color from light purple to orange. An aliquot was taken and
analyzed by "H NMR. All the previously identified peaks observed in [CuL']" are present,
along with a new peak at 8.266 ppm, which integrates to 1. We assign this as the
protonation of the hydrazino nitrogen. If protonation were to occur on the copper center
to generate a copper hydride, a negative chemical shift would have been observed in the

'H NMR spectrum; however, this region of the spectrum is void of any peaks.

103



jAZ4 ms-
0.00241
19 0.00231
| 0.0022
< 1.4
= £ 0.0021
1= e
g().g 3 0.002
-, ~
© 0.0019-
0.4
0.0018 y =x+0.0017
0.00171 R?=1
01/—=
0.5 -0.7 -0.9 -1.1 -1.3 -1.5 -1.7 -1.9 -2.1 -2.3 -2.5 0.00161
Potential (V) vs Fc*/Fc
(V) vs Fe/ 0.0015 . . . .
0 0.0002  0.0004  0.0006 o.ooosl
[Cul]

Figure 47. (A) Cyclic Voltammograms run in 0.1 M BuyNPF acetonitrile solution with 0.269 M
acetic acid added run with 0.1 (light blue), 0.2 (green), 0.3 (light green), 0.4 (yellow), 0.5
(orange), 0.6 (red), and 0.7 (dark red) mM CuL'. (B) Plot of peak current versus catalyst
concentration showing linear dependence and 1* order relationship.

Further insight into the mechanism was gained by examining the order of the
reaction with respect to the concentration of the catalyst. The concentration of CuL' was
varied from low to high at fixed acid concentrations, and peak currents from CVs were
measured at each catalyst concentration. A plot of catalyst concentration versus peak
current resulted in a linear relationship, confirming a first-order dependence on the

concentration of the catalyst (Figures 43A and 43B).

5.2.4. CuL' Density Functional Theory Study
Density functional theory (DFT) calculations using the B97-D functional'*’ and the 6-

311g(d,p) basis set support the proposed mechanism in Figure 45 and help to elucidate
the favored protonation and reduction sites. For [CuLlH]+ (S =1/2), the Cu, S, and each
N were evaluated as possible H' locations. For each structure, the geometry and

frequencies were optimized and energy minimizations were performed. The hydrizino
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protonated [CuL'H]" species is energetically preferred, lying 10 kcal/mol lower than the
metal-hydride (Figure 46A and Figure 47). Protonation at S is less favored by 12
kcal/mol. Attempts to optimize structures with protonation of the pendant amine nitrogen

or coordinated imine nitrogen resulted in migration of the hydrogen onto the hydrazino

A T X -
. +12—— [Cu-SH] %
A X .
+4 [Cu-H]'——+10 A

Xt
HL "[Cu-NH]'——0
: E

N

1B .. ,
%}ffCU-HNH——Ha

+11—— Cu-SH

__< N “
)@ﬁ-}f Cu-NH—-—-0

E (kcal.mole™)

nitrogen.

A

Figure 48. (A) Energetic stability of protonated species, [CuL'H]". (B) Energetic Stability of
protonated and reduced species, CuL'H.

We also examined the site of protonation in the one-electron reduced protonated
species, CuL'H (S = 0) (Figure 46B and Figure 48). Computed free energies for
structures with protonation at Cu, S, and each N, clearly indicate that protonation on the

hydrazino N is favored, lying 11 kcal/mol lower than protonation at S. Protonation at the
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pendant amine is less favored by 18 kcal/mole. Attempts to optimize CuL'H with
protonation at the coordinated nitrogen again resulted in migration of hydrogen onto the
hydrazino nitrogen. Calculations performed using B3LYP gave similar results. This is in
contrast to recent calculations on NiL*H, which indicated the coordinated nitrogen is the

site of protonation.*®

Figure 49. Spin-density map of [CuL'H]".

Figure 50. Spin-density map of CuL' (S=1/2).
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5.2.5. Overview of CuL'and Comparison with ZnL!, H,L' and Other HER

Electrocatalysts.

Thiosemicarbazone ligands and their metal complexes are relatively new to the field of
electrochemical proton reduction, but are emerging as an important class of HER
catalysts. The current work represents the 5™ thiosemicarbazone motif to be reported as

an active HER catalyst since the first report at the end of 2015.7¢%2!

These complexes
present intriguing reactivity as the thiosemicarbazone ligand can participate in electron
transfer events, either with or without a transition metal—rendering it “non-innocent”.
However, a long held question, which often arises in the field of redox-active ligand
chemistry, is whether the radical character of the ligand can be used to promote reaction

chemistry at the ligand.?”

Ligand Assisted Metal ﬁeacﬁwty

NIIIL +H I+e NIHLH M t | [NILH] _} NIHL + H
8

. o  Ni'-Hydride g
Cen tered d éje;tered d Intermediate d
Reduction eduction Favored

Ligand-Centered Reactivity

Zn'L LS Zn'LH —>—>7Zn'L + H,
10 Ligand 10
d Centered d d

Reduction
Metal Assisted Ligand Reactivity
Iy, +H'/+e. +H [+e [
Cu'L ==2>Cu'LH Ligan T Cull + H,

Metal
d® Centered d" Centered d?

____Reduction _ Reduction

Scheme 8. Comparison of thiosemicarbazone HER electrocatalysts.
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Thiosemicarbazone HER catalysts have shed light onto this question. The impact
of the ligand non-innocence is dependent on the metal ion, Scheme 8, which can result in
ligand-assisted metal reactivity, purely ligand-centered activity, or metal-assisted ligand
reactivity. The NiL? catalyst demonstrates ligand-assisted metal reactivity that is
proposed to involve initial ligand-centered reduction and protonation followed by metal-
centered reduction.®® The initial ligand reactivity allows the second reduction to occur at
the d® Ni(II) generating a nucleophilic d° Ni(I). Straistari et al. posit that given the nature
of the second reduction as metal-based, the site of the second protonation is likely on the
Ni, generating a Ni"-hydride as the catalytically active species for H, evolution. In this
context, NiL* can be viewed in the traditional sense of ligand non-innocence, in which
the ligand serves as an auxiliary redox site to facilitate two-electron chemistry at the

metal site.

The HER chemistry of ZnL' demonstrates a strictly ligand-centered mechanism
with all chemical and electrochemical reactivity being localized on the ligand, with the
metal providing structural support. As in the case of NiL’, initial protonation and
reduction is ligand-centered, however, the d'* Zn(Il) metal center is incapable of
undergoing reduction and HER proceeds via a purely ligand-centered, bimolecular

pI'OCG!SS.76

For CuL', the d’ electron configuration of Cu(I) favors metal-assisted ligand
reactivity. CuL' undergoes an initial protonation at the energetically preferred hydrazino
nitrogen, followed by a metal based reduction. The resulting CuL'H, d'® Cu(l), is
isoelectronic with ZnL'. As such, CuL'H favors ligand-based protonation and reduction

similar to ZnL', as opposed to metal-hydride formation as proposed for [NiL*H]". This
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results in H, evolution at the protonated hydrazino nitrogen to regenerate CuL'. In this
context, CuL' can be viewed as atypical ligand non-innocence, where the metal serves as

the auxiliary redox site to facilitate two-electron chemistry at the ligand.

The metal-assisted ligand reactivity of CuL' for H, evolution involves an initial
protonation before electrochemical reduction to produce [CuL'H]". This species is then
reduced by one electron to generate the neutral intermediate, CuL'H. This intermediate
can then be reduced in order to generate the anion, [CuL'HJ, which then reacts with a
free proton in solution to evolve H,. However, due to adsorption onto the electrode
surface during prolonged electrolysis when held at cathodic potentials, we cannot
discount the possibility that the catalytically active species for H, evolution is this
adsorbed film. We are currently investigating this in order to determine if all observed
catalysis is due to the electrode adsorbed film, or if adsorption generates some alternate
species, which also catalyses HER in a heterogeneous fashion, in addition to the observed
homogeneous catalysis via CuL'Nonetheless, the identification of this third type of
reaction mechanism employing redox-active ligands represents an important step in the
development of further redox-active based catalysts for HER and the activation of small

molecules.

5.3.  Conclusions

In summary, the CuL electrocatalyst demonstrates that Cu'' metals, when paired with
robust redox-active ligands can demonstrate high activity as HER catalysts. This further
confirms that organic redox-active ligands have the ability to store and transfer electrons
in the ligand and work in unison with late transition metals in order to carry out catalysis.

To the best of our knowledge, the CuL' electrocatalyst exhibits the highest reported TOF
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of any ligand-centered homogeneous HER catalysts to date, however, its high activity
coincides with substantially large overpotentials. This signifies the need for the
development of new thiosemicarbazone ligands that employ more electron-donating
auxiliary R group’s which should greatly increase proton binding affinity, as well as
drastically lower overpotentials. Thiosemicarbazones and thiosemicarbazonato
frameworks display significant potential for hydrogen evolution, and demonstrate that
incorporation of redox-active ligands into HER systems could potentially lead to a new

class of HER electrocatalysts.
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6.1.

Oxidation

Ligand-Centered Electrocatalytic Hydrogen Evolution and Hydrogen
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Re(l)-dithiol
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Scheme 9. ReL; HER mechanism

Homogeneous electrochemical studies were performed to assess Rel; as an
electrocatalyst for H, evolution and oxidation.” Homogeneous studies show that ReLs
reduces acid in CH,Cl, to H, with an overpotential of 0.708 V and a turnover frequency
of 32 = 3 s via a unimolecular mechanism. Additionally, ReL; oxidizes H; in the
presence of base at an overpotential of 0.970 V with a turnover frequency of 4 = 1 s™'. To
our knowledge, this is one of four published electrocatalysts which can perform both the
HER and HOR reaction.”®”**® Furthermore, it was the first ligand-centered HER/HOR
electrocatalyst reported. The HER mechanism, Scheme 9, is consistent with experimental
results and further supported by density functional theory. Further, computational studies,

including location of the transition state and intrinsic reaction coordinate analysis,

identified the H, evolving complex as a Re-dithiol that generates H, through a radical
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coupling mechanism. The process involves homolytic S-H bond cleavage with no
formation of metal-hydride intermediates, Scheme 10. The results represent the first
example of a ligand-centered HER mechanism to be validated through a rigorous

combination of study.

Scheme 10. Representation of homolytic S-H bond cleavage leading to H, evolution via radical
coupling and calculated transition state for H, evolution.

While unprecedented in homogeneous mononuclear systems, there have been
numerous reports of heterogeneous H, production electrocatalysis that are believed to
proceed without the formation of metal-hydrides.'**!?"!722%42% The unique reactivity
observed with ReL; could be attributed to a sterically crowded, kinetically inert, and
coordinativley saturated metal center that prevents facile formation of metal hydride,
rather favoring dithiol formation and H, evolution via homolytic S-H bond cleavage. This
type of reactivity is not unusual for these complexes, as the non-innocent ligands in Rel;
are known to react with small molecule substrates in a ligand-centered process.”™'**!*?

This could explain the unusual KIE and bifunctional (H, evolution and H, oxidation)

activity of ReLs. Nonetheless, this work represents a valuable jumping off point into the
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field of strictly ligand-centered catalysis, and the lessons learned will undoubtedly be

pivotal in the future design of other small molecule activation catalysts.

A significant disadvantage of the Rel; catalyst is the inclusion of the precious
metal Re. As noted previously, our mechanistic studies indicate the metal is not directly
involved in the HER/HOR, rather serving as an auxiliary source of electrons. This
suggests similar first-row transition metal (Ni) or even non-transition metal (Zn)
complexes employing the diphenylphosphinebenzenethiolate ligand may catalyze
HER/HOR. Currently efforts in our lab are underway to investigate the NiL, and the

ZnL, complexes for electrocatalytic small molecule activation.

6.2. Sustainable Metal Alternatives for Ligand-Centered H, Evolution
Oxidation

The ReL; system opens the door to novel pathways and alternative strategies for catalytic
HER development. However, the system suffers from significant limitations including: 1)
incorporation of a non-sustainable precious metal; 2) the ligand synthesis requires
multiple steps that are air, moisture, and/or light sensitive performed under inert
conditions; 3) catalysis is limited to halogenated organic solvents; 4) modification of the
ligand structure requires an individualized approach for each new derivative; and 5) large
complex size/3™ row transition metal complicates computational studies of the

mechanism.

