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Abstract
The electrochemical or photochemical production of fuels using energy from the sun is an
attractive approach for storing solar energy. However, the development of efficient and
inexpensive catalysts is necessary to facilitate these reactions. While a number of molecular
catalysts do exist for this purpose, a lack of deep understanding of how they operate on a
mechanistic level impedes their optimization and rational design. This thesis addresses the key
mechanistic issue of ligand participation during energy storage catalysis using electrochemical,
spectroscopic (both steady-state and time-resolved), synthetic, and computational techniques.
The thesis begins by investigating the reactivity of nickel porphyrins during the electrocatalytic
generation of hydrogen from acid. Rather than forming a traditional metal-hydride intermediate,
nickel porphyrins are found to be protonated on the macrocycle ligand to first form a phlorin
intermediate and ultimately a doubly-hydrogenated isobacteriochlorin species. The Ni
isobacteriochlorin serves as the active hydrogen evolution catalyst, with ring reduction of the
ligand necessary to drive metal-hydride formation. A synthetic cobalt chlorin in which the ring
reduction is structurally enforced is then investigated. The cobalt chlorin also generates hydrogen
electrochemically, and a mechanistic study reveals a greater intrinsic activity than metal
porphyrins when compared at low overpotentials, likely due to an increased hydricity imparted by
the highly-reduced ligand.
The thesis then turns to the role of direct ligand reactivity in enhancing the photoreactivity of
monomeric nickel complexes. Transient absorption (TA) spectroscopic studies reveal that the
triphenylphosphine ligand of Ni halide hydrogen-evolving photocatalysts serves as the
photosensitizer and as a redox mediator in what is determined to be a tandem cycle. TA also
demonstrates the role of halogen-arene charge transfer intermediates in increasing the quantum
yield of halogen photoelimination by Ni(III) trichloride complexes containing bidendate
phosphine ligands that include aryl groups.
The thesis concludes with an examination of the electron transfer kinetics of a soluble form of
peroxide dianion stabilized by a hydrogen-bonding cryptand ligand. Ultrafast oxidation of the
peroxide using photosensitizers of varying oxidizing power allows for measurement of the innersphere reorganization energy, which is dominated by the contraction of the 0-0 bond.
Thesis Supervisor: Daniel G. Nocera
Title: Patterson Rockwood Professor of Energy, Harvard University
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1.1
1.1.1

The Global Energy Challenge
Rising Energy Demand in the Face of Climate Change
Global energy demand is projected to increase significantly in the coming decades. By just

2040, the total energy consumption rate among all nations will increase by 48% from 2012 levels,
from 18.38 terawatts (TW, 1012 watts) to 27.26 TW.' This rise will be due to both increased
population levels and increased standards of living, as energy consumption is closely tied to gross
domestic product (GDP).'

Importantly, most growth in energy demand will come from

developing nations and regions, as can be seen in Table 1.1, which shows the projected energy
consumption rates of a number of regions from 2012 to 2040. In fact, more than half of the
projected increase in global energy consumption can be attributed to just China, India, and Africa.
Table 1.1 Total primary energy consumption of select regions in TW
Avg.
Projected

History
Region
Africa
Australia/New
Zealand
Brazil
Canada
China
OECDa Europe
India
Japan
Mexico/Chile
Middle East
Russia
South Korea
United States
Total World

nrcent

2012
0.72

2020
0.87

2025
1.00

2030
1.13

2035
1.28

2040
1.47

Change
2012-2040
2.59

0.23

0.25

0.27

0.28

0.31

0.34

1.41

0.51
0.48
3.85
2.72
0.88
0.69
0.31
1.06
1.07
0.38
3.16
18.38

0.55
0.50
4.93
2.84
1.10
0.73
0.33
1.37
1.11
0.47
3.37
21.04

0.61
0.52
5.33
2.93
1.29
0.75
0.35
1.52
1.16
0.49
3.41
22.55

0.67
0.54
5.70
3.02
1.50
0.75
0.39
1.70
1.17
0.51
3.44
24.01

0.74
0.57
6.05
3.11
1.77
0.74
0.43
1.89
1.19
0.54
3.47
25.61

0.81
0.60
6.36
3.20
2.09
0.72
0.48
2.07
1.15
0.57
3.54
27.26

1.69
0.79
1.81
0.6
3.15
0.12
1.60
2.42
0.26
1.42
0.41
1.42

of Economic Cooperation and Development
Data taken from the U.S. Energy Information Administration's International Energy Outlook 2016
(using their Reference case): https://www.eia.gov/outlooks/ieo/ (accessed June 28, 2017).
a Organization
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Energy use by more developed regions like the United States, Europe, and Japan will be relatively
steady due to lower population growth rates and more mature economies.' As Earth's population
rises to an estimated 9.2 billion by 2040 and 11.2 billion by 2100,4 and as poorer nations catch up
to developed ones, the question turns to how society will meet these energy needs. The current
dominant energy sources are certainly capable of meeting this demand. Fossil fuels, which
currently make up ~80% of worldwide energy consumption,5 are capable of supporting a 25-30
TW energy consumption rate for at least several centuries.2
However, combustion of fossil fuels releases carbon dioxide (C0 2), a greenhouse gas, into
the atmosphere, and the rise of such emissions since the Industrial Revolution is strongly
associated with the rapidly rising average temperatures and long-term environmental
consequences known collectively as global climate change. As can be seen in Figure 1.1,
atmospheric CO 2 concentrations have risen from a stable preindustrial level of ~275 ppm to an
excess of 400 ppm in the present day, with much of the rise coming in the last 50 years. 6 In fact,
on the day of the writing of this thesis chapter, the CO 2 concentration stands at 408.24 ppm. 7
Continued emissions at rates similar to those of recent years will result in projected concentrations
ranging from 550-600 ppm (in the case of successful intervention to decrease the carbon intensity
of energy use) to upwards of 750 ppm if little to no intervention occurs.2 In a low-emission
scenario, global temperatures would be expected to rise by 1-2 'C above preindustrial levels by
the year 2100.8 It should be noted that even with the current 0-1 'C increase we have already
experienced in to date, global climate change-induced effects can already be observed, such as
threatened ecosystems and cultures as well as extreme weather events (e.g. heat waves, extreme
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Figure 1.1 Atmospheric CO 2 levels measured from Law Dome ice core data (pre-1958) and at the Mauna
Loa Observatory (1958-present). Data from Ref 6.

precipitation, and coastal flooding).8 If an additional 1-2 'C increase were to occur, the likelihood
and severity of these impacts will amplify dramatically, and further damage such as loss of Arcticsea-ice and coral-reef systems, extreme heat, drops in crop yields, water accessibility, and
biodiversity are likely to occur.8 However, in a high-emission scenario, which could occur in the
absence of intervention, global temperatures could rise as high as 4-6 'C above preindustrial levels
by 2100. The consequences of such a scenario would be dire: a large increase in droughts and
water-stress, ice-sheet disintegration, nearly complete loss of Arctic ice during parts of the year
(as early as mid-century), ocean acidification, sea-levels rising -0.6 m (and ensuing coast
flooding), and large risks to food security.8 With such severe ramifications for continued reliance
on fossil fuels in the face of a rising energy demand, it is necessary for society to adopt carbonneutral and renewable sources of energy.
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1.1.2

Renewable Energy and the Role of Energy Storage
In order to mitigate CO 2 emissions enough to achieve merely a 550 ppm atmospheric CO 2

concentration, carbon-neutral sources will need to supply more than 16 TW by 2050.2 Potential
sources could include either nuclear fission or renewable sources like biomass, wind, solar, or
hydroelectric energy. However, each of these energy sources, with the exception of solar, simply
do not supply enough energy to reasonably meet this goal. Conventional nuclear energy can supply
8 TW, but would require the construction of 8000 new plants and would exhaust uranium reserves
in less than a decade. Biomass can supply 7-10 TW, but would require harvesting crops exclusively
for energy on all available agricultural landmass of the plant. Wind can supply 2.1 TW, but would
require filling all global landmass capable of sustainable energy generation with windmills. And
finally, hydroelectric sources could supply 0.7-2.0 TW, but would require damming all remaining
rivers on earth.9 These scenarios are clearly prohibitive. However, solar energy is a different story:
almost as much solar energy irradiates the earth in one hour (4.5 x 1020 J) as would be needed to
supply the world's current energy needs for a year, 2,9 and the world's landmasses receive enough
solar energy to conceivably supply as much as 1500 TW. 9 Solar energy clearly must be the
principal component of a carbon-neutral energy supply moving forward, and currently great strides
are being made: adoption of solar photovoltaics (PVs) as sources of electricity has increased
dramatically in the last decade, even in the United States,' 0 as shown in Figure 1.2. This rise in
solar energy consumption has tracked with significant decreases in the levelized cost of electricity
from photovoltaics, which has dropped by nearly 75% since 2009.11 Moreover, the cost of solar
PVs is expected to drop by a further 66% by 2040, a development that will be accompanied by a
projected 14-fold increase in solar PV capacity." A significant portion of these gains will result
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from distributed generation. By 2040, rooftop PV is projected to account for as much as 24% of
electricity generation in Australia, 15% in Germany, and 5% in the United States."
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Figure 1.2 Annual net electricity generation by solar PVs in the United States. Data taken from Ref 10.

While the gains made by solar energy are encouraging, there remains a set of significant
challenges to adopting a predominantly solar-based energy supply. The most important challenge
is that solar insolation inherently varies with time, both on daily and seasonal time scales.
Additionally, weather conditions can have a significant impact on the availability of solar energy.
For example, the average sky clearness varies by up 40-50% in Tokyo and up to 80-90% in Salt
Lake City. 9a This intermittency is currently addressed at the grid-scale primarily with natural gas.
In order for people to consume energy when the sun is not shining without relying on fossil fuels,
efficient and inexpensive energy storage will become essential. A number of technologies exist
that could be used to store energy. These include large, centralized technologies appropriate for
grid storage such as pumped hydroelectric, compressed air, flywheels, superconducting magnets,
and flow batteries, as well as smaller, more distributable technologies such as batteries, capacitors,
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and chemical fuels.3 A key metric to consider when evaluating energy storage technologies is their
energy density. This is particularly important for the distributable energy storage technologies that
will be required for the developing regions that are driving future energy demand. These regions
lack a pre-existing energy infrastructure, and will therefore rely on distributable energy storage
technologies that can be produced in large volumes and at low costs. Inasmuch as cost/mass is
directly related to the ability of a product to be produced at large scale, 3 high energy density is
critical. Pumped hydroelectric has an energy density on the order of 10-2l104 Wh kg-', lead acid
batteries, capacitors, and conventional flywheels have energy densities on the order of 101 Wh
kg'1, compressed air and lithium ion batteries have energy densities on the order of 102 Wh kg',
and chemical fuels are on the order of 10 3 _ 101 Wh kg-' .3 That fuels have energy densities 1-2
orders of magnitude greater than even lithium ion batteries points to their significant potential for
forming the basis of a distributable energy storage technology. The superiority of fuels in this
respect is intuitive, as with the exception of nuclear forces, putting energy in the form of electrons
in chemical bonds is the smallest scale conceivable. Fuels also have an advantage in that they are
easy to transport and there already exists an infrastructure with which to use them, either by
combustion or with fuel cells (to a lesser degree). This, then, presents a compelling challenge and
opportunity for chemists to contribute to the global energy problem: to develop renewable, carbonneutral methods and technologies to convert energy from the sun into energy-rich chemicals
("solar fuels"), including, but not limited to, hydrogen (H 2), which is the simplest and most energy
dense (by weight) of all fuels.

1.1.3

Solar Fuels, Catalysis, and Proton-Coupled Electron Transfer
The use of solar energy to form chemical fuels has precedence in natural photosynthesis,

where sunlight drives the synthesis of carbohydrates in plants and other organisms. It is essential
32

tn nnte- that the actiual

f natiiral nhntoyvnthise;

yt-in

;s

the splttin

fwate

ti-

frmr

dioxygen and dihydrogen equivalents, with the ensuing formation of carbohydrates being
essentially energy-neutral with respect to the water-splitting reaction. 3 It follows then that
achieving inexpensive and highly efficient water splitting outside of nature's apparatus - an
artificial photosynthesis - to create fuels is an attractive strategy for storing solar energy. Such a
process could be implemented either electrochemically (by first converting sunlight to electricity
with a photovoltaic), photochemically (via direct irradiation), or as a combination of the two.2,12
Water splitting consists of two half reactions: an oxygen evolution reaction (OER) where
02,

four protons, and four electrons are liberated, and a hydrogen evolution reaction (HER) where

protons are combined with electrons to form H 2 :

0+2H

OER

2H 2 0

HER

4H+ + 4e-

Ex = -1.23 V, AG= 237.2 kJ mol-1 2H 2 0

1

a

02

+ 4H++ 4e-

2H 2
02

Ered = 1.23 V - 0.59(pH) V vs. NHE
Ered = 0.00 V - 0.59(pH) V vs. NHE

2

rxn

With a reaction potential of 1.23 V (at 25 'C and 1 bar), splitting water to form 02 and H2 stores
237.2 kJ molP 1 of energy. 3
An alternate strategy for forming H 2 as a fuel while storing energy is to use solar energy to
split hydrohalic acids, a process known as HX splitting. 3"
process generates H2 and X 2 , where X = Cl or Br:
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4

Rather than generating H 2 and 02, this

2HX

-

X2 + 2H++ 2e-

2H++ 2e-

4

H2

2HX

X2 + H 2

AG* = 131.2 kJ mol-1 (X = C)
103.2 kJ mol-1 (X = Br)

An attractive feature of HX splitting is that, in the case of X = Cl, a similar amount of energy is
stored on a per-electron basis as in water splitting,' 4 but the overall reaction is only a two-electron
process. This makes optimizing HX-splitting processes a simpler process in principle, though key
challenges do arise in accomplishing HX splitting photochemically, a subject that is addressed in
detail in Chapter 5 of this thesis.
Despite its benefits as a potential fuel for a carbon-neutral energy economy, hydrogen does
have the drawbacks of poor volumetric energy density 3'15 and a lack of sufficient infrastructure
with which to implement it.' 6 However, H 2 generated by water or HX splitting can be used to fix
CO 2 to generate carbon-based fuels that possess much greater volumetric energy density and
compatibility with existing energy infrastructure.' 7'"8 It therefore stands to reason that regardless
of the final formulation of a solar fuel, understanding and optimizing hydrogen generation remains
an important avenue of research.
Each of the reactions of mentioned above are associated with significant kinetic barriers.
In order for the reactions to proceed at rates useful for meaningful energy storage, extra energy
beyond the thermodynamic potential must be applied in order to overcome these kinetic barriers.
In electrochemical systems this is referred to as an overpotential. 3 Any overpotential needed
inherently reduces the energy storage efficiency of the system. This problem is addressed by the
use of catalysts, which lower the kinetic barriers and therefore the overpotential required to run
the reaction. Catalysts (either solids or molecules) operate by forming lower-energy transition
34

states and/or intfermediates than are formed in the uncatalyzed reaction. HER, CWR,
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splitting are all multielectron, multiproton processes. Therefore, the development of inexpensive
and earth-abundant catalysts that can avoid high energy intermediates and handle sequential charge
transfers in as narrow an energy range as possible is of paramount importance in enabling solar
fuel production. This can be reasonably achieved only by coupling the motion of the electron to
the motion of the proton, a process known as proton-coupled electron transfer (PCET).

9-23

PCET

processes can be sequential, in which electron transfer (ET) precedes proton transfer (PT) (or vice
versa) in discrete steps, or concerted, in which the proton and electron transfer simultaneously with
a single transition state.
In order to understand the factors governing PCET rates, one must first understand those
that govern the simpler case of electron transfer. Marcus and others, in seminal works, formulated
a robust theoretical treatment for understanding how ET differs from other chemical reactions, and
how that affects quantitative treatments of ET rate constants.14-

In short, the electron is so much

lighter than the nuclei of the species undergoing ET (and the surrounding solvent) that its transfer
must be considered a Franck-Condon process in which no nuclear motion occurs during the
electron motion. In order for energy conservation to be obeyed, the nuclei must "reorganize" prior
to ET to new orientations, bond lengths, and/or bond angles such that the energy of the system is
the same before and after charge transfer. This concept introduces one of the key kinetic parameters
for ET, the reorganization energy, 2. Other key parameters in the Marcus treatment include an
electronic coupling term, IP1, and the driving force for the reaction (-AG"'). At high-temperature
(and neglecting nuclear tunneling effects), the rate constant for ET takes the form of Eq 1.1:
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kET =

2r

---

I 12

1

-(AGO '+)

,14w7lkB T

2

4tkBT

(1.1)

In simple treatments of electron transfers between two species freely diffusing in solution,
the pre-exponential factor of Eq. 1.1 is sometimes replaced by a "collision factor", Z, which reflects
a value integrated over a variety of intermolecular distances. At room temperature, this value is
typically estimated to be Z = 1011 M- S-. 25 The ET rate then takes the form:

(+(1)

-(AG
kET =

Ze

4AkBT

Theoretical equations that predict PCET rate constants are, in essence, of the same form as
that used for simple ET in Eq. 1.1, with two notable extensions: the reorganization energy in the
case of PCET must reflect a change in charge distribution due to transfer of both electrons and
protons, and more importantly the pre-exponential factor is attenuated due to the need to account
for the overlap of the proton vibrational wavefunctions, which are far more localized than the much
lighter electrons. Both Cukier and Hammes-Schiffer have formulated theoretical treatments of
PCET that reflect these principles.28-30 A common conclusion from these treatments is that PCET
reactions are extremely sensitive to proton tunneling distances.