In lieu of this, we developed new catalysts based on the non-innocent bis-
thiosemicarbazone ligand H,L! (Ll=diacetyl-bis(N-4-methyl-3-thiosemicarbazide). H,L!
represents the first homogeneous metal-free HER catalyst, ZnL' is the most active

transition metal free HER catalyst.”® Further, these systems overcome the limitations
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noted above as they: 1) incorporate sustainable first-row metals; 2) the ligand syntheses
require no specialized skills and can be performed on the benchtop in water and/or
alcohol using inexpensive synthons; 3) catalysis occurs in water/alcohol or acetonitrile;
4) the framework is easily derivatized and very stable to hydrolysis; 5) the structures are

small with metals that are well calibrated from a computational perspective.

H,
s N
H* e Zn,(HL:),
ZnL  —> [zn(H)]* ———> Zn(HL)
(7 B
H* e
ZnL 5 [Zn(HY)]* ——> Zn(HL) e
A e
7 [2Zn(H,L)1*
H, Q\znZ(HaLz')r :
& o

Scheme 11. Proposed mechanism for H, evolution by ZnL'.

As previously discussed, the ligand diacetyl-bis(N-4-methyl-3-thiosemi-
carbazone) (H,L') and its Zn complex (ZnL') display the highest reported TOFs of any
homogeneous ligand-centered H, evolution catalyst, 1320 s™ and 1170 s respectively,
while the zinc complex also displays one of the highest reported TOF values for H;
oxidation, 72 s, of any homogeneous catalyst. Controlled potential coulometry
experiments show a Faradaic efficiency of 85% and a turnover number of 36.7. The
reaction proceeds through a bi-molecular mechanism, supported by digital simulations of
voltammetric data and DFT, and culminates in H, release through parallel routes, Scheme

11. In both pathways, catalysis proceeds via ligand-centered proton-transfer and electron-
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transfer events while avoiding traditional metal-hydride intermediates. The calculated
transition state reveals a binuclear core comprised of two protonated and reduced
equivalents of ZnL'. Analysis of the intrinsic reaction coordinates indicates heterolytic
cleavage of one hydrazino N-H bond to release H', which deprotonates the neighboring
hydrazino N-H to evolve H,, Scheme 12, and regenerate the mononuclear ZnL'
complexes. The results represent the second example from our research team of a
validated ligand-centered HER mechanism. To our knowledge, the HER mechanisms
presented in this dissertation for ReL; and ZnL' are the only two ligand-centered
processes in the literature examined by a combined experimental simulations and

computational investigations.

Heterolytic N-H
Bond Cleavage

% H H+

Scheme 12. Mechanism for H, evolution for ZnL' showing evolution through heterolytic N-H
bond cleavage resulting in deprotonation of neighboring hydrogen and (right) the calculated
transition state for H, evolution.

Other ligand-centered processes for HER/HOR are emerging. Initial work focused
on heterogeneous systems including a metal-free HER catalyst based on N-doped

100

graphene  with  graphitic-carbon  nitride and  metal-free and  zinc-

phthalocyanines.'”"'%>!% Notable heterogeneous HOR electrocatalysts include a metal-
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free frustrated Lewis pair'® that is proposed to operate through a hydride intermediate
similar to homogeneous Ni and Fe HOR catalysts. As previously discussed, an
aluminum-bis(imino)pyridine complex was reported as a homogeneous, non-transition
metal HER electrocatalyst with a TOF of 3.3 hr'.*’ Activity was attributed to a radical
process involving homolytic C-H bond cleavage. A similar mechanism was proposed for
a nickel “hangman”-porphyrin complex via a Ni phorlin intermediate, although no TOF
was reported.'” Recently, a heterobimetallic W-Ni complex employing a redox-active
ligand was reported as a HER catalyst in acidic aqueous solutions with a cis-thiolate core

proposed as the active site.'™

The recent development of ligand-centered HER/HOR catalysts underscores the
need for alternate approaches to the traditional metal-hydride systems. From our own
studies, it is clear the redox non-innocence and propensity of the framework to
tautomerize hydrogen atoms makes the thiosemicarbazone ligand class an ideal choice

for further examination of ligand-center HER/HOR electrocatalysis.

6.3. Transition Metal Assisted Ligand-Centered H, Evolution

Building off of the work using the non-innocent bis-thiosemicarbazone ligand H,L'
(L1=diacetyl—bis(N—4—methyl—3—thiosemicarbazide), we then investigated its copper
complex, CuL' as an electrocatalyst for hydrogen evolution. CuL' displays a turnover
frequency (TOF) of 10,000 s™, the highest reported TOF values of any homogeneous
ligand-centered H, evolution electrocatalyst. Gas analysis from controlled potential
coulometry confirms CuL' as an electrocatalyst to produce Ha, with Faradaic efficiency
of 86%. The H, evolution reaction (HER) was probed using deuterated acid,

demonstrating a kinetic isotope effect of 7.54. The mechanism is proposed to involve
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ligand centered protonation, metal-centered reduction and ligand-centered reduction in
which hydrogen is evolved via solution proton and nitrogen-hydride coupling. The d’
electron configuration of Cu(Il) in CuL' favors metal-assisted ligand reactivity. CuL'
undergoes an initial protonation at the energetically preferred hydrazino nitrogen,
followed by a metal based reduction. The resulting CuL'H, d'° Cu(l), is isoelectronic with
the previously described ZnL'. As such, CuL'H favors ligand-based protonation and
reduction similar to ZnL'. This results in H, evolution at the protonated hydrazino
nitrogen to regenerate CuL'. In this context, CuL' can be viewed as atypical ligand non-
innocence, where the metal serves as the auxiliary redox site to facilitate two-electron
chemistry at the ligand. The proposed homogeneous mechanism is further supported by
density functional theory (DFT) calculations. However, due to the presence of an
adsorbed film on the electrode post electrolysis, we cannot discount a heterogeneous

electrode adsorbed film as the active species for hydrogen evolution.

We are currently trying to identify if adsorption generates some alternate species
which also catalyses HER in a heterogeneous fashion, or if the observed catalysis is due
solely to homogeneous activity from CuL'. Nonetheless, the identification of this third
type of reaction mechanism employing redox-active ligands represents a key step in the
development of further redox-active based catalysts for HER and the activation of small
molecules. CuL' demonstrates that Cu" metals, when paired with robust redox-active
ligands can demonstrate high activity as HER electrocatalysts, and further confirms that
organic redox-active ligands have the ability to store and transfer electrons in the ligand

and work in unison with late transition metals in order to carry out catalysis.
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To the best of our knowledge, the CuL' electrocatalyst exhibits the highest
reported TOF of any ligand-centered homogeneous HER catalysts to date. However, their
high activities coincide with substantially large overpotentials. This signifies the need for
the development of new thiosemicarbazone ligands that employ more electron-donating
auxiliary R groups which should greatly increase proton binding affinity, as well as
drastically lower overpotentials. Still, thiosemicarbazones and thiosemicarbazonato
frameworks display significant potential for hydrogen evolution, and demonstrate that
incorporation of redox-active ligands into HER systems could potentially lead to a new

class of HER electrocatalysts.
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Table A4. ZnL' Optimized parameters of data fitting, 12 mM [acid]; v =0.2 — 0.5 V/s vs F¢'/Fc

Charge-transfer Steps ?iﬁi dence E° a Ks
[ZnHL]" + e = Zn(HL"®) Optimized -1.8110 03166  0.0070

Upper Limit -1.8113 0.3166 0.0070

Lower Limit -1.8107 0.3166 0.0070
[ZnH,L]* + e = [Zn(H.L*)]* Optimized -1.5872  0.3166 0.0070

Upper Limit -1.5874 0.3166 0.0070

Lower Limit -1.5870 0.3166 0.0070
Chemical Steps SC;ZQOZ(:‘i dence Keg Kt
ZnL + H" = [ZnHL]" Optimized 2.42E+05 1.28E+13

Upper Limit 3.42E+06 6.40E+13

Lower Limit 1.91E+05 1.94E+12
[ZnHL]" + H' = [ZnH,L]* Optimized 8.80E+00 4.06E+06

Upper Limit 8.93E+00 6.92E+06

Lower Limit 8.68E+00 1.20E+06
Zn(HL®) + Zn(HL"®) = H, Optimized 4.89E+10 3.09E+09

Upper Limit 4.96E+10 6.51E+09

Lower Limit 4.80E+10 6.45E+08
Zn(HL®) + [Zn(H,L*)] = H, Optimized 9.07E+07 2.47E+10

Upper Limit 9.19E+07 3.95E+10

Lower Limit 8.90E+07 9.94E+09
[Zn(H,L"] = Zn(HL®) + H” Calculated 1.87E-05 8.14E+04

Upper Limit 1.87E-05 1.07E+05

Lower Limit 1.87E-05 2.82E+04
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Table A5. Znl' Optimized parameters of data fitting, 12 mM [acid]; v=1.0 — 5.0 V/s vs F¢'/Fc

Charge-transfer Steps ?iﬁi dence 0 a Ks
[ZnHL]" + e = Zn(HL"®) Optimized -1.8004 03166  0.007

Upper Limit -1.8010 0.3166 0.007

Lower Limit -1.8000 0.3166 0.007
[ZnH,L]* + e = [Zn(H.L*)]* Optimized -1.5264  0.3166 0.007

Upper Limit -1.5274 0.3166 0.007

Lower Limit -1.5254 0.3166 0.007

[0)

Chemical Steps ?iﬁi dence Keq Kt
ZnL + H" = [ZnHL]" Optimized 1364 3.20E+13

Upper Limit 1442.8 8.72E+15

Lower Limit 1285.2 8.65E+12
[ZnHL]" + H* = [ZnH,L]* Optimized 13.438  3.06E+09

Upper Limit 13.6 9.83E+10

Lower Limit 13.276 9.22E+08
Zn(HL®) + Zn(HL"®) = H, Optimized 3.69E+11 4.57E+08

Upper Limit 3.69E+11 5.57E+08

Lower Limit 3.68E+11 3.57E+08
Zn(HL®) + [Zn(H,L*)] = H, Optimized 4.44E+08 2.72E+11

Upper Limit 4.46E+08 3.84E+11

Lower Limit 442E+08 1.61E+11
[Zn(H.L*)] = Zn(HL®) + H* Calculated 1.74E-06 2414

Upper Limit ~ 1.74E-06 2414

Lower Limit 1.74E-06 2414
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Table A6. ZnL' Optimized parameters of data fitting, 6 mM [acid]; v=0.2 — 0.5 V/s vs Fc'/Fc

99%
Charge-transfer Steps Confidence E° o Ks
[ZnHL]" + e = Zn(HL") Optimized  -1.8431 0.3166 0.007

Upper Limit -1.8562 0.3166 0.007

Lower
Limit -1.8333 0.3166 0.007
[ZnHoL])* + e = [Zn(H,L*)]* Optimized  -1.6958 0.3166 0.007

Upper Limit -1.7939 0.3166 0.007

Lower
Limit -1.5977 0.3166 0.007
. 99%
Chemical Steps Confidence Kgq Ky
ZnL + H" = [ZnHL]" Optimized 32000 5.00E+11

Upper Limit  6.68E+05  1.43E+12

Lower
Limit 6.04E+03  1.04E+10
[ZnHL]" + H' = [ZnH,L]* Optimized  19.942 2.86E+02

Upper Limit 95.717 2.86E+03

Lower
Limit 0.55833 2.23E+01
Zn(HL®) + Zn(HL®) = H, Optimized  7.28E+09  2.00E+08

Upper Limit 1.05E+11  1.35E+12

Lower
Limit 9.08E+08 1.35E+06
Zn(HL®) + [Zn(H,L*)] = H, Optimized  8.58E+07  2.00E+12

Upper Limit 1.28E+09  1.49E+13

1.11E+06  1.09E+10
Lower
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Limit
[Zn(H,L*)] = Zn(HL®) + H” Calculated 1.55E-04 4000
Upper Limit 1.55E-04 4754.6

Lower
Limit 1.55E-04 32454

DigiElch Guide

Obtain the CV of your complex at several scan rates, starting at different potentials, going
from high to low and vice-versa, as well at different concentrations. In any event you will
most likely need to go back and redo the experiment at some point. Generally, a
concentration of 1 mM catalyst with 0.1 M supporting electrolyte will be sufficient to

obtain a good CV.