1.2
1.2.1

Molecular Catalysis and Ligand Participation
Overview
While heterogeneous systems, typically in the form of extended solids, nanoparticles, or

amorphous films, have garnered great attention and wide adoption in the study and application of
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or photocatalysts for energy-storing reactions has remained a critical and growing field of study.
For example, in the case of HER, a number of earth-abundant molecular catalysts for H 2 formation
have emerged in recent years, 3 -43 paving the way for a dramatic increase in publications in this
area. The development of these catalyst platforms is valuable even though many of them do not
yet compete with heterogeneous systems in terms of turnover frequency/number or overpotential.
That is because, unlike in the case of the heterogeneous systems, molecules are well-defined and
able to be precisely designed and characterized. This allows for structure-function relationships,
which are at the heart of scientific inquiry in chemistry, to be assessed in a straightforward manner.
This precise control allows for systematic study of catalytic mechanisms, including the
identification of key intermediates, reaction rates, and rate-determining steps. This in turn allows
for rational improvements on the molecular design to be made in order to increase performance.
For example, as mentioned in Section 1.1.3, facilitating PCET, particularly by controlling proton
transfer distances, is critical during energy storage electrocatalysis and photocatalysis. This
challenge can be addressed directly in molecular systems via the synthetic installation of proton
relays in the secondary coordination sphere to reduce proton tunneling distances by poising them
over metal centers. This strategy has been successfully employed in the literature, 39' 44 including
by our group with the "hangman" porphyrin platform.45
A particular advantage of studying homogenous molecular catalysts in solution is that the
concentration of active catalytic species within the reaction layer is well-defined during
electrochemical experiments, 46 whereas it is an unknown quantity in heterogeneous systems, the
surfaces and morphologies of which are often ill-defined. By knowing the exact number of active
catalytic sites, one can benchmark the intrinsic activity (e.g. turnover frequency, faradaic
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efficiency) of a catalyst in a rational manner. 47 This type of benchmarking has allowed for the
observation of scaling relationships between catalyst performance and kinetic or thermodynamic
parameters such as overpotential or standard reduction potential.48 5 Identification of scaling
relationships, in conjunction with identification of key intermediates during mechanistic
investigations, provides a route toward meaningful advances in catalyst design. For example,
Costentin, Savdant, and co-workers have demonstrated that Fe(O) porphyrins catalyze CO 2
reduction to CO, and that the key intermediate is an Fe(O)-CO 2 adduct.'" In studying this system,
they have found that the energy of this adduct scales linearly with the overall reduction potential
of the complex, such that efforts to tune the electronic properties of the porphyrin to reduce the
energy required to attain the Fe(O) oxidation state were canceled out by decreasing the driving
force and therefore the rate constant for further reactivity of the Fe(O)-CO 2 intermediate. 50 Taking
this observation into account, the porphyrin ligand was modified to introduce through-space
interactions via hydrogen-bonding52 53 or electrostatic
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interactions that stabilized Fe(O)-CO2

without decreasing its subsequent reactivity. In the latter system, such a significant improvement
in activity was achieved that the notion that such a homogeneous catalyst could outcompete a
heterogeneous catalyst is foreseeable. This example clearly demonstrates not only the value of
mechanistic investigations of molecular energy storage catalysts, but also the key role that ligand
participation can play in such processes, a principle on which this thesis focuses.
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1.2.2

Role of Ligands
Beyond the proton-shuttling mentioned in the previous section, ligands of molecular

catalysts can play a number of direct roles in reactivity. The roles most relevant to the systems
explored in this thesis are enumerated in the following sections and illustrated diagrammatically
in Figure 1.3:
LnM(e-)

(a)

Ligand Non-Innocence in ET

--L
L-M-L
L

L,(e-)M
vs.

L-M-L
e-

e-

LnM(e-,H+)

Ln(H+)M(e-)

H+

(b)
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(d)
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B

L

Li Slow
B

Figure 1.3 Illustration of various types of possible ligand participation during molecular
electrocatalysis and photocatalysis

1.2.2.1 ET and PCET: Metal vs. Ligand Centered
While electron transfer reactions of coordination compounds are often associated with
changes in oxidation state of the central metal atom (referred to here as an LnM(e~) process), the
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ligands themselves in some cases can serve as the sites of ET (an La(e)M process, Figure 1.3a).
This simple redox non-innocence of ligands in transition metal complexes has been known and
exploited for years across a diverse set of designs, including a number of catalytic systems.
In recent years, greater attention has been paid to ligand non-innocence in the more
complex PCET processes.60-63 Rather than the traditional metal-only reactivity, denoted here as
LaM(e ,H+), non-innocent systems could show ligand protonation coupled to an ET that is centered
at the metal (Ln(H+)M(e), Figure 1.3b), or in some cases delocalized between the metal and ligand.
Utilization of the ligand as a site of proton transfer during PCET reactions is an important
development because it adds a new axis to consider when designing new catalysts. For example,
Berben and co-workers have shown that that not only does ligand protonation play a direct role in
H 2 formation by a family of aluminum pincer-type complexes, but tuning the pKa value of the
ligand via synthetic modification can alter the HER mechanism. 64 The interplay and competition
between LaM(e ,H*) and Ln(H+)M(e ) PCET underpins the studies presented in Chapters 2-4 of
this thesis.

1.2.2.2 DecouplingPhotochemistryfrom Thermal Chemistry
The development of single-component molecular systems capable of absorbing light and
using that energy to drive energetically uphill reactions like H2 0 or HX splitting is an attractive
avenue of research due to their potential simplicity. However, the challenge of tackling typical
catalyst design problems like multielectron redox chemistry and PCET at the same time as tackling
photochemical/photophysical design problems like stability, absorption profile, and excited-state
lifetimes is formidable.' 3 To the extent that this problem has been addressed, it has usually been
either via the use of synthetically complicated donor/acceptor dyads or triads (which suffer from
fast back-reactions and a lack of multielectron photochemistry), 65 67 or via the use of multinuclear
40
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traps. 13,68 A different and potentially superior strategy is to decouple the metal from the
photochemistry by employing ligands that are capable themselves of serving as a photosensitizer
(Figure 1.3c) and as a source of multiple redox equivalents. This would, in effect, create tandem
cycles during photocatalysis - a photochemical one involving the ligand and a thermal one
involving the metal. Our group has already demonstrated a proof-of-concept of this strategy for
H 2 generation using Ni bipyridyl complexes under UV irradiation in the presence of HCl, though
that system was not catalytic. 69 A system that is in fact catalytic is presented in Chapter 5 of this
thesis.

1.2.2.3

Stabilizing Reactive Species
Ligands have also been used to stabilize otherwise highly reactive species via the use of

non-covalent interactions (Figure 1.3d). In some cases, this allows for the isolation and
characterization of otherwise unisolable intermediates of interest, an example of which is the is the
isolation of a metal-oxido complexes stabilized by hydrogen-bonds in the secondary coordination
sphere by Borovik and co-workers 7 0 Chapter 6 of this thesis explores a conceptually similar case
involving peroxide dianion (vide infra). In other cases, the ligand-stabilization does not render the
reactive species isolable, but it does tune its reactivity to afford greater productive chemistry, as in
the case of CO 2 reduction by Fe porphyrins mentioned in Section 1.2.1 and in a halogen
photoelimination system explored in Chapter 5 of this thesis.
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1.2.3

Key Techniques for Mechanistic Investigations
Two of the key techniques used in studying the electrocatalytic and photocatalytic systems

explored in this thesis are electrochemistry and transient absorption spectroscopy. A brief
explanation of these techniques and their utility for these investigations follows:

1.2.3.1

Electrochemistry
Electrochemistry is naturally a powerful tool for studying the mechanisms of reactions in

which redox transformations occur, and redox transformations are at the core of energy storage
catalysis. With electrochemical techniques, one can use a working electrode as a reactant with
which one has effectively continuous control over the energy, thereby providing unmatched
control over the driving force for electron transfer reactions. Furthermore, the current observed at
an electrode is a direct measurement of reaction kinetics, thereby providing a valuable observable
with which to monitor the reactivity.46 A particularly useful electrochemical technique is cyclic
voltammetry. In this technique, the current at a working electrode is recorded while the
electrochemical potential is varied in one direction linearly over a period of time and then reversed.
The resulting current vs. potential plots, called cyclic voltammograms (CVs), provide valuable
information about the thermodynamics, kinetics, and ensuing chemical reactivity properties of a
redox-active species. Detailed explanations of the relationship between various electrochemical
processes and the shapes/responses of their corresponding CVs can be found elsewhere. 46 We
include in Figure 1.4, for illustrative purposes, examples corresponding to (a) a reversible oneelectron transfer, (b) a follow-up homogeneous chemical reaction coupled to an electron transfer,
and (c) a catalytic cycle involving a heterogeneous electron transfer and a homogenous chemical
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B

B+R

A+P

Potential
Figure 1.4 Simulated CVs showing possible responses corresponding to (a) reversible ET between
species A and B, (b) electron transfer followed by a chemical step to form a new product C, and (c)
catalysis of a reaction in which species R is converted to P.

reaction that regenerates the original species. These examples illustrate just a few of the large
variety of possible CV responses. Careful CV studies of electrocatalytic systems can allow one to
determine extensive mechanistic information, including not only the sequence of electrochemical
and homogenous chemical processes, but also their rate constants. With these values, one can
determine the intrinsic activity of a catalyst in a way such that it can be directly compared and
benchmarked with other catalysts in a manner independent of experimental conditions. 4 7

1.2.3.2

TransientAbsorption Spectroscopy
Time resolution beyond that available by traditional steady-state spectroscopic techniques

is often required in order to directly observe the ET, PT, PCET/H-atom transfer, excited-state
dynamics, and ligand dissociations that form the bulk of the chemical processes investigated in
this thesis. The question becomes, what time resolution is necessary? For excited-state dynamics,
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long-lived phosphorescent states can last as long as a few seconds, but many open-shell transition
metal complexes have lifetimes on the order of picoseconds (10-12 s) or shorter. Beyond
photochemistry, in catalysis the key thermal elementary steps are often too fast to be resolved by
even stopped-flowed time-resolved techniques. As a simple thought experiment, one can consider
a hypothetical ET reaction between two freely diffusing species in solution with an associated
driving force of -AG"' = 0.3 eV and a total reorganization energy of 2 = 1.0 eV. Using the value
of Z = 101 M- s , 2 1 the rate constant for electron transfer is estimated to be kET

s

8.5

x

108 M_'

according to Eq. 1.2. Even in relatively dilute conditions with concentrations on the order of

10-4 M, the timescale of such an ET would be on the order of a few tens of microseconds. Similarly,
key protonation steps in H2 formation cycles can often have rate constants as high as 105 to 108
M

I1 s 71,72

which would also lead to reactions on a sub-millisecond timescale when the acid is

present at typical operative concentrations (> 10-

M). To achieve this wide range in time

resolution (10-4 to 1012 s), pulsed lasers can be employed. Transient absorption (TA)

spectroscopy, schematically represented in Figure 1.5, is a particularly useful laser spectroscopic
technique for molecular systems. It is a pump-probe method in which an initial laser pulse (the
pump, typically either a few nanoseconds or femtoseconds in duration) photo-excites a sample,
and then a second pulse (the probe, either from a laser or a lamp) is transmitted through the sample
to a spectrometer and detected to record the absorbance. Time resolution is achieved by varying
the time delay, td, between the arrival of the pump and the probe pulses. In this way, the time
evolution of the absorption spectra of the sample can be monitored. TA results are customarily
presented as either a difference spectrum (constructed by subtracting the spectrum recorded in the
absence of any pump from that recorded at time

td
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after the pump, as shown in Figure 1.5) or a

single-wavelength kinetics time profile. TA is used as a critical technique throughout this thesis,
with particular emphasis in Chapters 5 and 6.

Pump Pulse

Time

Probe Pulse

Time

td (variable)

I
to

Transient Absorption Spectra
Without Excitation

1-

Difference Spectrum

At time delay td

1

1

0
0 0

0

0
Wavelength

-1
Wavelength

Wavelength

Figure 1.5 Top: Illustration of the pulse sequence in a generic TA experiment. Bottom: construction of a
TA difference spectrum.
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1.3 Overview of Thesis
This thesis explores several systems in which ligand participation plays a critical role in
the reactivity of molecular species in energy storage catalysis. It begins with three chapters that
focus on the mechanism of hydrogen generation by complexes comprised of first-row transition
metals bound by porphyrin (Figure 1.6) and hydroporphyrin ligands. Porphyrins are 18-electron
aromatic tetrapyrrole macrocycles that, when deprotonated, can serve as a dianonic multidentate
ligand for metal ions. A hydroporphyrin is an umbrella term for porphyrin derivatives containing
at least one sp3-hybridized carbon (either at the P or meso positions, see Figure 1.6).

Porphyrins

and hydroporphyrins serve important roles in biology (e.g. photosynthesis, redox activity, oxygen
transport), 74 photodynamic therapy, 75 76 dye-sensitized solar cells,77-79 and catalytic/photo-active
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Figure 1.6 Left: chemical structures of free base and metalloporphyrins, including common names of
the different carbon atoms on the macrocycle periphery. Right: extinction spectrum of Ni(II) 5,10,15,20tetra(pentafluorophenyl)porphyrin.
8
units in metal organic frameworks10-

3

in addition to their catalytic activity for a myriad of small

molecule transformations. Porphyrin complexes have unique electronic absorption spectra
dominated by r,7r* transitions, the most important of which are: 1) an extremely intense (~105 M-
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M1 cm') bands in the visible region called Q bands. 84' 85 The UV-vis spectrum of a Ni(II)
porphyrin, shown in Figure 1.6, serves as a representative example. The absorption spectra of
porphyrins are typically highly sensitive to the type of metal bound by the ligand, the coordination
number, and the redox state of the complex. 85 This allows for straight-forward characterization
and mechanistic analysis using simple optical spectroscopy.
The non-innocent nature of porphyrins with respect to both simple redox (La(e)M vs.
LnM(e&)) and PCET reactions (typically leading to hydroporphyrin formation) in the absence of
redox-active metals has been well-established. 86-9 0 However, despite the rise in literature
describing electrocatalytic 9 1-96 and photocatalytic 97 98 hydrogen generation by metalloporphyrin

complexes containing transition metals, detailed mechanistic investigation of the roles of metals
vs. ligands in such reactivity has been lacking. Chapter 2 of this thesis considers the case of Ni
hangman and non-hangman porphyrins, which have previously been shown to be manifest to
active electrochemical hydrogen evolution.99 The question of whether the key PCET step in the
hydrogen evolution chemistry of the Ni porphyrins is exclusive to the metal center (LaM(e~,H+))
or involves protonation of the macrocycle ligand (Ln(H+)M(e&)) is explored using electrochemical,
steady-state optical spectroscopic, and synthetic experimental methods in conjunction with
detailed density-functional theory (DFT) calculations by collaborators in the Hammes-Schiffer
group. The chapter establishes clear experimental and theoretical evidence that it is the porphyrin
ligand that is in fact protonated when Ni porphyrins are reduced, forming what are known as
"phlorin" species. Evaluation of the role of the Ni phlorin species in the catalytic cycle leads to the
conclusion that the phlorin does not directly form H 2, but is rather an intermediate along a ringreduction pathway that leads to the formation of a doubly-hydrogenated Ni hydroporphyrin known
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as an isobacteriochlorin. Chapter 3 continues along the same study by evaluating the HER activity
of the Ni isobacteriochlorin. Independently-synthesized Ni isobacteriochlorin shows the same CV
response as Ni porphyrin under catalytic conditions, leading to the conclusion that in-situ
hydrogenation of the porphyrin ligand precedes the electrochemical formation of the Ni
isobacteriochlorin, which serves as the actual molecular catalyst for H 2 formation. Analysis of the
electrochemistry and transient absorption spectroscopy of Ni isobacteriochlorin allows for a
proposed mechanistic cycle to be formulated. Moreover, evidence is considered that the ringreduction imparts additional electron-density on the reduced Ni metal center, therefore supporting
a metal-only LaM(e&,H+) PCET chemistry via metal-hydride intermediates, unlike in the case of
the porphyrin.
The

lessons

learned

in

Chapters

2

and

3

regarding

the

role

of ligand

protonation/hydrogenation in enforcing enhanced metal-centered PCET reactivity are extended to
that of rationally-synthesized ligands in Chapter 4. This chapter considers the case of a cobalt
chlorin complex in which the ring-reduction is accomplished using geminal-dimethyl groups on
one of the 8 positions of the macrocycle, thereby "locking-in" the chlorin and mitigating
decomposition/ligand rearrangement. Rigorous structural, spectroscopic, and electrochemical
characterization of the Co chlorin, involving both steady-state and time-resolved techniques,
establish a Co 2+ center centrally bound by the chlorin with significant coupling between the
respective orbital manifolds of the metal and the ligand. Moreover, the Co chlorin shows
significant activity for electrocatalytic hydrogen generation. Detailed CV analysis allows for
determination of the key rate constants, which in turn allows HER activity of the Co chlorin to be
benchmarked against other molecular catalysts. We find that the chlorin complex exhibits
increased turnover frequencies at low overpotentials when compared to porphyrin complexes. We
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porphyrins, due to the increased electron density afforded by the ring-reduced ligand.
Chapter 5 turns its attention to the role of ligands in engendering HX-splitting
photocatalysis. There are two key challenges in such photochemistry, especially using complexes
containing earth-abundant first-row transition metals. First, metal-centered photochemistry is very
difficult due to the ultrashort lifetimes typical of first-row transition metals due to low-lying ligand
field states that rapidly depopulate potentially productive charge transfer excited states.'o0-102
Secondly, quantum yields for halide photo-elimination from metal centers are usually very low in
the absence of energy-wasting chemical traps because the back reaction is usually highly
exothermic. In this chapter, we consider two classes of monomeric Ni complexes that circumvent
these respective challenges via unexpected ligand chemistry. In the first system, a Ni(II) chloride
complex bearing triphenylphosphine ligands is found to be competent for photocatalytic hydrogen
evolution from HCl under UV irradiation. Time-resolved emission and transient absorption
spectroscopy reveal that the triphenylphosphine ligand is the photo-active species, not the Ni metal
center, and that a radical-based tandem cycle in which the light-sensitization and hydrogen
formation/metal-halide activation are decoupled is operative. This provides a strategy for avoiding
the pitfalls associated with Ni excited-state chemistry. In the second system, a Ni(III) trichloride
complex bearing a bidentate phosphine ligand containing aryl groups is shown to photo-extrude
chlorine in high quantum yields even in the absence of a trap. Transient absorption spectroscopy
demonstrates that the back-reaction between the Ni(II) and Cf' radical photoproducts is mitigated
via the formation of a Cl-arene charge-transfer complex with the aryl groups of the ligand. This
ligand-based stabilization of an otherwise highly reactive intermediate allows for productive
forward chemistry to proceed without being prohibitively outcompeted by the back-reaction. Both
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of these HX-splitting photocatalysis systems show the utility of mechanistic investigations in
determining design principles that may improve performance.
Chapter 6 concludes the thesis by demonstrating how well-designed ligand platforms can
enable the measurement of otherwise unmeasurable properties of highly reactive species relevant
to energy conversion. In this case, the electron transfer properties of peroxide dianion, unbound to
protons or metals, are examined by ultrafast transient absorption spectroscopy. The peroxide is
stabilized via encapsulation in a three-dimensional cryptand ligand 0 3"10 4 bearing six hydrogenbond donors. Measurement of the redox properties and kinetics of peroxide dianion are useful due
to their key role in lithium air batteries10 5 as well as in electrocatalytic hydrogen peroxide
generation.106 TA measurement of the rate of oxidation of the peroxide to superoxide is performed
using a family of ruthenium-based photosensitizers with different driving forces, which allows for
a Marcus analysis of peroxide's inherent electron transfer properties in the presence of the cryptand
ligand. Comparison between the experimentally-measured inner-sphere reorganization energy and
that from simple harmonic oscillator and more complicated DFT models reveal that the 0-0 bond
contraction that occurs prior to electron transfer dominates the ET rate, with minimal contribution
from the ligand. This indicates the utility of the cryptand ligand in stabilizing a reactive species
while still allowing faithful measurements of its properties to be performed.
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Chapter 2
Hydrogen Evolution from Ni Hangman Porphyrin:
Phlorin Intermediates and Mechanistic Implications
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This chapter explores the electrocatalytic hydrogen evolution activity of nickel porphyrin
complexes and the surprising non-innocence of the ligand macrocycle in the catalytic mechanism.
As explained in Chapter 1, the electrochemical generation of chemical fuels as a means of storing
energy from intermittent sources of electricity such as solar is an attractive strategy to confront an
increasing global energy demand in a renewable and carbon-neutral manner. 1-5 However, the
formation of even the simplest of these fuels, H 2, requires the catalysis of a multielectron,
multiproton reaction. Such a reaction requires the coupling of electron motion to proton motion in
order to avoid high-energy intermediates that might serve as kinetic or thermodynamic barriers to
efficient catalysis; this can be accomplished by facilitating proton-coupled electron transfer
(PCET).6 -10 Well-defined molecular catalysts allow for the finely-tuned control of structural and
electronic properties necessary for the systematic study of mechanisms of the hydrogen evolution
reaction (HER) and PCET; in the last several decades a number of molecular platforms for HER
catalysis using earth-abundant transition metals have been thoroughly investigated.'