Once you have a series of CVs that you wish to model, the first thing that you must do is
export the potential and current values from the Gamry Analyst software. To do this, first
click on the cyclic voltammetry tab, this will give a drop down menu. Then, click on
“Export to DigiElch”. Doing this will prompt you to save the data file, save as a .use file.
Repeat for every individual voltammogram you wish to model. For example, if you were
modeling catalytic reactions at a certain concentration of analyte, it would be a good idea
to export CVs run over a range of scan rates, so that you have multiple data points to fit

your model.
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source program: DigiElch for Windows
program version: 3.0
file type: CV

experimental parameters:
Pre-Equilibrium: Enabled
Diffusion: Semi-Infinite 1D
Geometry: Planar

1 on LN L k)

5 Area (cm2): 0.071
10 Ru (Chm): O
11 Cdl (F): ©

Temp. (K): 298.2
Potential steps(V): 0.001
Estart (V): 0O

Segment: 1
Eend (V): -
1 v (V/=): 0.

Segment: 2

& Eend (V): O
v (V/=): 0.2

[}
1 on LN L3 B

species parameters:
[cat] (M/1): 0.0006
[H+] (M/1): 0.2688

experimental CV-data :
nunber of E (V), I (A) couples: 4002
1.686805999195203E-05 ., 2.595403995995817E-06

1 o o Ly B = D

[T L R L R N R S A

Figure A51. Screenshot of a .use file used for import into DigiElch.

After successfully exporting your data and converting it to a .use file, it is a good
idea to make sure that all parameters have been exported correctly. To do this, open the
.use file using notepad++ and confirm that values of electrode area, species
concentrations, potential step values, and CV segment descriptions are all correct and as
intended (Figure A49). If they are not formatted correctly, the files will not import. In
order to import to DigiElch, open DigiElch, click on the experiments tab, and click on the
import icon at the top of the page. Doing so prompts the selection of files; select the

appropriate .use files that you have previously prepared (Figure A50).
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5 Help
z - fl
5 Clipboard | Import Import | RAM-Disk | Export E

Data Exchange

s
| & + exp for fitting

ice Concentrations | Experiments || Data Fitting || Ci

Import Filels) [z
ee) [ « 3h222-07 (H2EV) » 6mMacid » Simultions from fitting « [ 44 ][ search Simuiations fomitting. 9|
Organize ¥ MNew folder = 0 @

_— Name Datemodfied  Type Size
i
I Desktop 1) sh232-07-6mMacid- 200\ (Simulation)  12/3/2015 147 A USE File K8
4 Downloads [7) ah232-07-6mMacid- 00V (Simulation)  12/3/2015 117 AM U File B21e
] Recent Places 1) sh232-07-6mMacid-A00mm\ (Simulation)  12/3/2015 118 A USE File 82K8
1) sh232-07-6mMacid- 500V (Simulation)  12/3/2015 118 A USE File 21
i Ubrares
31 Documents
& Music
[ Fictures
B Videos
1 Computer

&, Local Disk ()
e HADDAD USB (E)

e Removable Disk (F3)

€ Network

File name: w | User Format (*.use) v
|
|

Figure A52. (Left) Screenshot showing how to import files to DigiElch using import icon.
(Right) Sample .use files to import.

Next you will want to build a model to fit your experimental data. In DigiElch,
click on the data fitting tab and click edit mechanism. This will prompt a new screen to
appear reading, define mechanism and starting parameters. This window will contain
three tabs: chemical reactions, surface reactions and simulation parameters. Within this

there are a number of parameters to consider (Figure A51 and A52): o = the symmetry
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factor and 0.5 is initial programmed approximation. This variable affects the symmetry of
the electron transfer reaction, a reasonable value will be between 0.2 and 0.7. The
variable, ks = heterogeneous reaction constant, changes overall peak shape, smaller value
—> wider the current peak will be. E, (V): potential at which the electron transfer reaction
is observed, this is often experimentally measured. Ru(Ohm) = changing this variable
results in the slanted response in the current response of the CV, it can be approximated
by taking the first derivative of CV curve (Gamry Data Analysis). CdI(F) = capacitance -
how much the cell needs be charged before current begins to flow through the cell and
results in making the current response wider. Changing results in either increase or
decrease of separation between anodic and cathodic current values (thickness of CV
essentially). Usually 1 x 10 is a good starting place. Change by moving value up until
simulation overlays well with experimental data. It is important to note that values of kg
and o can be obtained by fitting CVs of a 1 e” reduction/oxidation with just your complex

and supporting electrolyte from data over a large range of scan rates.

Under the chemical reactions tab there will be three boxes reading charge-transfer
reactions, chemical reactions, and species (Figure A52.) All charge transfer reactions are
read as reductions by DigiElch (keep in mind if trying to model oxidations). You can
adjust species concentrations and diffusion coefficents for all species. Values of E, o,
and k, can be entered for each charge transfer step. Clicking on the charge transfer box
prompts a new window to appear (Figure A53) which allows you to specify the type of
reduction 1-9 electrons, enable absroption to the elctrode, or make charge-transfer events
irreversible. For chemical reaction steps, you can enter and adjust the equilibrium

constants and forward reaction rates. You can also make reactions irreversible by double
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clicking on the chemical reaction box and specifying this by changing the = sign in the

electron transfer equation to the => sign.

Define Mechanism and Strating Parameters | = |
|| | Chemical Reactions | Surface Reactions | Simulation Parameters |
Scan [¥] use same v (V/3) in all scan segments 9 Simulation Parameters
Segmert Estart (V) Eend (V) v (V/is) Il Scan Parameter
1 0 -15 0.2 L Potertial steps (V) 000099965
2 -15 1} 02 Expermental Condttions
3 Ru (Ohm) 500
4 L Cdl {F) 1.5E-006
Temp. 2382
[ apply background comection smp- (K}
Model Parameters
EET Sl Moize level (%) 1]
Semi-nfinite 1D - Gauss-Newton ferations 2
BExp. Factor {x-grid) 05
Truncation Emor (%) 1E-005
Area (cm3 0.071 ¥mae/SARTI(Dt) [
2D-Simulation
Pre-Equilibium  Level of Multi-Core CPU Support Bxp. Factor f-grd) -
Boxes for Hectrode 3
© Disabled ' U FEM-Simulation
0 i 2 3 4 Local FEM Emor Level 0.02
(@ Enabled
i Simulation Name
© Smant E:\AZH - Digiflch Files\ah232-07 (H2 EV)\6mM a
[ ok || Ccancel

Figure A53. Screenshot of simulation parameters. Setting under Model parameters, 2D
Simulation and FEM-Simulation do not need to be changed at all.
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Define Mechanism and Strating Parameters - | 2 |

I Chemical Reactions |Surface Reactions | Simulation F'ammeters|

| © Charge-Transfer Reaction EM ©ali{EeV) ksims)
1 catH+ + e = catH -1.02 0.31663 0.007 I
2 catHZ++ + e = catH2+ 0.52472 0.52549 8.435E-005 ‘ =
3
4
5 o

0 Chemical Reaction Keq kf kb
1 cat + H+ =catH+ 66561 21768E+015  32704E<014 *
2 catH + catH = cat + Hydrogen 1E+006 2E+006 2 ‘E
3 catH + H+ = catH2+ 11868 32125 27071
4 catH2++ = catHs + H+ 0.003434 100 0
5 -
0 Species Boundary D (cm?/s) Canal (molA) Cinit (molA)
1 cat CRB JE005 0.003 0002742 =+
2 H+ ORB 1.2E-005 0.006 0.0055638 |-
3 catH+ ORB 1E-005 0 0.00010137
4 catH ORB 1E-005 0 b.8546E-022
b Hydrogen CRB 1E-005 0 1.2536E034  _
Ok || Cancel |

Figure A54. Screenshot of the chemical reactions tab.
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Figure A55. Screenshot of popup window obtained by double clicking on charge transfer
reaction box.

After you have entered all parameters correctly, perform data fitting by clicking
the fit data icon. Keep doing this and making small changes to mechanism or entered
parameters until you get a good fit of experimental data. This sometimes takes weeks, so

don’t be discouraged if you do not succeed initially.

Once you have obtained a good fit of your experimental data, you must now
export the simulated CVs. For example, if you fit your data over a scan rate range of
0.2—0.5 V/s, you will actually have 4 different simulated CVs—at each scan rate. You
can scroll through by clicking the arrow reading next file. For each scan rate (performing
one by one) click compare curves. The compare curve tab will be located at the top of the
screen. Two new CVs will be present on this screen, one of your experimental and one of
your simulated. Highlight the simulated CV and click export file. It will export and save
as a .use file. Delete both curves from the compare curves section and go back to the data
fitting section. Scroll to the next scan rate and repeat process by clicking compare curves.

Once you have successfully exported all simulated files you can open them with
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notepad++ and resave them as .csv files. This allows you to open the files in excel and

then proceed to generate publication quality plots of CV data.
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APPENDIX B:
EXPERIMENTAL AND SIMULATED
CYCLIC VOLTAMMOGRAMS
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Figure B56. ZnL HER CV Simulations of experimental data; 12 mM [acid]; v=10.2 — 0.5 V/s vs
Fc'/Fe. Fit with mechanism parameters from Table A4.
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Simulation
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Potential (V) ( vs Fc*/Fc?)

Figure B57. Comparison of experimental (black solid) and simulated (green dotted) cyclic
voltammograms; ZnL' HER. 12 mM [acid]; v = 0.2 V/s vs Fc'/Fc. Fit with mechanism
parameters from Table A4.
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= e = 12mM [acid]; 0.3
0.00012 - V/s; Simulation

0.0001 +

— 12mM [acid]; 0.3
V/s; Experimental

0.00008

Current (A)

0.00006

0.00004

0.00002

0 L L L L]
-0.60 -0.80 -1.00 -1.20 -1.40 -1.60 -1.80 -2.00

Potential (V) vs Fc*/Fc°

Figure B58. Comparison of experimental (black solid) and simulated (green dotted) cyclic
voltammograms; ZnL' HER. 12 mM [acid]; v = 0.3 V/s vs Fc'/Fc. Fit with mechanism
parameters from Table A4.
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Figure B59. Comparison of experimental (black solid) and simulated (green dotted) cyclic
voltammograms; ZnL' HER. 12 mM [acid]; v = 0.4 V/s vs Fc'/Fc. Fit with mechanism
parameters from Table A4.
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Figure B60. Comparison of experimental (black solid) and simulated (green dotted) cyclic
voltammograms; ZnL' HER. 12 mM [acid]; v = 0.5 V/s vs Fc'/Fc. Fit with mechanism
parameters from Table A4.
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Figure B61. ZnL HER CV Simulations of experimental data; 12 mM [acid]; v=1.0 — 5.0 V/s vs

Fc'/Fe. Fit with mechanism parameters from Table AS.
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Figure B62. Comparison of experimental (black solid) and simulated (red dotted) cyclic
voltammograms; ZnL' HER. 12 mM [acid]; v = 1.0 V/s vs Fc'/Fc. Fit with mechanism
parameters from Table AS.
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Figure B63. Comparison of experimental (black solid) and simulated (red dotted) cyclic
voltammograms; ZnL' HER. 12 mM [acid]; v = 1.5 V/s vs Fc'/Fc. Fit with mechanism
parameters from Table AS.
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Figure B64. Comparison of experimental (black solid) and simulated (red dotted) cyclic
voltammograms; ZnL' HER. 12 mM [acid]; v = 2.0 V/s vs Fc'/Fc. Fit with mechanism

parameters from Table AS.
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Figure B65. Comparison of experimental (black solid) and simulated (red dotted) cyclic
voltammograms; ZnL' HER. 12 mM [acid]; v = 2.5 V/s vs Fc'/Fc. Fit with mechanism
parameters from Table AS.
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Figure B66. Comparison of experimental (black solid) and simulated (red dotted) cyclic
voltammograms; ZnL' HER. 12 mM [acid]; v = 3.0 V/s vs Fc'/Fc. Fit with mechanism
parameters from Table AS.
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Figure B67. Comparison of experimental (black solid) and simulated (red dotted) cyclic
voltammograms; ZnL' HER. 12 mM [acid]; v = 3.5 V/s vs Fc'/Fc. Fit with mechanism
parameters from Table AS.
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Figure B68. Comparison of experimental (black solid) and simulated (red dotted) cyclic
voltammograms; ZnL' HER. 12 mM [acid]; v = 4.0 V/s vs Fc'/Fc. Fit with mechanism
parameters from Table AS.
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Figure B69. Comparison of experimental (black solid) and simulated (red dotted) cyclic
voltammograms; ZnL' HER. 12 mM [acid]; v = 4.5 V/s vs Fc'/Fc. Fit with mechanism
parameters from Table AS.
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Figure B70. Comparison of experimental (black solid) and simulated (red dotted) cyclic
voltammograms; ZnL' HER. 12 mM [acid]; v = 5.0 V/s vs Fc'/Fc. Fit with mechanism
parameters from Table AS.

155



0.00015 -
=6 mM acid;
0.2 V/s
0.00013 - — G MM aCid;
0.3V/s
6 mM acid;
0.4 V/s
0.00011 + 6 mM acid; /
0.5V/s
0.00009 an
<
Lo
[
2 0.00007 -
=1
(8}
0.00005 -
0.00003 -
0.00001 -
/
-0.00001 r r ™
-0.50 -1.00 -1.50 -2.00

Potential (V) vs Fc*/Fc®

Figure B71. ZnL' HER. ZnL HER CV Simulations of experimental data; 6 mM [acid]; v = 0.2—
0.5 V/s vs Fc'/Fc. Fit with mechanism parameters from Table A6.
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Figure B72. Comparison of experimental (black solid) and simulated (green dotted) cyclic
voltammograms; ZnL' HER. 6 mM [acid]; v = 0.2 V/s vs Fc'/Fc. Fit with mechanism parameters

from Table A6.
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Figure B73. Comparison of experimental (black solid) and simulated (green dotted) cyclic
voltammograms; ZnL' HER. 6 mM [acid]; v = 0.3 V/s vs Fc'/Fc. Fit with mechanism parameters

from Table A6.
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Figure B74. Comparison of experimental (black solid) and simulated (green dotted) cyclic
voltammograms; ZnL' HER. 6 mM [acid]; v = 0.4 V/s vs Fc'/Fc. Fit with mechanism parameters
from Table A6.
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Figure B75. Comparison of experimental (black solid) and simulated (green dotted) cyclic
voltammograms; ZnL' HER. 6 mM [acid]; v = 0.5 V/s vs Fc'/Fc. Fit with mechanism parameters
from Table A6.
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Figure C76. ZnL' HER cyclic voltammograms in 0.1 M Bu,NPF; methanol solution with
increasing concentrations of CH;COOH added; v = 0.2 V/s.
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Figure C77. Plot of CH;COOH concentration versus catalytic current for ZnL'in 0.1 M Bu,NPF
methanol solution; v=0.2 V/s.
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Figure C78. ZnL' HER cyclic voltammograms in 0.1 M Bu,;NPF methanol solution with
increasing concentrations of CH;COOH added; v = 0.3 V/s.

164




140.00 -

120.00 -
100.00 -
<
S
N
- 80.00 +
8
60.00 -+

40.00 -

20.00 +

0.00 &

@ Catalytic Current vs [acid]; 0.3 V/s

0.00

2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00

[acid] (mM)

Figure C79. Plot of CH;COOH concentration versus catalytic current for ZnL'in 0.1 M Bu,NPF;
methanol solution; v= 0.3 V/s.
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Figure C80. ZnL' HER cyclic voltammograms in 0. M BuyNPF, methanol solution with
increasing concentrations of CH;COOH added; v = 0.4 V/s.
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Figure C81. Plot of CH;COOH concentration versus catalytic current for ZnL'in 0.1 M Bu,NPF;
methanol solution; v= 0.4 V/s.
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Figure C82. ZnL' HER cyclic voltammograms in 0.1 M Bu,NPF; methanol solution with
increasing concentrations of CH;COOH added; v = 0.5 V/s.
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Figure C83. Plot of CH;COOH concentration versus catalytic current for ZnL'in 0.1 M Bu,NPF;
methanol solution; v= 0.5 V/s.
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Figure C84. ZnL' HOR cyclic voltammograms in 0.1 M Bu,NPF, methanol solution, under an
H, atmosphere, with increasing concentrations of (CH,CHj3);N added; v=10.2 V/s.
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Figure C85. ZnL' HOR cyclic voltammograms in 0.1 M BusNPF, methanol solution, under an

H, atmosphere, with increasing concentrations of (CH,CHj3);N added; v=10.5 V/s.
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Figure C86. ZnL' HOR cyclic voltammograms in 0.1 M Bu,NPF, methanol solution, under an

H, atmosphere, with increasing concentrations of (CH,CHj3);N added; v=1.0 V/s.
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Figure C87. H,L' HER cyclic voltammograms in 0.1 M BusNPF, methanol solution with
increasing concentrations of CH;COOH added ; v=10.5 V/s.
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Figure C88. H,L' HER cyclic voltammograms in 0.1 M Bu4NPF, methanol solution with
increasing concentrations of CH;COOH added; v = 1.0 V/s.

174



0.000005 -
0.000000 - /
-0.000005 =
T -0.000010 -
vy
5
S -0.000015 -
3 = ATSMH2 Ligand; 0.1M
Bu4dNPF6; 0.2 V/s; N2 atm
-0.000020 =
-0.000025 r r r r r r ™
0.90 0.70 0.50 0.30 0.10 -0.10 -0.30 -0.50
Potential (V) vs Fc*/Fc°

Figure C89. Cyclic Voltammogram of H,L' in 0.1 M BusNPF4 methanol solution; v=0.2 V/s.
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Figure C90. H,L' HOR cyclic voltammograms in 0.1 M Buy;NPF methanol solution, under an
H, atmosphere, with increasing concentrations of (CH,CH;);N added; v=0.2 V/s.
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Figure C91. H,L' HOR cyclic voltammograms in 0.1 M BuyNPF¢ methanol solution, under an
H, atmosphere, with increasing concentrations of (CH,CHj3);N added; v=10.5 V/s.
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Figure C92. H,L' HOR cyclic voltammograms in 0.1 M BuyNPF¢ methanol solution, under an
H, atmosphere, with increasing concentrations of (CH,CHj3);N added; v=1.0 V/s.
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Figure C93. CulL' HER cyclic voltammograms in 0.1 M BuyNPFy acetonitrile solution with
increasing concentrations of CH;COOH added; v = 0.2 V/s.
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Figure C94. CuL' HER cyclic voltammograms in 0.1 M Bu,NPF, acetonitrile solution with
increasing concentrations of CH;COOH added; v = 0.5 V/s.
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Figure C95. CuL' HER cyclic voltammograms in 0.1 M Bu,NPF acetonitrile solution with
increasing concentrations of CH;COOH added; v = 1.0 V/s.
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Figure C96. 0.6 mM CuL!in 0.1 M BuyNPF, DMF; HER CVs scanned at 0.5 V/s.
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Figure C97. Plot of ica/iy vs [CH3COOH]; v=0.5 V/s
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Figure C98. 0.6 mM CuL'in 0.1 M BusNPF¢ DMF; HER CVs scanned at 1.0 V/s.
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Figure C99. Plot of ica/iy vs [CH3COOH]; v=1.0 V/s
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Figure C100. Scan Rate Dependence: CVs of 0.6 mM CuL'in0.1 M BusNPF¢ DMF
solution with 0.292 M acetic acid added scanned from 0.1 — 1.0 V/s.
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Figure C101. Plot of scan rate vs TOF for CuL' in DMF.
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Figure C102. Plot of scan rate vs catalytic current for CuL' in DMF.
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Figure C103. CVs run in 0.1 M BuyNPF; acetonitrile solutions, showing blank acetonitrile
(blue), with 0.0672 M acetic acid added (black dashed), and with 0.0672 M acetic acid
and 0.6 mM CuL' (red).
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Figure 104. CVs run in 0.1 M BusNPFs DMF solutions, showing blank DMF (blue), with
0.0224 M acetic acid added (black dashed), and with 0.0224 M acetic acid and 0.6 mM

CuL' (red).
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Figure C105. CVs run in 0.1 M BusNPF¢ DMF solutions with 0.292 M acetic acid (blue)
and upon addition of 0.6 mM CuL' (purple).
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Figure C106. OCP measurement for ZnL' HER
0.1M BuyNPF4 methanol solution with 12 mM acetic acid added.
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Figure C107. OCP measurement for ZnL' HOR
0.1M BuyNPF¢ methanol solution with 30 mM triethylamine added.
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E (V) vs Fc*/Fc®
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Figure C108. OCP measurement for H,L' HER
0.1M BuyNPF4 methanol solution with 10 mM acetic acid added.
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Figure C109. OCP measurement for H,L' HOR
0.1M BuyNPF4 methanol solution with 10 mM acetic acid added.
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Figure C110. OCP measurement for ZnL' HER in Acetonitrile
0.1M BuyNPF; acetonitrile solution with 21 mM acetic acid added.
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Figure C111. OCP measurement for CuL' HER
0.1 M Bu,NPF; acetonitrile solution with 0.269 M acetic acid added
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Figure C112. OCP measurement for CuL' HER
0.1 M BuyNPF4 DMF solution with 0.292 M acetic acid added.
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Figure C113. UV-Vis absorbance’s measured during titration of RelL; with increasing
equivalents of HCL
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APPENDIX D:
ADDITIONAL DFT STRUCTURES
AND ALL COMPUTATIONAL INPUT
COORDINATES
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"“[HRe(LH)L,]’ AG = +2.03 /0.0

S=0/S =1
Re-S1 2.311/2.41
Re-S2 2.46/2.42
Re-S3 2.61/2.59
Re-P1 2.40/2.44
Re-P2 2.50/2.56
S3-H43 1.38/1.39
Re-H44 1.68/1.67

P2-Re-P3 154.7 /1 165.9

Figure D114. DFT (M06 / LANL2DZ) optimized geometric parameters with bond lengths (A)

and angles (°) for [HRe(LH)L,]" with free energy energies (kcal / mole) of singlet (S = 0) and
triplet (S = 1) electronic states.
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Table D7. Computational input coordinates for ZnL' and related compounds.

ZnL!
01

/n

a zZz z o ao =z ZzZ O

w2

T - - = O Z o o o Z

0.00003000

1.99717800

3.02385700

2.64126500

1.29611500

0.74221000

-0.74227000

-1.29622000

-2.64133000

-3.02384000

-1.99721000

4.35570700

5.36070300

1.51592800

-1.51582000

-4.35572000

-5.36071000

4.64910400

-4.64921000

6.34217200

5.33720300

-0.87035000

-1.98187000

-0.57568000

0.68182000

0.83221600

2.00306700

2.00309000

0.83222900

0.68180300

-0.57582000

-1.98199000

-0.82176000

0.19708100

3.28691200

3.28710900

-0.82183000

0.19724100

-1.76944000

-1.76953000

-0.28345000

0.97919000

-0.00021000

0.39859600

0.06312600

-0.11295000

-0.13343000

-0.01927000

0.01908300

0.13305300

0.11294100

-0.06295000

-0.39809000

0.01195100

-0.24871000

0.08674400

-0.08627000

-0.01172000

0.24805300

0.19775300

-0.19732000

-0.24323000

0.51882200
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H 5.19661500 0.66931400 -1.22332000
H 2.57356100 3.10001400 -0.10327000
H 1.41553600 3.72317600 1.09013800
H 1.14601100 4.03184200 -0.62751000
H -2.57412000 3.09947900 0.09927500
H -1.14881000 4.02987600 0.63178900
H -1.41150000 3.72652300 -1.08785000
H -6.34227000 -0.28309000 0.24188600
H -5.19732000 0.66960500 1.22273300
H -5.33643000 0.97923600 -0.51956000
[ZnHL)'

11

Zn  0.000030000 -0.870350000 -0.000210000
S 1.997178000 -1.981870000  0.398596000
C 3.023857000 -0.575680000  0.063126000
N 2.641265000  0.681820000 -0.112950000
N 1.296115000  0.832216000 -0.133430000
C 0.742210000  2.003067000 -0.019270000
C  -0.742270000  2.003090000  0.019083000
N  -1.296220000  0.832229000  0.133053000
N -2.641330000  0.681803000  0.112941000
C  -3.023840000 -0.575820000 -0.062950000
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S

Zz OO o a =z

@)

- T©LT & L &©m £ © ©® T @=-m T @m T T =

-1.997210000

4.355707000

5.360703000

1.515928000

-1.515820000

-4.355720000

-5.360710000

4.649104000

-4.649210000

6.342172000

5.337203000

5.196615000

2.573561000

1.415536000

1.146011000

-2.574120000

-1.148810000

-1.411500000

-6.342270000

-5.197320000

-5.336430000

3.281842792

-1.981990000

-0.821760000

0.197081000

3.286912000

3.287109000

-0.821830000

0.197241000

-1.769440000

-1.769530000

-0.283450000

0.979190000

0.669314000

3.100014000

3.723176000

4.031842000

3.099479000

4.029876000

3.726523000

-0.283090000

0.669605000

0.979236000

1.442241206

-0.398090000

0.011951000

-0.248710000

0.086744000

-0.086270000

-0.011720000

0.248053000

0.197753000

-0.197320000

-0.243230000

0.518822000

-1.223320000

-0.103270000

1.090138000

-0.627510000

0.099275000

0.631789000

-1.087850000

0.241886000

1.222733000

-0.519560000

-0.219812917
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Zn(HL")