1-8

Catalysts

that successfully exploit PCET processes have traditionally done so by facilitating protonation and
redox events that occur exclusively at the active metal center (the L1 M(e,H+) PCET motif, Figure
39
1.3), often via the installation of proton relays in the secondary coordination sphere. ,19-21

However, researchers have shown a greater appreciation in recent years for an alternative PCET
motif during HER catalysis, in which a metal-centered electron transfer is ultimately coupled to
the protonation of the ligand itself, an "Ln(H+)M(e )" process (Figure 1.3). Internal electron
transfer or strong coupling between metal-based and ligand-based orbitals are likely necessary for
such a process. Examples of catalysts for which this sort of ligand participation has been proposed
include cobalt dithiolenes 4 1'22 and rhodium cyclopentadienyl complexes.2 3
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Chart 2.1 Ni hangman porphyrin Ni-HPX-CO 2H, symmetric Ni porphyrin Ni-P, and Ni phlorin anion
[Ni-Phi]

An important class of HER catalysts is the metalloporphyrin, with examples including
complexes containing Fe'24 25 and Co. 26 ,27 Our group has shown that employing porphyrin ligands
in which pendant acid-base groups have been synthetically installed in the secondary coordination
sphere ("hangman" porphyrins'")20,28 can help modulate PCET steps and improve catalytic
performance. 2 ' However, the ability of porphyrin macrocycle ligands to receive multiple electron
and proton equivalents lends an ambiguity as to the sites of reactivity during catalysis and raises
the possibility of Ln(H+)M(e ) PCET processes playing a key role. We have previously shown that
the Ni hangman porphyrin complex Ni-HPX-CO 2H (Chart 2.1) catalyzes the generation of
hydrogen in the presence of the weak proton donor benzoic acid. 29 An investigation of the catalytic
mechanism via cyclic voltammetry simulations implicated a key intramolecular proton transfer
step, but the site of proton transfer on the porphyrin remained unclear. The work presented in this
chapter builds upon on our initial results and demonstrates an iterative experimental/computational
collaborative process between our research group and the Hammes-Schiffer group at the
University of Illinois Urbana Champaign. Our initial electrochemistry results for Ni-HPX-CO 2H
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Hammes-Schiffer group that form the basis for a new proposed mechanism for HER in which the
porphyrin ligand participates directly in both electron transfer and proton transfer steps to form a
phlorin intermediate ([Ni-Phl[ shown in Chart 2.1). These results then inform ensuing
electrochemical, spectroscopic, and synthetic experiments that provide direct evidence for the
predicted ligand non-innocence. The HER activity of the Ni phlorin species is directly tested, and
the implication of these results on the overall reactivity of the Ni porphyrin complexes is
considered.

2.2
2.2.1

Results
Cyclic Voltammetry of Ni Porphyrins in the Presence of Acid
Cyclic voltammograms (CVs) of Ni-HPX-CO 2H and Ni-P in CH 3CN are shown in Figure

2.1. As shown previously, 2 9 CVs of Ni-P exhibit two reversible waves when scanning in the
cathodic direction, with standard potentials of -1.27 V and -1.83 V vs. the ferrocenium/ferrocene
couple (Fc+/Fc), respectively (Figure 2. 1c, black trace). In contrast, CVs of Ni-HPX-CO 2H show
an irreversible cathodic wave with a peak potential of Ep = -1.80 V located in between two
reversible waves centered at -1.37 V and -1.99 V, respectively (Figure 2.la, black trace). In the
presence of benzoic acid (pKa = 20.7 in CH 3CN),30 the cathodic current of the central wave of the
Ni-HPX-CO 2H CVs increases significantly (Figure 2.1 a), as was shown previously and attributed
to catalytic hydrogen evolution based on gas chromatographic analysis of the headspace following
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bulk electrolysis. 2 9 Similarly, the second reduction wave of the Ni-P CVs also increases in current
upon the addition of benzoic acid (Figure 2.lc), implying catalysis in that case as well.
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Figure 2.1 CVs of Ni-HPX-CO 2H and Ni-P in the presence of benzoic and tosic acids in CH3CN (0.1

M TBAPF6 ) at a glassy carbon electrode with a scan rate of 0.1 V s'1. (a) CVs of 0.34 mM
Ni-HPX-CO 2H in the presence of 0 (black), 0.16 (red), 0.40 (green), 0.80 (dark blue), and 2.0 (light
blue) mM benzoic acid. (b) CVs of 0.4 mM Ni-HPX-CO 2H in the presence of 0 (black), 0.40 (red), 1.0
(green), 2.0 (dark blue), 5.0 (light blue), and 10.0 (magenta) mM tosic acid. (c) CVs of 0.4 mM Ni-P in
the presence of 0 (black), 0.20 (red), 0.40 (green), 0.80 (dark blue), and 2.0 (light blue) mM benzoic
acid. (d) CVs of 0.4 mM Ni-P in the presence of 0 (black), 1.0 (green), 2.0 (dark blue), 5.0 (light blue),
and 10.0 (magenta) mM tosic acid.
The CV response of both Ni-HPX-CO 2H and Ni-P are similar upon the addition of the
stronger proton donor p-toluenesulfonic acid (tosic acid/TsOH, pKa = 8.0 in CH 3CN).30 In both
cases the first reduction wave loses reversibility and the cathodic current increases significantly,
as is shown in Figure 2.1b and d. Bulk electrolysis of a solution of Ni-P in the presence of 15 mM
tosic acid at a potential -1.2 V vs. Fc+/Fc leads to H 2 generation with a faradaic yield of 85% based
on GC quantification of the headspace, suggesting that the addition of tosic acid leads to catalytic
HER near the first reduction potential of Ni-P and Ni-HPX-CO 2H. Careful inspection of the CVs
in Figure 2. 1b and d show a continued rapid rise in current at slightly more negative potentials
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than that of the first reduction wave. This observation and its implications will be re-visited in

Chapter 3 of this thesis.

2.2.2

Determination of the PKa of the Hanging Carboxylic Acid Group of Ni-HPX-CO 2H
To aid in the accurate calculation of the pKa values associated with various intermediates

(vide infra) of proposed HER mechanisms, we sought to measure the pKa of the pendant carboxylic
acid proton of Ni-HPX-CO 2H. This was accomplished by measuring the acid-base equilibrium of
the hangman porphyrin with benzoic acid (C 6H 5CO 2 H), which has a known pKa of 20.7 in
CH 3CN.30
The addition of excess solid anhydrous K 2 CO 3 to a solution of Ni-HPX-CO 2 H in CH 3CN
(0.1 M TBAPF6 ) affords the deprotonated species [Ni-HPX-CO 2] , as a described previously. 29 A
cathodic shift of the first reversible reduction wave, from -1.37 V to -1.42 is observed in CVs
upon deprotonation of the pendant acid group. 2 9 This allows cyclic voltammetry to be used to
evaluate the relative concentrations of Ni-HPX-CO 2H and [Ni-HPX-C0 2 [ during an acid-base
titration experiment. When benzoic acid is introduced to a solution containing [Ni-HPX-CO 2V-,
the following equilibrium occurs:
Keq
[Ni-HPX-CO 2 [-+ C 6H 5COOH

[Ni-HPX-CO 2H 0 + C 6H C0oo

,

The equilibrium constant, Keq, is given by:
[Ni-HPX-CO 2 H][C 6 H5 CO2] _
eq =[[Ni-HPX-CO~2]][C 6 H 5 CO 2 H]

K =

where

KaCXHSCO 2 H

Ka,Ni-HPX-CO 2 H

Ka,C 6HSCOZH

(2.1

Ka,Ni-HPX-CO 2 H

is the dissociation constant of benzoic acid, with a value of 10-20.7 and

is the dissociation constant of the pendant carboxylic acid of Ni-HPX-CO 2H. By

measuring Keq through cyclic voltammetry of [Ni-HPX-C0 2 [ in the presence of benzoic acid, the
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Figure 2.2 (a) Experimental CVs of 0.34 mM Ni-HPX-C02H after treatment with K2CO3 in CH3CN
(0.1 M TBAPFO) at a glassy carbon electrode with a scan rate of 0.1 V s-1 in the presence of 0 (black),
0.076 (red), 0.15 (green), 0.30 (dark blue), 0.60 (light blue), and 3.0 (magenta) mM benzoic acid. (b)
Simulations used to fit the experimental CVs above. The colors of the dotted lines correspond to the
concentrations of benzoic acid used in the experimental CVs.