02

/n

zZ z O

@)

z Z

0.000030000

1.997178000

3.023857000

2.641265000

1.296115000

0.742210000

-0.742270000

-1.296220000

-2.641330000

-3.023840000

-1.997210000

4.355707000

5.360703000

1.515928000

-1.515820000

-4.355720000

-5.360710000

4.649104000

-4.649210000

6.342172000

5.337203000

-0.870350000

-1.981870000

-0.575680000

0.681820000

0.832216000

2.003067000

2.003090000

0.832229000

0.681803000

-0.575820000

-1.981990000

-0.821760000

0.197081000

3.286912000

3.287109000

-0.821830000

0.197241000

-1.769440000

-1.769530000

-0.283450000

0.979190000

-0.000210000

0.398596000

0.063126000

-0.112950000

-0.133430000

-0.019270000

0.019083000

0.133053000

0.112941000

-0.062950000

-0.398090000

0.011951000

-0.248710000

0.086744000

-0.086270000

-0.011720000

0.248053000

0.197753000

-0.197320000

-0.243230000

0.518822000
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5.196615000

2.573561000

1.415536000

1.146011000

-2.574120000

-1.148810000

-1.411500000

-6.342270000

-5.197320000

-5.336430000

- T©LT @=-m £ &K £ - =ZE T = =T

3.281842792

[ZnH,L]"
12
/n 0.000030000

S 1.997178000

C 3.023857000
N 2.641265000
N 1.296115000

C 0.742210000

C -0.742270000

N  -1.296220000

N  -2.641330000

0.669314000

3.100014000

3.723176000

4.031842000

3.099479000

4.029876000

3.726523000

-0.283090000

0.669605000

0.979236000

1.442241206

-0.870350000

-1.981870000

-0.575680000

0.681820000

0.832216000

2.003067000

2.003090000

0.832229000

0.681803000

-1.223320000

-0.103270000

1.090138000

-0.627510000

0.099275000

0.631789000

-1.087850000

0.241886000

1.222733000

-0.519560000

-0.219812917

-0.000210000

0.398596000

0.063126000

-0.112950000

-0.133430000

-0.019270000

0.019083000

0.133053000

0.112941000
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zZz O o o =z

@)

- T & L ©m T &© £ T =©® T - =T =T

-3.023840000

-1.997210000

4.355707000

5.360703000

1.515928000

-1.515820000

-4.355720000

-5.360710000

4.649104000

-4.649210000

6.342172000

5.337203000

5.196615000

2.573561000

1.415536000

1.146011000

-2.574120000

-1.148810000

-1.411500000

-6.342270000

-5.197320000

-5.336430000

-0.575820000

-1.981990000

-0.821760000

0.197081000

3.286912000

3.287109000

-0.821830000

0.197241000

-1.769440000

-1.769530000

-0.283450000

0.979190000

0.669314000

3.100014000

3.723176000

4.031842000

3.099479000

4.029876000

3.726523000

-0.283090000

0.669605000

0.979236000

-0.062950000

-0.398090000

0.011951000

-0.248710000

0.086744000

-0.086270000

-0.011720000

0.248053000

0.197753000

-0.197320000

-0.243230000

0.518822000

-1.223320000

-0.103270000

1.090138000

-0.627510000

0.099275000

0.631789000

-1.087850000

0.241886000

1.222733000

-0.519560000
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H

H

3.281842792

-3.281933702

1.442241206

1.442187461

Protonation of ZnL' at sulfur

11

30

16

6

0.000030000

1.997178000

3.023857000

2.641265000

1.296115000

0.742210000

-0.742270000

-1.296220000

-2.641330000

-3.023840000

-1.997210000

4.355707000

5.360703000

1.515928000

-1.515820000

-4.355720000

-5.360710000

4.649104000

-0.870350000

-1.981870000

-0.575680000

0.681820000

0.832216000

2.003067000

2.003090000

0.832229000

0.681803000

-0.575820000

-1.981990000

0.821760000

0.197081000

3.286912000

3.287109000

-0.821830000

0.197241000

-1.769440000

-0.219812917

0.219910007

-0.000210000

0.398596000

0.063126000

-0.112950000

-0.133430000

-0.019270000

0.019083000

0.133053000

0.112941000

-0.062950000

-0.398090000

0.011951000

-0.248710000

0.086744000

-0.086270000

-0.011720000

0.248053000

0.197753000
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1

1

-4.649210000

6.342172000

5.337203000

5.196615000

2.573561000

1.415536000

1.146011000

-2.574120000

-1.148810000

-1.411500000

-6.342270000

-5.197320000

-5.336430000

2.274340046

-1.769530000

-0.283450000

0.979190000

0.669314000

3.100014000

3.723176000

4.031842000

3.099479000

4.029876000

3.726523000

-0.283090000

0.669605000

0.979236000

-3.233237278

Protonation at Amine Nitrogen

11

/n

Z z O

@

0.000030000

1.997178000

3.023857000

2.641265000

1.296115000

0.742210000

-0.870350000

-1.981870000

-0.575680000

0.681820000

0.832216000

2.003067000

-0.197320000

-0.243230000

0.518822000

-1.223320000

-0.103270000

1.090138000

-0.627510000

0.099275000

0.631789000

-1.087850000

0.241886000

1.222733000

-0.519560000

0.753787688

-0.000210000

0.398596000

0.063126000

-0.112950000

-0.133430000

-0.019270000
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O z z O

@)

- T &©m L &©m £ T© =T T - =T T

-0.742270000

-1.296220000

-2.641330000

-3.023840000

-1.997210000

4.355707000

5.360703000

1.515928000

-1.515820000

-4.355720000

-5.360710000

4.649104000

-4.649210000

6.342172000

5.337203000

5.196615000

2.573561000

1.415536000

1.146011000

-2.574120000

-1.148810000

-1.411500000

-6.342270000

2.003090000

0.832229000

0.681803000

-0.575820000

-1.981990000

-0.821760000

0.197081000

3.286912000

3.287109000

-0.821830000

0.197241000

-1.769440000

-1.769530000

-0.283450000

0.979190000

0.669314000

3.100014000

3.723176000

4.031842000

3.099479000

4.029876000

3.726523000

-0.283090000

0.019083000

0.133053000

0.112941000

-0.062950000

-0.398090000

0.011951000

-0.248710000

0.086744000

-0.086270000

-0.011720000

0.248053000

0.197753000

-0.197320000

-0.243230000

0.518822000

-1.223320000

-0.103270000

1.090138000

-0.627510000

0.099275000

0.631789000

-1.087850000

0.241886000
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H

H

H

-5.197320000

-5.336430000

4.370833470

Protonation on Zinc

11

/n

@) z Z

z Z

0.000030000

1.997178000

3.023857000

2.641265000

1.296115000

0.742210000

-0.742270000

-1.296220000

-2.641330000

-3.023840000

-1.997210000

4.355707000

5.360703000

1.515928000

-1.515820000

-4.355720000

-5.360710000

0.669605000

0.979236000

-0.021327902

-0.870350000

-1.981870000

-0.575680000

0.681820000

0.832216000

2.003067000

2.003090000

0.832229000

0.681803000

-0.575820000

-1.981990000

-0.821760000

0.197081000

3.286912000

3.287109000

-0.821830000

0.197241000

1.222733000

-0.519560000

-0.587281548

-0.000210000

0.398596000

0.063126000

-0.112950000

-0.133430000

-0.019270000

0.019083000

0.133053000

0.112941000

-0.062950000

-0.398090000

0.011951000

-0.248710000

0.086744000

-0.086270000

-0.011720000

0.248053000
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4.649104000

-4.649210000

6.342172000

5.337203000

5.196615000

2.573561000

1.415536000

1.146011000

-2.574120000

-1.148810000

-1.411500000

-6.342270000

-5.197320000

-5.336430000

-z T©LT &©om LT &©m £ &© ©® T©LT @&m LT @m T T =

0.000293000

Hydrogen

01
H 3.259348439

H 3.259348439

-1.769440000

-1.769530000

-0.283450000

0.979190000

0.669314000

3.100014000

3.723176000

4.031842000

3.099479000

4.029876000

3.726523000

-0.283090000

0.669605000

0.979236000

-2.650349596

4.169555780

4.169555780

0.197753000

-0.197320000

-0.243230000

0.518822000

-1.223320000

-0.103270000

1.090138000

-0.627510000

0.099275000

0.631789000

-1.087850000

0.241886000

1.222733000

-0.519560000

-0.001380325

-0.124845483

-0.864845483
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Table D8. Computational input coordinates for ReL; and related compounds.

Rel;
01

Re

o

QO =m o =mZ o o o @=m o0 @D O =& O =m O a O

0.001887000

-0.053024000

-0.168218000

0.235228000

0.064739000

-2.439968000

2.429160000

-0.301468000

-0.556521000

-0.575283000

-0.803553000

-1.010875000

-0.795043000

-0.995787000

-0.526709000

-0.526242000

-0.270658000

1.613029000

2.238949000

1.855648000

3.367705000

3.841212000

3.893235000

0.522349000

0.170602000

2.947928000

0.982632000

-1.839301000

0.764165000

0.825934000

-1.577539000

-2.025037000

-1.302804000

-3.369352000

-3.707084000

-4.284222000

-5.337287000

-3.844709000

-4.559284000

-2.494077000

-2.687870000

-3.691270000

-3.967596000

-4.339723000

-5.117524000

-3.997206000

-0.151905000

-2.464628000

-0.676510000

2.249003000

0.025067000

0.031527000

-0.104875000

-2.716189000

-4.018084000

-4.834265000

-4.258760000

-5.272736000

-3.206110000

-3.392194000

-1.915438000

-1.091063000

-1.656259000

0.573505000

-0.169394000

-1.150047000

0.324353000

-0.272559000

1.565189000
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o O - O & a0 & o o0 & O & o @m o @=m o @& o o =m o @=m o o=

4.771049000

3.298881000

3.711237000

2.176162000

1.745128000

-1.179490000

-0.932203000

0.039883000

-1.899778000

-1.677885000

-3.134379000

-3.887891000

-3.389557000

-4.346479000

-2.425280000

-2.650255000

-1.904631000

-2.211759000

-1.415910000

-3.535280000

-3.782502000

-4.537204000

-5.572722000

-4.217527000

-5.004051000

-4.513236000

-2.977879000

-2.678761000

-2.327649000

-1.514887000

-2.731939000

-2.986628000

-2.762528000

-3.577639000

-3.777433000

-3.934001000

-4.407141000

-3.696825000

-3.978451000

-3.096296000

-2.922079000

3.298883000

4.526884000

5.237700000

4.826753000

5.784282000

3.897085000

4.127569000

2.667565000

1.939035000

1.950104000

2.302993000

3.266054000

1.805212000

2.389742000

1.074363000

2.430355000

2.865459000

3.236756000

4.283962000

2.702217000

3.329047000

1.356096000

0.919431000

0.550612000

-0.500889000

-1.047041000

-1.627125000

-1.845356000

-1.928924000

-2.382684000

-1.663032000

-1.905125000

-1.099171000

-0.901592000
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-2.892279000

-2.971189000

-3.173051000

-3.152166000

-3.406147000

-3.562726000

-3.444556000

-3.629630000

-3.251644000

-3.288099000

-3.008874000

-2.847951000

-3.693431000

-4.824866000

-4.993143000

-5.741539000

-6.620419000

-5.535450000

-6.249257000

-4.422751000

-4.266030000

-3.511869000

-2.650858000

1.993805000

2.351666000

2.352936000

1.040659000

2.327691000

3.190254000

2.517360000

3.523518000

1.428211000

1.581746000

0.141593000

-0.721392000

-0.050896000

-1.058285000

-0.360336000

-0.790762000

-0.471241000

-1.641759000

-1.971006000

-2.069420000

-2.741712000

-1.621240000

-1.935452000

-0.764223000

-0.406584000

1.035542000

1.176395000

-0.784987000
1.764975000
2.270983000
1.604393000
3.630416000
4.014881000
4.494972000
5.556491000
3.997067000
4.660717000
2.642408000
2.260735000