pKa of Ni-HPX-C02H can be calculated using the relation given in equation 2.1. CVs were
recorded using the solution of the deprotonated species [Ni-HPX-C02]- following treatment with
K2CO3

and after filtration through cotton (Figure 2.2a). Upon the addition of external benzoic acid

in increasing amounts, the reversible reduction wave centered at -1.42 V shifts anodically to the

value of -1.37 V corresponding to the protonated species Ni-HPX-C02H. Simulated CVs were
then fit to the experimental data (Figure 2.2b). For the data fitting, the standard heterogeneous
electron transfer rate constants for both Ni-HPX-C02H and [Ni-HPX-C02]- were fixed at 0.025
cm s- I and the diffusion constant was set to 1.2 x 10-5 CM2 s- 1based on the peak current. Symmetry
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parameter for the data fitting, while the standard potentials for Ni-HPX-CO 2H and
[Ni-HPX-C0 2] were fixed at -1.37 V and -1.42, respectively. The data fitting afforded a value
of 17

3 for Keq, which in turn yields a pKa of 21.9

2.2.3

Summary of DFT Results and Proposed HER Mechanism

0.1 for the pendant carboxylic acid.

Brian H. Solis and Prof Sharon Hammes-Schiffer performed extensive DFT calculations
to gain insight into the electronic structure of the nickel complexes and to propose mechanisms for
the catalytic hydrogen evolution cycles based on thermodynamically-favorable pathways. Their
work incorporated our CV and pKa measurements described above to reference their calculations.
Detailed descriptions of their DFT calculation results and methodologies are available in the
publication that forms the basis of this chapter3 ' as well as Brian's thesis. The most important and
relevant of the Hammes-Schiffer calculations are summarized here.

2.2.3.1

Electronic Structure and Sites of Protonationof Ni-P and Ni-HPX-CO 2H
The relative free energies for various charge, spin, and conformational states of Ni-P were

calculated and compared to determine the most stable of such states. The most stable form of
neutral Ni-P has a bent conformation and a closed-shell singlet electron configuration. The most
stable form of the one-electron reduced complex [Ni-P[ is calculated to have a flat (planar)
conformation and a single unpaired electron localized on the Ni center; the species is therefore
considered to have a Ni(I) oxidation state. The Ni(II) ligand i-radical anion state of [Ni-P] , which
has a bent conformation, is calculated to be higher in energy by 2.75 kcal molP'. The most stable
form of the two-electron reduced complex [Ni-P]2- is a flat triplet with one electron localized on
the Ni center and the other in the macrocycle a-system, and is therefore considered to be a Ni(I)
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ligand 7r-radical anion species. The open-shell singlet Ni(II) ligand 7-dianion species is higher in
1

.

energy by 2.83 kcal mol

Four protonation sites were considered in calculations of Ni-P: 1) the Ni metal center, 2)
the pyrrolic nitrogen, 3) the 7-electrons of the pyrrole, and 4) the meso carbon of the porphyrin
macrocycle (ie the carbon that bridges the pyrroles). Protonation of [Ni-P[ is thermodynamically
favored to occur at the meso carbon to form a neutral phlorin radical (denoted Ni-Phl). The NiPhl species is lower in energy than the next most stable species (the pyrrole-protonated species)
by 10.52 kcal mol-I and it is 29.70 kcal mol-1 more stable than the Ni-protonated species. The
unpaired electron of Ni-Phl is localized on the macrocycle ring, indicating that an intramolecular
electron transfer to access the Ni(II) ligand 7-radical anion is required for protonation to occur.
Protonation of the [Ni-P] 2- is favored to occur at the meso carbon as well to form the phlorin anion
[Ni-Phif. Again, this Ni(II) species is more stable than the corresponding Ni-protonated species
by 27.28 kcal molP. Formation of the [Ni-Phl]~ from [Ni-P] 2- would require a spin flip as well as
an intramolecular electron transfer from the Ni metal center to the macrocycle ring. Such
intramolecular transfers are only a few kcal molP uphill, so they do not provide a thermallyinsurmountable barrier during overall highly thermodynamically favorable protonations.
Electronic structure calculations of Ni-HPX-CO 2H provide a similar picture as that for
Ni-P. The singly reduced [Ni-HPX-CO 2H]~ favors a Ni(I) oxidation state over the Ni(II) ligand
7-radical anion state, and protonation is strongly favored to occur at the meso carbon to form the
neutral phlorin radical Ni-HPhiX-CO 2H. The doubly reduced [Ni-HPX-C0 2H]2- favors a Ni(I)
7-radical anion configuration and protonation at the meso carbon to form the corresponding phlorin
anion. An intramolecular proton transfer from the pendant carboxylic acid located on the xanthene
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to the meso carbon has a reaction free energy of -18.4 kcal mol-1, and calculation of the transition
state yields a predicted proton transfer rate constant of kPT = 2.1 x 108 s-1.
The DFT calculations also allow for computed reduction potentials for the various Ni
complexes considered in this analysis. These reduction potentials are all referenced to a single
experimental value: the standard reduction potential for the Ni-HPX-CO 2H/[Ni-HPX-CO 2H]
couple of -1.37 V vs. Fc+/Fc. The computed reduction potentials are shown in Table 2.1.

Table 2.1 Calculated standard reduction potentials
Ni-HPX-CO 2 H

[Ni-HPX-CO 2 H]~

-1.37 (-1.37)

[Ni-HPX-CO 2H]~

[Ni-HPX-CO 2H] 2 -

-1.85

[Ni-HPhIX-CO2]~

[Ni-HPh X-CO2]2-

-0.81

[Ni-HPhIX-CO2]2-

[Ni-HPhIX-CO 2]3-

-1.96

2

-1.40 (-1.42)'

[Ni-HPX-CO 2 ]

[Ni-H PX-Co 2 ]

[Ni-HPX-CO2]2-

[Ni-H PX-CO2]3~

-2.01 (-1.99)

Ni-P

[Ni-P]

-1.26 (-1.27)'

[Ni-P]

[Ni-P]2

-1.83 (-1.83)

[Ni-P] 2 -

[Ni-P] 3 ~

-2.61

Ni-HPhIX-CO 2H

[Ni-HPhIX-CO 2H]

-0.66

[Ni-HPhIX-CO 2H]

[Ni-HPhIX-CO 2H]2

-1.93

Ni-Phl
[Ni-PhlF

[Ni-Phl]
[Ni-Phl] 2-

-0.59
-1.86

Values given in V vs Fc+/Fc in CH3CN. Experimental values of E 1 2 are given in parentheses, as obtained
from ref 29. See ref 31 for additional calculated values.
*E, 2(Ni-HPX-CO2H/[Ni-HPX-CO 2H]f) was used as the reference and agrees by construction.
t Complex [Ni-HPX-CO 2H] is in the bent down geometry, -2 kcal molF' lower in free energy than the
corresponding bent up structure.
Calculated values corrected from ref 29.
Computed pKa's were all referenced based on the experimental value of the pendant
carboxylic acid measured in Section 2.2.2 above as well as estimates based on the CVs of Ni-HPX-
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CO 2 H and Ni-P with tosic and benzoic acids. A full description of the methodology is available
elsewhere. 3 ' The computed pKa's are shown in Table 2.2.

Table 2.2 Calculated relative pKa's a
Co

pKa

X

Ni-HPX-CO 2H

21.9 (21.9)

[Ni-HPX-CO 2H]

22.5

[Ni-HPX-CO 2H]2-

25.1

[Ni-HPhX-C0 2]~

18.3

[Ni-HPhX-C02]2-

38.6

Ni-Phl

15.0 (8.0-20.7)

[Ni-Ph/1-

35.9 (>20.7)

[N i-Phl] 2

48.6

Ni-HPh/X-CO 2H

14.7 (8.0-20.7)

[Ni-HPh/X-CO 2 H]

34.9

Ni-HPhX-CO 2H

18.9

[Ni-HPhX-CO 2H]-

21.4 (>20.7)

[Ni-HPhX-CO 2H] 2-

22.0

a Calculated relative pKa's given in CH3CN for the removal of the proton relative to the pK of Ni-

HPX-CO 2H or Ni-Phl. Removal of carboxylic acid proton indicated by italicized "H"; removal of
meso carbon proton indicated by italicized "Phl" (See Supporting Information of Ref 31 for
explanation of choice of references.) The experimental values are given in parentheses. The italicized
calculated pKa's were used as references and agree with experiment by construction.

2.2.3.2 ProposedHER Mechanism
On the basis of the DFT calculations, the Hammes-Schiffer group proposed a mechanism
for HER catalysis by Ni-HPX-CO2 H, shown in Scheme 2.1. All reduction potentials and free
energy changes are provided by the calculations. The computed scheme in weak (benzoic) acid
conditions follows the blue arrows. The neutral Ni-HPX-CO 2H is reduced by one electron at --1.37
V and then by a second electron at -1.85 V to form [Ni-HPX-C0 2HJ2 . This species then proceeds
to undergo an intramolecular electron transfer (to form the Ni(II) 7r-dianion) and intramolecular
proton transfer from the hanging carboxylic acid to the meso carbon to form the phlorin anion [Ni-
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Scheme 2.1 Proposed mechanism for catalytic H 2 generation by Ni-HPX-CO 2H based on computed
values from the DFT calculations. The blue arrows correspond to the weak (benzoic) acid pathway, while
the red arrows correspond to the strong (tosic) acid pathway. Standard potentials are given in V vs. Fc'/Fc
and free energies are given in kcal mol-'.

HPhLX-C0 21 2 ~. This PCET process can occur in either discrete (ET-PT, solid arrows) or concerted
(dashed arrow) steps. The hanging carboxylate is re-protonated by external acid and the phlorin
anion is reduced by another electron at a potential of -1.93 V to form [Ni-HPh1X-CO 2H] 2-, which
is protonated either by the internal or external acids to yield H 2 and regenerate the porphyrin

[Ni-HPX-CO 2H]- to close the catalytic cycle.
In strong (tosic) acid conditions, Ni-HPX-CO 2H is reduced by one electron at -1.37 V and
then protonated by external tosic at the meso carbon (with an accompanying internal electron
transfer) to form the phlorin radical Ni-HPhX-CO 2H. This species, which is easier to reduce than
the porphyrin based on its computed standard reduction potential, is rapidly reduced by another
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electron to form the phlorin anion [Ni-HPh1X-CO 2H]-. Protonation of this species by tosic acid
to generate H 2 and Ni-HPX-CO 2H is downhill by 9.24 kcal mol- 1 and closes the cycle.
Similar mechanisms for HER were computed for Ni-P for weak and strong acid conditions,
with the only significant difference being that each proton transfer step must inherently be an
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Figure 2.3 Experimental (black curve) and simulated (red curve) CVs of: (a) 0.34 mM Ni-HPX-CO 2 H
in the absence of external acid, (b) 0.4 mM Ni-HPX-CO 2H in the presence of 1.0 mM tosic acid, (c) 0.4
mM Ni-HPX-CO 2H in the presence of 0.8 mM benzoic acid, (d) 0.4 mM Ni-P in the absence of external
acid, (e) 0.4 mM Ni-P in the presence of 1.0 mM tosic acid, and (f) 0.4 mM Ni-P in the presence of 0.8
mM benzoic acid. The red simulated CV of Ni-HPX-CO 2H in (a) corresponds to the stepwise mechanism
for the intramolecular PCET step. Mechanisms corresponding to a concerted PCET step as well as a
combination of stepwise and concerted pathways are shown as green and blue curves, respectively, in (a)
as well. Parameters used for simulations are tabulated in Table 2.3 and Table 2.4.
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A scheme showing these mechanisms is available in the publication that forms the basis for this
thesis chapter3 ' as well as part of Scheme 2.2 in Section 2.3.

2.2.4

Simulation of CVs
To test the validity of the computed HER mechanisms proposed above, we performed CV

simulations for Ni-HPX-CO 2H and Ni-P in the absence of acid and in the presence of tosic and
benzoic acids (Figure 2.3). Standard reduction potentials for all electrochemical ET steps in the
simulations were fixed at the values computed using DFT, and the equilibrium constants for all
homogeneous chemical steps were based on differences in calculated reduction potentials, pKa's,
and thermodynamic cycles for H2 generation. These parameters were not fit to the experimental
data, although slight refinement would improve the agreement between experimental and
simulated CVs. The simulated CV of Ni-HPX-CO 2 H in the absence of external acid (red curve in
Figure 2.3a) shows reasonable agreement with the experimental CV (solid black curve) in that it
reproduces most of the CV features at appropriate peak potentials. The simulated mechanism
assumed two consecutive reductions to [Ni-HPX-CO 2H]2-, followed by sequential intramolecular
ET-PT to the phlorin [Ni-HPhlX-CO 2] 2-. Re-protonation of the carboxylate is assumed to occur
by neutral Ni-HPX-CO 2H in solution in the absence of external acid. Note that the large shoulder
on the return anodic scan for the Ni(II/I) couple is not reproduced in the simulated CV. This
discrepancy

is

likely due

to the use

[Ni-HPX-C0 2j/[Ni-HPX-CO 2] 2-

of the

reduction

calculated

potential,

-1.40

which

is

V

value

for the

too

close

to

the

Ni-HPX-CO 2H/[Ni-HPX-CO 2H] potential of -1.37 V to be properly resolved in the simulation.
Previous

simulations

that

did

capture

the

shoulder

did

so

by

leaving

the

[Ni-HPX-CO 2] /[Ni-HPX-CO22- reduction potential as a free parameter, resulting in a value of
71

-1.45 V for the couple. 2 9 A difference of 0.05 V is within the accuracy of the DFT calculations,
and all other CV features are well reproduced using the DFT results.
The CV simulations of Ni-HPX-CO 2H in the presence of tosic acid or benzoic acid
assumed the mechanisms depicted in Scheme 2.1. The red curve in Figure 2.3b shows the
simulation when the concentration of tosic acid is set to 1 mM, corresponding to the proposed
mechanism for strong acid in Scheme 2.1 (red arrows). The large increase in current at the
Ni-HPX-CO 2H/ [Ni-HPX-CO 2H]

potential is consistent with the experimental observation of

catalytic H 2 generation at that potential (Figure 2.3b, black curve), though an additional reversible
feature in the experimental trace is not reproduced. This feature is explored in more detail in
Chapter 3 of this thesis. The red curve in Figure 2.3c shows the simulation when the concentration
of benzoic acid is set to 0.8 mM, corresponding to the proposed mechanism for weak acid in
Scheme 2.1 (blue arrows). H 2 is evolved via protonation of [Ni-HPh1X-CO 2H]2- or by selfelimination, necessitating reduction of [Ni-HPhIX-CO 2H]
potential of -1.93

at a calculated standard reduction

V. The simulated CV exhibits a large increase in current near the central

irreversible peak (Ep = -1.8 V), which again is consistent with experimental results (Figure 2.3c,
/

black curve) despite the more negative calculated reduction potential for the [Ni-HPh1X-CO 2H]~

[Ni-HPhIX-CO 2Hj 2 couple. A similar level of agreement between the CV simulations and the
experimentally-generated CVs was found for Ni-P in the presence of tosic acid or benzoic acid
(Figure 2.3d,e,f), with the exception of the case of benzoic acid, where the potential of the catalytic
wave matches well but the current does not. All of the CV simulations presented in Figure 2.3
neglected the possibility of concerted intramolecular PCET; however, alternative simulations that
included this possibility both exclusively as well as in addition to the stepwise pathway both agreed
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with the experimental data to the same extent, as seen in the near perfect overlay of the red, green,
and blue simulated curves in Error! Reference source not found.a. Thus, the CV simulations
were not able to distinguish between the concerted and sequential intramolecular PCET
mechanisms. We emphasize that the CV simulations for Ni-HPX-CO 2H required a total of 38
parameters: 20 were fixed to the DFT results without any adjustment, 4 were assumed to diffusionTable 2.3 Parameters for CV simulations of Ni-HPX-CO 2H a
Heterogeneous/Electrochemical Reactions:
Oxidized Species
Reduced Species
Ni-HPX-CO 2 H
[Ni-HPX-CO 2 H]
[Ni-HPX-CO 2 H][Ni-HPX-CO 2H] 2-

Esm b

-1.37
-1.85

kE / cm S~
0.025 c
0.06 d

[Ni-HPX-CO 2 ]

[Ni-HPX-C0

2
2] -

-1.40

0.025 e

[Ni-HPX-C0 2] 2-

[Ni-HPX-C0 2] 3 -

-2.01

0.06 e

-1.93

0.06f
0.003f

[Ni-HPhIX-CO 2H]

[Ni-HPhIX-CO 2H]

Ni-HPhlX-CO 2H
Homogeneous/Chemical Reactions:

2

[Ni-HPhIX-CO 2H]

Reactants

Products

[Ni-HPX-CO 2 H]2 -

[Ni(II)-HPX-CO 2H] 2

[Ni(II)-HPX-CO 2 H] 2
[Ni-HPhIX-CO 2 ] 2- + Ni-HPX-CO 2 H

[Ni-HPhlX-C0 2] 2[Ni-HPhIX-CO 2H]f+ [Ni-HPX-CO 2 ]

[Ni-HPhIX-CO2 H] 2-

[Ni-HPX-C0 2] 2-+ H 2

2

[Ni-HPX-CO

] + Ni-HPX-CO 2H

Keq g
x 10~ 5

5.2

5.6 x 1017
3.4 x 10
6.2

[Ni-HPX-CO 2 H]~ + [Ni-HPX-CO 2]~

[Ni-HPX-C0 2]3-+ [Ni-HPX-CO 2]~

2 [Ni-HPX-C0 2] 22

]2-+

[Ni-HPX-CO2]3-+ [Ni-HPX-CO 2H]

[Ni-HPX-C

[Ni-HPhlX-C0 2] 2-+ C6H 5COOH
[Ni-HPhIX-CO 2H] 2- + C6H 5COOH
[Ni-HPX-C0 212 - + C6HCOOH
[Ni-HPX-C0 2] 3 ~+ C6HCOOH

[Ni-PhIX-CO 2H] + C6H 5COO
[Ni-HPX-CO 2H] + C 6H 5C00 + H2
[Ni-HPX-CO 2 H] + C 6H 5C00~
[Ni-HPX-C0 2H]2 + C6H 5C00

[Ni-HPX-CO 2H] + TsOH

Ni-HPhlX-CO 2H + TsO

[Ni-HPhlX-CO 2H] + TsO H

Ni-HPX-CO 2 H + TsO + H2

"A diffusion coefficient of 1.2

-0.66

x

[Ni-HPX-CO 2H]2-

x

101

kforward
1 x 1 0 3f
2.1 x 1 0 8 h
1 x 10 6f
2.7

3.9

1 x 104f

x 1010
5.1 x 102

kdiff'
1 x 10 7f

5.4
x 103

> 1 x 10 8

x 101

> 1 x 10 8

2.0

3.8
6.2
3.1

x

103

kdiff
kdiff

5.1 x 106

1 x

10

6.0

2x

1 0 2f

x 106

10- cm2s-I was used for each Ni-HPX-CO H species.