-0.694248000
0.001785000
1.029348000

-0.610803000

-0.058855000

-1.918199000

-2.390573000

-2.627136000

-3.657435000

-2.022597000

-2.586327000

2.661036000

4.001720000
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1.582001000

3.689518000

3.974222000

4.655948000

5.698742000

4.286999000

5.041755000

2.953554000

3.554628000

3.297504000

2.422550000

4.135443000

3.917255000

5.238018000

5.896651000

5.480417000

6.321967000

4.647080000

4.846659000

2.995063000

3.238245000

3.237226000

3.492878000

3.684891000

3.507567000

1.184349000

1.328199000

1.426527000

1.402548000

1.573337000

1.276995000

1.376832000

1.038507000

-0.421858000

-0.804214000

-0.416356000

-1.695966000

-1.971348000

-2.234946000

-2.930855000

-1.892276000

-2.331009000

-0.995926000

-0.778804000

2.420758000

2.536798000

1.653785000

3.780314000

3.853136000

4.924266000

4.773014000

4.340708000

5.386205000

3.339346000

3.598264000

2.006891000

1.227325000

1.647089000

-0.863119000

-2.187684000

-2.708412000

-2.847752000

-3.878076000

-2.193887000

-2.710072000

-0.868921000

-0.334982000

-0.207248000

0.838883000

-0.832613000

-2.204155000

-2.840767000

-2.771394000

-3.840184000

-1.980002000
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H 3.707829000
C 3.270966000
H 3.290951000
C 3.012520000
H 2.824596000
[ReL;]

-12

Re 0.001887000

S -0.053024000
S -0.168218000
S 0.235228000
P 0.064739000

P -2.439968000

8,

2.429160000
-0.301468000
-0.556521000
-0.575283000
-0.803553000
-1.010875000
-0.795043000
-0.995787000
-0.526709000

-0.526242000

O T O =m o @=m o @=m O O

-0.270658000

5.895897000
4.819435000
5.707730000
3.577085000

3.513512000

0.522349000
0.170602000
2.947928000
0.982632000

-1.839301000
0.764165000
0.825934000
-1.577539000
-2.025037000
-1.302804000
-3.369352000
-3.707084000
-4.284222000
-5.337287000
-3.844709000
-4.559284000

-2.494077000

-2.427456000
-0.613479000

0.015613000
-0.043616000

1.029318000

-0.151905000
-2.464628000
-0.676510000
2.249003000

0.025067000

0.031527000
-0.104875000
-2.716189000
-4.018084000
-4.834265000
-4.258760000
-5.272736000
-3.206110000
-3.392194000
-1.915438000
-1.091063000

-1.656259000
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1.613029000

2.238949000

1.855648000

3.367705000

3.841212000

3.893235000

4.771049000

3.298881000

3.711237000

2.176162000

1.745128000

-1.179490000

-0.932203000

0.039883000

-1.899778000

-1.677885000

-3.134379000

-3.887891000

-3.389557000

-4.346479000

-2.425280000

-2.650255000

-1.904631000

-2.211759000

-1.415910000

-2.687870000

-3.691270000

-3.967596000

-4.339723000

-5.117524000

-3.997206000

-4.513236000

-2.977879000

-2.678761000

-2.327649000

-1.514887000

-2.731939000

-2.986628000

-2.762528000

-3.577639000

-3.777433000

-3.934001000

-4.407141000

-3.696825000

-3.978451000

-3.096296000

-2.922079000

3.298883000

4.526884000

5.237700000

0.573505000

-0.169394000

-1.150047000

0.324353000

-0.272559000

1.565189000

1.950104000

2.302993000

3.266054000

1.805212000

2.389742000

1.074363000

2.430355000

2.865459000

3.236756000

4.283962000

2.702217000

3.329047000

1.356096000

0.919431000

0.550612000

-0.500889000

-1.047041000

-1.627125000

-1.845356000
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-3.535280000

-3.782502000

-4.537204000

-5.572722000

-4.217527000

-5.004051000

-2.892279000

-2.971189000

-3.173051000

-3.152166000

-3.406147000

-3.562726000

-3.444556000

-3.629630000

-3.251644000

-3.288099000

-3.008874000

-2.847951000

-3.693431000

-4.824866000

-4.993143000

-5.741539000

-6.620419000

-5.535450000

-6.249257000

4.826753000

5.784282000

3.897085000

4.127569000

2.667565000

1.939035000

2.352936000

1.040659000

2.327691000

3.190254000

2.517360000

3.523518000

1.428211000

1.581746000

0.141593000

-0.721392000

-0.050896000

-1.058285000

-0.360336000

-0.790762000

-0.471241000

-1.641759000

-1.971006000

-2.069420000

-2.741712000

-1.928924000

-2.382684000

-1.663032000

-1.905125000

-1.099171000

-0.901592000

-0.784987000

1.764975000

2.270983000

1.604393000

3.630416000

4.014881000

4.494972000

5.556491000

3.997067000

4.660717000

2.642408000

2.260735000

-0.694248000

0.001785000

1.029348000

-0.610803000

-0.058855000

-1.918199000

-2.390573000
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-4.422751000

-4.266030000

-3.511869000

-2.650858000

1.993805000

2.351666000

1.582001000

3.689518000

3.974222000

4.655948000

5.698742000

4.286999000

5.041755000

2.953554000

3.554628000

3.297504000

2.422550000

4.135443000

3.917255000

5.238018000

5.896651000

5.480417000

6.321967000

4.647080000

4.846659000

-1.621240000
-1.935452000
-0.764223000
-0.406584000
1.035542000
1.176395000
1.184349000
1.328199000
1.426527000
1.402548000
1.573337000
1.276995000
1.376832000
1.038507000
-0.421858000
-0.804214000
-0.416356000
-1.695966000
-1.971348000
-2.234946000
-2.930855000
-1.892276000
-2.331009000
-0.995926000

-0.778804000

-2.627136000

-3.657435000

-2.022597000

-2.586327000

2.661036000

4.001720000

4.773014000

4.340708000

5.386205000

3.339346000

3.598264000

2.006891000

1.227325000

1.647089000

-0.863119000

-2.187684000

-2.708412000

-2.847752000

-3.878076000

-2.193887000

-2.710072000

-0.868921000

-0.334982000

-0.207248000

0.838883000
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C  2.995063000
C  3.238245000
H  3.237226000
C  3.492878000
H  3.684891000
C  3.507567000
H  3.707829000
C  3.270966000
H  3.290951000
C  3.012520000
H  2.824596000
[Re(LH)L,]"

11

Re  0.001887000

S -0.053024000
S -0.168218000
S 0.235228000
P 0.064739000

P -2.439968000

P 2.429160000
C  -0.301468000
C  -0.556521000
H  -0.575283000
C  -0.803553000

2.420758000

2.536798000

1.653785000

3.780314000

3.853136000

4.924266000

5.895897000

4.819435000

5.707730000

3.577085000

3.513512000

0.522349000

0.170602000

2.947928000

0.982632000

-1.839301000

0.764165000

0.825934000

-1.577539000

-2.025037000

-1.302804000

-3.369352000

-0.832613000

-2.204155000

-2.840767000

-2.771394000

-3.840184000

-1.980002000

-2.427456000

-0.613479000

0.015613000

-0.043616000

1.029318000

-0.151905000

-2.464628000

-0.676510000

2.249003000

0.025067000

0.031527000

-0.104875000

-2.716189000

-4.018084000

-4.834265000

-4.258760000
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H
C
H
C
H
C
C
C
H
C
H
C
H
C
H
C
H
C
C
H
C
H
C
H
C

-1.010875000

-0.795043000

-0.995787000

-0.526709000

-0.526242000

-0.270658000

1.613029000

2.238949000

1.855648000

3.367705000

3.841212000

3.893235000

4.771049000

3.298881000

3.711237000

2.176162000

1.745128000

-1.179490000

-0.932203000

0.039883000

-1.899778000

-1.677885000

-3.134379000

-3.887891000

-3.389557000

-3.707084000

-4.284222000

-5.337287000

-3.844709000

-4.559284000

-2.494077000

-2.687870000

-3.691270000

-3.967596000

-4.339723000

-5.117524000

-3.997206000

-4.513236000

-2.977879000

-2.678761000

-2.327649000

-1.514887000

-2.731939000

-2.986628000

-2.762528000

-3.577639000

-3.777433000

-3.934001000

-4.407141000

-3.696825000

-5.272736000
-3.206110000
-3.392194000
-1.915438000
-1.091063000
-1.656259000
0.573505000
-0.169394000
-1.150047000
0.324353000
-0.272559000
1.565189000
1.950104000
2.302993000
3.266054000
1.805212000
2.389742000
1.074363000
2.430355000
2.865459000
3.236756000
4.283962000
2.702217000
3.329047000

1.356096000
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-4.346479000
-2.425280000
-2.650255000
-1.904631000
-2.211759000
-1.415910000
-3.535280000
-3.782502000
-4.537204000
-5.572722000
-4.217527000
-5.004051000
-2.892279000
-2.971189000
-3.173051000
-3.152166000
-3.406147000
-3.562726000
-3.444556000
-3.629630000
-3.251644000
-3.288099000
-3.008874000
-2.847951000

-3.693431000

-3.978451000

-3.096296000

-2.922079000

3.298883000

4.526884000

5.237700000

4.826753000

5.784282000

3.897085000

4.127569000

2.667565000

1.939035000

2.352936000

1.040659000

2.327691000

3.190254000

2.517360000

3.523518000

1.428211000

1.581746000

0.141593000

-0.721392000

-0.050896000

-1.058285000

-0.360336000

0.919431000

0.550612000

-0.500889000

-1.047041000

-1.627125000

-1.845356000

-1.928924000

-2.382684000

-1.663032000

-1.905125000

-1.099171000

-0.901592000

-0.784987000

1.764975000

2.270983000

1.604393000

3.630416000

4.014881000

4.494972000

5.556491000

3.997067000

4.660717000

2.642408000

2.260735000

-0.694248000
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-4.824866000

-4.993143000

-5.741539000

-6.620419000

-5.535450000

-6.249257000

-4.422751000

-4.266030000

-3.511869000

-2.650858000

1.993805000

2.351666000

1.582001000

3.689518000

3.974222000

4.655948000

5.698742000

4.286999000

5.041755000

2.953554000

3.554628000

3.297504000

2.422550000

4.135443000

3.917255000

-0.790762000

-0.471241000

-1.641759000

-1.971006000

-2.069420000

-2.741712000

-1.621240000

-1.935452000

-0.764223000

-0.406584000

1.035542000

1.176395000

1.184349000

1.328199000

1.426527000

1.402548000

1.573337000

1.276995000

1.376832000

1.038507000

-0.421858000

-0.804214000

-0.416356000

-1.695966000

-1.971348000

0.001785000

1.029348000

-0.610803000

-0.058855000

-1.918199000

-2.390573000

-2.627136000

-3.657435000

-2.022597000

-2.586327000

2.661036000

4.001720000

4.773014000

4.340708000

5.386205000

3.339346000

3.598264000

2.006891000

1.227325000

1.647089000

-0.863119000

-2.187684000

-2.708412000

-2.847752000

-3.878076000
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5.238018000

5.896651000

5.480417000

6.321967000

4.647080000

4.846659000

2.995063000

3.238245000

3.237226000

3.492878000

3.684891000

3.507567000

3.707829000

3.270966000

3.290951000

3.012520000

2.824596000

-0.076380480
[Re(LH)L,]
02
Re  0.001887000
S -0.053024000
S -0.168218000
S 0.235228000

-2.234946000

-2.930855000

-1.892276000

-2.331009000

-0.995926000

-0.778804000

2.420758000

2.536798000

1.653785000

3.780314000

3.853136000

4.924266000

5.895897000

4.819435000

5.707730000

3.577085000

3.513512000

0.368482252

0.522349000

0.170602000

2.947928000

0.982632000

-2.193887000
-2.710072000
-0.868921000
-0.334982000
-0.207248000

0.838883000
-0.832613000
-2.204155000
-2.840767000
-2.771394000
-3.840184000
-1.980002000
-2.427456000
-0.613479000
0.015613000
-0.043616000

1.029318000

3.100003943

-0.151905000
-2.464628000
-0.676510000

2.249003000
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0.064739000

-2.439968000

2.429160000

-0.301468000

-0.556521000

-0.575283000

-0.803553000

-1.010875000

-0.795043000

-0.995787000

-0.526709000

-0.526242000

-0.270658000

1.613029000

2.238949000

1.855648000

3.367705000

3.841212000

3.893235000

4.771049000

3.298881000

3.711237000

2.176162000

1.745128000

-1.179490000

-1.839301000

0.764165000

0.825934000

-1.577539000

-2.025037000

-1.302804000

-3.369352000

-3.707084000

-4.284222000

-5.337287000

-3.844709000

-4.559284000

-2.494077000

-2.687870000

-3.691270000

-3.967596000

-4.339723000

-5.117524000

-3.997206000

-4.513236000

-2.977879000

-2.678761000

-2.327649000

-1.514887000

-2.731939000

0.025067000

0.031527000

-0.104875000

-2.716189000

-4.018084000

-4.834265000

-4.258760000

-5.272736000

-3.206110000

-3.392194000

-1.915438000

-1.091063000

-1.656259000

0.573505000

-0.169394000

-1.150047000

0.324353000

-0.272559000

1.565189000

1.950104000

2.302993000

3.266054000

1.805212000

2.389742000

1.074363000
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-0.932203000

0.039883000

-1.899778000

-1.677885000

-3.134379000

-3.887891000

-3.389557000

-4.346479000

-2.425280000

-2.650255000

-1.904631000

-2.211759000

-1.415910000

-3.535280000

-3.782502000

-4.537204000

-5.572722000

-4.217527000

-5.004051000

-2.892279000

-2.971189000

-3.173051000

-3.152166000

-3.406147000

-3.562726000

-2.986628000

-2.762528000

-3.577639000

-3.777433000

-3.934001000

-4.407141000

-3.696825000

-3.978451000

-3.096296000

-2.922079000

3.298883000

4.526884000

5.237700000

4.826753000

5.784282000

3.897085000

4.127569000

2.667565000

1.939035000

2.352936000

1.040659000

2.327691000

3.190254000

2.517360000

3.523518000

2.430355000
2.865459000
3.236756000
4.283962000
2.702217000
3.329047000
1.356096000
0.919431000
0.550612000
-0.500889000
-1.047041000
-1.627125000
-1.845356000
-1.928924000
-2.382684000
-1.663032000
-1.905125000
-1.099171000
-0.901592000
-0.784987000
1.764975000
2.270983000
1.604393000
3.630416000

4.014881000
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-3.444556000

-3.629630000

-3.251644000

-3.288099000

-3.008874000

-2.847951000

-3.693431000

-4.824866000

-4.993143000

-5.741539000

-6.620419000

-5.535450000

-6.249257000

-4.422751000

-4.266030000

-3.511869000

-2.650858000

1.993805000

2.351666000

1.582001000

3.689518000

3.974222000

4.655948000

5.698742000

4.286999000

1.428211000
1.581746000
0.141593000
-0.721392000
-0.050896000
-1.058285000
-0.360336000
-0.790762000
-0.471241000
-1.641759000
-1.971006000
-2.069420000
-2.741712000
-1.621240000
-1.935452000
-0.764223000
-0.406584000
1.035542000
1.176395000
1.184349000
1.328199000
1.426527000
1.402548000
1.573337000

1.276995000

4.494972000

5.556491000

3.997067000

4.660717000

2.642408000

2.260735000

-0.694248000

0.001785000

1.029348000

-0.610803000

-0.058855000

-1.918199000

-2.390573000

-2.627136000

-3.657435000

-2.022597000

-2.586327000

2.661036000

4.001720000

4.773014000

4.340708000

5.386205000

3.339346000

3.598264000

2.006891000
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5.041755000

2.953554000

3.554628000

3.297504000

2.422550000

4.135443000

3.917255000

5.238018000

5.896651000

5.480417000

6.321967000

4.647080000

4.846659000

2.995063000

3.238245000

3.237226000

3.492878000

3.684891000

3.507567000

3.707829000

3.270966000

3.290951000

3.012520000

2.824596000

-0.076380480

1.376832000

1.038507000

-0.421858000

-0.804214000

-0.416356000

-1.695966000

-1.971348000

-2.234946000

-2.930855000

-1.892276000

-2.331009000

-0.995926000

-0.778804000

2.420758000

2.536798000

1.653785000

3.780314000

3.853136000

4.924266000

5.895897000

4.819435000

5.707730000

3.577085000

3.513512000

0.368482252

1.227325000

1.647089000

-0.863119000

-2.187684000

-2.708412000

-2.847752000

-3.878076000

-2.193887000

-2.710072000

-0.868921000

-0.334982000

-0.207248000

0.838883000

-0.832613000

-2.204155000

-2.840767000

-2.771394000

-3.840184000

-1.980002000

-2.427456000

-0.613479000

0.015613000

-0.043616000

1.029318000

3.100003943
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[Re(LH),L]"

12

75

16

16

16

1

15

15

15

0.001887000
-0.053024000
-0.168218000

0.235228000

-0.078752000

0.064739000
-2.439968000

2.429160000

-0.301468000
-0.556521000
-0.575283000
-0.803553000
-1.010875000
-0.795043000
-0.995787000
-0.526709000
-0.526242000
-0.270658000

1.613029000
2.238949000

1.855648000
3.367705000

3.841212000

0.522349000

0.170602000

2.947928000

0.982632000
-0.110550000
-1.839301000

0.764165000

0.825934000
-1.577539000
-2.025037000
-1.302804000
-3.369352000
-3.707084000
-4.284222000
-5.337287000
-3.844709000
-4.559284000
-2.494077000
-2.687870000
-3.691270000
-3.967596000
-4.339723000

-5.117524000

-0.151905000
-2.464628000
-0.676510000
2.249003000
2.999021000
0.025067000
0.031527000
-0.104875000
-2.716189000
-4.018084000
-4.834265000
-4.258760000
-5.272736000
-3.206110000
-3.392194000
-1.915438000
-1.091063000
-1.656259000
0.573505000
-0.169394000
-1.150047000
0.324353000

-0.272559000
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3.893235000

4.771049000

3.298881000

3.711237000

2.176162000

1.745128000

-1.179490000

-0.932203000

0.039883000

-1.899778000

-1.677885000

-3.134379000

-3.887891000

-3.389557000

-4.346479000

-2.425280000

-2.650255000

-1.904631000

-2.211759000

-1.415910000

-3.535280000

-3.782502000

-4.537204000

-5.572722000

-4.217527000

-3.997206000

-4.513236000

-2.977879000

-2.678761000

-2.327649000

-1.514887000

-2.731939000

-2.986628000

-2.762528000

-3.577639000

-3.777433000

-3.934001000

-4.407141000

-3.696825000

-3.978451000

-3.096296000

-2.922079000

3.298883000

4.526884000

5.237700000

4.826753000

5.784282000

3.897085000

4.127569000

2.667565000

1.565189000

1.950104000

2.302993000

3.266054000

1.805212000

2.389742000

1.074363000

2.430355000

2.865459000

3.236756000

4.283962000

2.702217000

3.329047000

1.356096000

0.919431000

0.550612000

-0.500889000

-1.047041000

-1.627125000

-1.845356000

-1.928924000

-2.382684000

-1.663032000

-1.905125000

-1.099171000
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-5.004051000
-2.892279000
-2.971189000
-3.173051000
-3.152166000
-3.406147000
-3.562726000
-3.444556000
-3.629630000
-3.251644000
-3.288099000
-3.008874000
-2.847951000
-3.693431000
-4.824866000
-4.993143000
-5.741539000
-6.620419000
-5.535450000
-6.249257000
-4.422751000
-4.266030000
-3.511869000
-2.650858000

1.993805000

1.939035000

2.352936000

1.040659000

2.327691000

3.190254000

2.517360000

3.523518000

1.428211000

1.581746000

0.141593000

-0.721392000

-0.050896000

-1.058285000

-0.360336000

-0.790762000

-0.471241000

-1.641759000

-1.971006000

-2.069420000

-2.741712000

-1.621240000

-1.935452000

-0.764223000

-0.406584000

1.035542000

-0.901592000

-0.784987000

1.764975000

2.270983000

1.604393000

3.630416000

4.014881000

4.494972000

5.556491000

3.997067000

4.660717000

2.642408000

2.260735000

-0.694248000

0.001785000

1.029348000

-0.610803000

-0.058855000

-1.918199000

-2.390573000

-2.627136000

-3.657435000

-2.022597000

-2.586327000

2.661036000
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2.351666000

1.582001000

3.689518000

3.974222000

4.655948000

5.698742000

4.286999000

5.041755000

2.953554000

3.554628000

3.297504000

2.422550000

4.135443000

3.917255000

5.238018000

5.896651000

5.480417000

6.321967000

4.647080000

4.846659000

2.995063000

3.238245000

3.237226000

3.492878000

3.684891000

1.176395000

1.184349000

1.328199000

1.426527000

1.402548000

1.573337000

1.276995000

1.376832000

1.038507000

0.421858000

0.804214000

0.416356000

1.695966000

1.971348000

2.234946000

2.930855000

1.892276000

2.331009000

0.995926000

0.778804000

2.420758000

2.536798000

1.653785000

3.780314000

3.853136000

4.001720000

4.773014000

4.340708000

5.386205000

3.339346000

3.598264000

2.006891000

1.227325000

1.647089000

-0.863119000

-2.187684000

-2.708412000

-2.847752000

-3.878076000

-2.193887000

-2.710072000

-0.868921000

-0.334982000

-0.207248000

0.838883000

-0.832613000

-2.204155000

-2.840767000

-2.771394000

-3.840184000
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6 3.507567000
1 3.707829000
6 3.270966000
1 3.290951000
6 3.012520000
1 2.824596000

1 -0.147353000

[HRe(LH)L,]
03

75 0.613046000
16 1.509376000
16 0.147988000
16 -0.724780000
1 -1.712239000
15 0.560111000
15 2.648465000
15 -3.661665000
6 1.857257000
6 2.547475000
1 2.865696000
6 2.815328000
1 3.352904000
6 2.400166000

1 2.610662000

4.924266000
5.895897000
4.819435000
5.707730000
3.577085000
3.513512000

3.612050000

-0.028143000
0.802675000
-2.071776000
-0.508924000
0.390656000
2.372512000
-1.385303000
-0.171656000
2.532408000
3.191817000
2.629250000
4.549608000
5.051353000
5.274207000

6.338755000

-1.980002000

-2.427456000

-0.613479000

0.015613000

-0.043616000

1.029318000

0.512809000

-0.554165000

-2.566135000

-1.710397000

1.563418000

1.246216000

0.087389000

0.127155000

0.060986000

-2.349503000

-3.373981000

-4.250753000

-3.271696000

-4.074181000

-2.153916000

-2.080621000
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1.716334000

1.393934000

1.443197000

-1.137220000

-1.745276000

-1.170935000

-3.085609000

-3.550008000

-3.829211000

-4.876874000

-3.236253000

-3.821816000

-1.894222000

-1.436337000

1.378647000

0.988296000

0.118894000

1.708437000

1.398211000

2.822477000

3.380641000

3.225787000

4.103363000

2.506551000

2.840800000

4.627726000
5.186111000
3.260470000
3.029009000
3.429659000
3.447951000
3.799088000
4.120690000
3.760795000
4.056810000
3.341001000
3.293532000
2.974866000
2.658936000
2.867858000
3.986068000
4.570911000
4.352939000
5.221927000
3.616653000
3.908624000
2.512273000
1.936302000
2.141660000

1.292421000

-1.133806000

-0.253934000

-1.225362000

0.140161000

-1.053411000

-1.980277000

-1.061159000

-1.991260000

0.115215000

0.107128000

1.302176000

2.218672000

1.316673000

2.255435000

1.640912000

2.384923000

2.085233000

3.517465000

4.094499000

3.910959000

4.798396000

3.165457000

3.456274000

2.035946000

1.438984000
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1.697304000

1.767715000

0.880382000

2.967233000

3.014145000

4.109770000

5.047469000

4.045983000

4.930008000

2.846148000

2.397460000

2.379728000

2.559103000

2.128201000

2.119488000

1.894112000

1.697891000

1.907641000

1.721901000

2.151154000

2.150705000

4.252438000

5.082839000

4.806360000

6.271019000

-2.911634000

-3.917176000

-4.161338000

-4.579994000

-5.350792000

-4.258939000

-4.775736000

-3.270893000

-3.016204000

-2.600429000

-2.364631000

-3.761344000

-4.296595000

-4.472060000

-5.560114000

-3.795264000

-4.352811000

-2.401730000

-1.869684000

-1.688472000

-0.596396000

-0.542053000

-0.779982000

-1.522503000

-0.067560000

-1.941599000

-2.911609000

-3.493597000

-3.141694000

-3.908592000

-2.410792000

-2.602730000

-1.434006000

-0.847520000

-1.197511000

1.647628000

1.628476000

0.696858000

2.799948000

2.777815000

3.992731000

4.906492000

4.017779000

4.948701000

2.850545000

2.875573000

0.338302000

1.437997000

2.185506000

1.578731000
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6.916764000

6.632654000

7.559312000

5.812037000

6.094388000

4.625519000

3.979571000

-1.743669000

-1.219526000

-0.277429000

-1.905864000

-1.495431000

-3.112180000

-3.652879000

-3.633373000

-4.582435000

-2.966386000

-5.090069000

-6.035621000

-5.972808000

-7.068017000

-7.804854000

-7.161907000

-7.968100000

-6.222238000

-0.261996000
0.883823000
1.442471000
1.117691000
1.858407000
0.411730000
0.603643000

-1.946869000

-3.180703000

-3.232221000

-4.340958000

-5.307520000

-4.262130000

-5.168581000

-3.021031000

-2.964989000

-1.832084000

-0.049804000
0.958116000
1.555234000
1.187476000
1.962087000
0.427322000
0.608737000

-0.565675000

2.433051000

0.630478000

0.746871000

0.470883000

1.216508000

0.618470000

1.476649000

1.165949000

1.540890000

2.085396000

1.209768000

1.496453000

0.519532000

0.254947000

0.175279000

-0.358777000

0.490458000

1.204254000

0.967029000

0.055654000

1.867399000

1.661112000

3.031287000

3.739498000

3.282326000
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1 -6.291074000
6  -5.192722000
1 -4.469643000
6  -4.415928000
6  -5.719756000
1 -6.360007000
6  -6.207567000
1 -7.223706000
6  -5.399229000
1 -5.784947000
6 -4.101703000
1 -3.468495000
6  -3.614747000
1 -2.601680000

1 -0.968072000

[Re(LH),L]
01

75 0.001887000
16 -0.053024000
16 -0.168218000
16 0.235228000
1 -0.078752000
15  0.064739000

15 -2.439968000

-1.166264000
-0.805119000
-1.593733000
-0.482302000
-0.955838000
-1.140413000
-1.185034000
-1.552334000
-0.949469000
-1.128779000
-0.477663000
-0.285935000
-0.236858000
0.149116000

0.163467000

0.522349000
0.170602000
2.947928000
0.982632000
-0.110550000
-1.839301000

0.764165000

4.187774000

2.375510000

2.583130000

-1.580422000

-1.764471000

-0.901583000

-3.046784000

-3.180285000

-4.155350000

-5.157341000

-3.981584000

-4.845931000

-2.701574000

-2.569878000

-1.121573000

-0.151905000

-2.464628000

-0.676510000

2.249003000

2.999021000

0.025067000

0.031527000
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15

(o)}

(o)}

2.429160000
-0.301468000
-0.556521000
-0.575283000
-0.803553000
-1.010875000
-0.795043000
-0.995787000
-0.526709000
-0.526242000
-0.270658000

1.613029000

2.238949000
1.855648000
3.367705000
3.841212000
3.893235000
4.771049000
3.298881000
3.711237000
2.176162000

1.745128000
-1.179490000
-0.932203000

0.039883000

0.825934000

-1.577539000

-2.025037000

-1.302804000

-3.369352000

-3.707084000

-4.284222000

-5.337287000

-3.844709000

-4.559284000

-2.494077000

-2.687870000

-3.691270000

-3.967596000

-4.339723000

-5.117524000

-3.997206000

-4.513236000

-2.977879000

-2.678761000

-2.327649000

-1.514887000

-2.731939000

-2.986628000

-2.762528000

-0.104875000
-2.716189000
-4.018084000
-4.834265000
-4.258760000
-5.272736000
-3.206110000
-3.392194000
-1.915438000
-1.091063000
-1.656259000
0.573505000
-0.169394000
-1.150047000
0.324353000
-0.272559000
1.565189000
1.950104000
2.302993000
3.266054000
1.805212000
2.389742000
1.074363000
2.430355000

2.865459000
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-1.899778000

-1.677885000

-3.134379000

-3.887891000

-3.389557000

-4.346479000

-2.425280000

-2.650255000

-1.904631000

-2.211759000

-1.415910000

-3.535280000

-3.782502000

-4.537204000

-5.572722000

-4.217527000

-5.004051000

-2.892279000

-2.971189000

-3.173051000

-3.152166000

-3.406147000

-3.562726000

-3.444556000

-3.629630000

-3.577639000
-3.777433000
-3.934001000
-4.407141000
-3.696825000
-3.978451000
-3.096296000
-2.922079000
3.298883000
4.526884000
5.237700000
4.826753000
5.784282000
3.897085000
4.127569000
2.667565000
1.939035000
2.352936000
1.040659000
2.327691000
3.190254000
2.517360000
3.523518000
1.428211000

1.581746000

3.236756000

4.283962000

2.702217000

3.329047000

1.356096000

0.919431000

0.550612000

-0.500889000

-1.047041000

-1.627125000

-1.845356000

-1.928924000

-2.382684000

-1.663032000

-1.905125000

-1.099171000

-0.901592000

-0.784987000

1.764975000

2.270983000

1.604393000

3.630416000

4.014881000

4.494972000

5.556491000
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-3.251644000

-3.288099000

-3.008874000

-2.847951000

-3.693431000

-4.824866000

-4.993143000

-5.741539000

-6.620419000

-5.535450000

-6.249257000

-4.422751000

-4.266030000

-3.511869000

-2.650858000

1.993805000

2.351666000

1.582001000

3.689518000

3.974222000

4.655948000

5.698742000

4.286999000

5.041755000

2.953554000

0.141593000

-0.721392000

-0.050896000

-1.058285000

-0.360336000

-0.790762000

-0.471241000

-1.641759000

-1.971006000

-2.069420000

-2.741712000

-1.621240000

-1.935452000

-0.764223000

-0.406584000

1.035542000

1.176395000

1.184349000

1.328199000

1.426527000

1.402548000

1.573337000

1.276995000

1.376832000

1.038507000

3.997067000

4.660717000

2.642408000

2.260735000

-0.694248000

0.001785000

1.029348000

-0.610803000

-0.058855000

-1.918199000

-2.390573000

-2.627136000

-3.657435000

-2.022597000

-2.586327000

2.661036000

4.001720000

4.773014000

4.340708000

5.386205000

3.339346000

3.598264000

2.006891000

1.227325000

1.647089000
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3.554628000
3.297504000
2.422550000
4.135443000
3.917255000
5.238018000
5.896651000
5.480417000
6.321967000
4.647080000
4.846659000
2.995063000
3.238245000
3.237226000
3.492878000
3.684891000
3.507567000
3.707829000
3.270966000
3.290951000
3.012520000
2.824596000

-0.147353000

-0.421858000

-0.804214000

-0.416356000

-1.695966000

-1.971348000

-2.234946000

-2.930855000

-1.892276000

-2.331009000

-0.995926000

-0.778804000

2.420758000

2.536798000

1.653785000

3.780314000

3.853136000

4.924266000

5.895897000

4.819435000

5.707730000

3.577085000

3.513512000

3.612050000

-0.863119000

-2.187684000

-2.708412000

-2.847752000

-3.878076000

-2.193887000

-2.710072000

-0.868921000

-0.334982000

-0.207248000

0.838883000

-0.832613000

-2.204155000

-2.840767000

-2.771394000

-3.840184000

-1.980002000

-2.427456000

-0.613479000

0.015613000

-0.043616000

1.029318000

0.512809000
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Table D9. Computational input coordinates for CuL' and related compounds.

Cul'
02
Cu

S

S

T T T - oD =m O o z zZz2 O o o o a0 o z2 z2 z Z

1.431847450

2.332615610

2.858402730

-0.257435500

-0.172027540

0.574079220

0.223704470

0.866804360

-1.156654600

1.780157800

-0.928456430

-2.430852170

-1.949721220

0.905903760

2.249331710

1.542073250

-0.256906930

-0.736089590

0.095862870

-1.009760380

-3.052880760

-2.187359810

-3.027972700

-0.488032580
-0.119942340
-1.722415690

0.971116720

0.534274340
-1.034389140
-0.461096440

0.696900310

0.726779040
-1.630949380

0.172470660

1.445672040

0.325466600

1.099112750
-2.229486700
-2.300940750

1.621968390

2.427871470

2.020878310

0.833110030

1.693994160

2.369822740

0.817502200

0.446112510

2.552696700

-0.909505780

2468152050

1.177021620

-2.391256330

-1.204115870

3.160702940

0.313291070

-2.329823970

-1.041194200

0.707410510

-2.151313540

4.470338340

-3.469048500

-4.757663730

5.210058210

4.633939270

6.174487110

5.396764760

0.164430810

1.257044200

1.394048690
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2.232241150
0.709065320
1.143750430

1.595749020

2.117801900

2.924379830

1.714229460

T &m O E &E E ZE T =

3.143979070

[CuL'H]"
12
Cu  1.431847450
S 2332615610
S 2.858402730
-0.257435500
-0.172027540
0.574079220
0.223704470
0.866804360
-1.156654600
1780157800
-0.928456430
-2.430852170

-1.949721220

z O o o o o o Z zZz =z =z

0.905903760

-2.034661770
-1.588742850
-3.316026930
-0.186808630

1.390722990
-0.103170090
0.779113230

-2.710111620

-0.488032580
-0.119942340
-1.722415690

0.971116720

0.534274340
-1.034389140
-0.461096440

0.696900310

0.726779040
-1.630949380

0.172470660

1.445672040

0.325466600

1.099112750

-5.577035900
-4.742827890
-4.940576080
-3.055724620
-2.392856600
-1.856998090
5.003296850

-3.380991940

0.446112510
2.552696700
-0.909505780
2.468152050
1.177021620
-2.391256330
-1.204115870
3.160702940
0.313291070
-2.329823970
-1.041194200
0.707410510
-2.151313540

4.470338340
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2.249331710

1.542073250

-0.256906930

-0.736089590

0.095862870

-1.009760380

-3.052880760

-2.187359810

-3.027972700

2.232241150

0.709065320

1.143750430

-1.595749020

-2.117801900

-2.924379830

1.714229460

3.143979070

0.002279216

CuL'H

01

Cu

1.431847450

2.332615610

2.858402730

-0.257435500

-2.229486700

-2.300940750

1.621968390

2.427871470

2.020878310

0.833110030

1.693994160

2.369822740

0.817502200

-2.034661770

-1.588742850

-3.316026930

-0.186808630

1.390722990

-0.103170090

0.779113230

-2.710111620

-1.014134076

-0.488032580

-0.119942340

-1.722415690

0.971116720

-3.469048500

-4.757663730

5.210058210

4.633939270

6.174487110

5.396764760

-0.164430810

1.257044200

1.394048690

-5.577035900

-4.742827890

-4.940576080

-3.055724620

-2.392856600

-1.856998090

5.003296850

-3.380991940

-3.211399298

0.446112510

2.552696700

-0.909505780

2468152050
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T T & L & &L T &I T =T & T O o Z z o o o o o o =z z Z

-0.172027540

0.574079220

0.223704470

0.866804360

-1.156654600

1.780157800

-0.928456430

-2.430852170

-1.949721220

0.905903760

2.249331710

1.542073250

-0.256906930

-0.736089590

0.095862870

-1.009760380

-3.052880760

-2.187359810

-3.027972700

2.232241150

0.709065320

1.143750430

-1.595749020

-2.117801900

-2.924379830

0.534274340

-1.034389140

-0.461096440

0.696900310

0.726779040

-1.630949380

0.172470660

1.445672040

0.325466600

1.099112750

-2.229486700

-2.300940750

1.621968390

2.427871470

2.020878310

0.833110030

1.693994160

2.369822740

0.817502200

-2.034661770

-1.588742850

-3.316026930

-0.186808630

1.390722990

-0.103170090

1.177021620
-2.391256330
-1.204115870
3.160702940
0.313291070
-2.329823970
-1.041194200
0.707410510
-2.151313540
4.470338340
-3.469048500
-4.757663730
5.210058210
4.633939270
6.174487110
5.396764760
-0.164430810
1.257044200
1.394048690
-5.577035900
-4.742827890
-4.940576080
-3.055724620
-2.392856600

-1.856998090
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H 1.714229460  0.779113230  5.003296850

H 3.143979070 -2.710111620 -3.380991940

H 0.002279216  -1.014134076  -3.211399298
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