4f

Reduction potentials are calculated with DFT and are given in V vs. Fc+/Fc 2in CH CN.
3
'Value obtained from trumpet plots in ref 29.
d Value estimated from corresponding non-hangman compound in ref 29.
Value set equal to that from trumpet plots of the corresponding protonated species.
'Value obtained by fitting to experimental CV.
g Equilibrium potentials are obtained using reduction potentials and pKa's calculated with DFT, as well
as thermodynamic cycles.
hValue obtained from free energy barrier computed with DFT.
'The forward rate constant of these highly exoergic reactions are assumed to be the diffusion-limited
rate constant: 1 x 101 0 M1 s-1.
b
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limited, 4 were obtained from experimental trumpet plots, and the remaining 10 corresponded to
rate constants that were not available via DFT and therefore were adjusted to fit the experimental
CVs. Upon simulation of the CVs, the rate constants used as free parameters were confirmed to
correspond to physically reasonable values, and those that did not depend on the external acid were
constrained to the same for all acids studied. The reactions and parameters used in the simulations
are shown in Table 2.3 and Table 2.4.

Table 2.4 Parameters for CV simulations of Ni-P a
Heterogenenous/Electrochemical Reactions:
Reduced Species
Oxidized Species
[Ni-PI
Ni-P
[Ni-P] 2 [Ni-P]
[Ni-Phl]
Ni-Phi
[Ni-Phl]2
[Ni-Phl]

Eosim b

-1.26
-1.83
-0.59
-1.86

Homogeneous/Chemical Reactions:
Products
Reactants
[Ni-Phl] + C6H 5C00
[Ni-P]2-+ C 6HsCOOH
2
C 6HsCOO + H 2
[Ni-P]~+
COOH
C
H
+
[Ni-Ph1]
6 5
Ni-Phl +TsO
[Ni-P]f+ TsOH
+ TsO + H2
Ni-P
TsOH
[Ni-Phl]~+

Keq e

1.8 x

k 0ET cm
0.05 C

0.03 C
0.03 d
0.06 d
kforward
kdifff

1015

9.0

1

X

1010

9.3

x

106

5x

1 04d

2.8

x

106

1x

1 0 3d

A diffusion coefficient of 1.2 x 10-5 cm2 s was used for each Ni-P species.
potentials are calculated with DFT and are given in volts vs. Fc+/Fc in acetonitrile.
C
Value obtained from trumpet plots in ref 29.
d Value obtained by fitting to experimental CV.
EEquilibrium potentials are obtained using reduction potentials and pKa's calculated with DFT, as well
as thermodynamic cycles.
-The forward rate constant of this highly exoergic reaction is assumed to be the diffusion-limited rate
constant: I x 1010 M's 1
.

bReduction
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2.2.5

Spectroelectrochemistry of Ni-P and Identification of Phlorin Anion [Ni-PhIl~
Thin-layer spectroelectrochemical characterization of the system in acetonitrile was

employed to further investigate the possibility of phlorin formation upon protonation of reduced
Ni porphyrins. The UV-vis absorption spectrum of neutral Ni-P is shown in Figure 2.4a (black).
This spectrum is characterized by its intense Soret band in the near-UV region and two Q bands in
the visible region, as are typical for metalloporphyrin complexes. Controlled-potential electrolysis
of Ni-P at -1.3 V causes the spectrum to cleanly shift to that of a new species (red) with wellanchored isosbestic points, as shown in Figure 2.4a. The Soret band shifts bathochromically from
398 nm to 413 nm with a concomitant loss in intensity. The
2.5

Q bands at 520

nm and 555 nm both
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Figure 2.4 (a) Thin layer spectroelectrochemistry of 0.3 mM Ni-P in CH 3CN (0.1 M TBAPF6) during
electrolysis at -1.3 V. Spectra were acquired every 8 s during electrolysis. Black trace = initial, red trace

= final. (b) Thin layer spectroelectrochemistry of 0.3 mM Ni-P in CH3CN (0.1 M TBAPF) during
electrolysis at -1.9 V. Spectra were acquired every 12 s during electrolysis. Black trace = initial, green
trace = final.

lose intensity, and two new bands at 358 nm and 608 nm appear during the reduction. We assign
this spectrum to that of the one-electron reduced porphyrin complex [Ni-P]-. Controlled-potential
electrolysis of Ni-P at a potential of -1.9 V generates the spectrum of a new species (Figure 2.4b,
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green) marked by an even less intense Soret band as well as a broad new absorption peak at 612

nm that extends into the near-infrared region. This species is assigned to that of the doubly reduced
porphyrin [Ni-P]2-. Clean isosbestic points are not maintained during this more negative reduction
because the system passes through the monoanion state quickly enough that at some time points
all three charge states of the Ni porphyrin are present simultaneously.
Thin-layer spectroelectrochemistry of Ni-P was next carried out in the presence of an
excess of the weak proton donor phenol (pKa = 29.1 in CH 3CN).3 2 Controlled-potential electrolysis
at a potential of ca. -1.9V in the absence (Figure 2.5a) and presence of 10 mM phenol (Figure
2.5b) show stark differences in spectral progression. While the familiar band at 612 nm is observed
when no proton donor is present, a new, very broad band centered at 769 nm is observed when
excess phenol is present. This spectrum is consistent with those previously reported for
metallophlorin anions,33-36 so we tentatively assigned it to that of the Ni phlorin anion complex
[Ni-PhIf. The absorption spectra of each charge state of Ni-P as well as that of [Ni-PhI] are
shown in Figure 2.5c. To confirm reactivity of [NiP]2- with phenol, we took a CV of Ni-P in the
presence of 1 mM phenol, as shown in Figure 2.5d. Upon addition of phenol the second reduction
wave centered at -1.83 V loses reversibility, the cathodic current increases slightly, and a new
reversible wave centered at -1.92

V vs. Fc+/Fc is observed. This is consistent with an EC

electrochemical process (electron transfer followed by a chemical step), and we assign the new
reversible wave to the [Ni-Ph] /[Ni-Ph12- couple.
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Figure 2.5 Thin layer spectroelectrochemnistry of Ni-P in CH3CN (0.1 M TBAPFO) during controlledpotential electrolysis at ca. - 1.9 V vs. Fc*/Fc in the presence of (a) 0 mM phenol and (b) 10 mM phenol.(c) UV-vis absorption spectra obtained from spectroelectrochemical experiments and assigned to Ni-P
(black), [Ni-P]- (red), [Ni-P] 2- (green), and [Ni-Phl]- (orange). (d) CVs of Ni-P in CH3CN (0.1 M
TBAPFO) at a glassy carbon working electrode at a scan rate of 0. 1 V s-1 in the presence of 0 mM phenol
(black trace) and 10 mM phenol (red trace).
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2.2.6
2.2.6.1

Synthesis, Characterization, and Reactivity of [Ni-Phl]~
Preparationof[Ni-PhilTo support the assignment of the species observed in the thin-layer spectroelectrochemistry

experiment in Figure 2.5b as the phlorin anion [Ni-Phl]J, we sought to independently prepare it
chemically. Toward this end, the doubly reduced porphyrin [Ni-P] 2- was generated in situ via the
gradual addition of decamethylcobaltocene (E0
1.0

=

-1.91 vs. Fc/Fc) 37' 38 to a solution of Ni-P in
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Figure 2.6 (a) UV-vis absorption spectra showing the conversion of Ni-P (black) to [Ni-P 2 - (green)
upon increasing concentrations of decamethylcobaltocene in CH 3CN. (b) Absorption spectra showing
the conversion of the in situ-generated [Ni-P]2- (green) to [Ni-PhIJ (red) upon the addition of 1
equivalent of phenol.
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CH 3CN. The progress of the reduction was monitored by UV-vis absorption (Figure 2.6a), as the

Soret and

Q bands

of neutral Ni-P decreased in intensity and new bands at 415 nm and 612 nm

formed. The resulting spectrum agrees well with that of the [Ni-P] 2 dianion produced using thinlayer spectroelectrochemistry (Figure 2.4b and Figure 2.5a). The addition of 1.0 equivalent of
phenol was accompanied by the disappearance of the bands at 415 nm and 612 nm and the
appearance of a new sharp absorption band at 445 nm in the visible region and a very broad band
centered 765 nm in the near-infrared region, as shown in Figure 2.6b. These absorption features
are consistent with the spectroelectrochemistry result shown in Figure 2.5b. Preparation of the
species on a larger scale was accomplished using two different approaches: a species with an
identical UV-vis absorption spectrum (Figure 2.7) was prepared by sodium/mercury amalgam
reduction in toluene and by bulk electrolysis in CH 3CN (0.1 M TBAPF 6) at a potential of -1.9 V
vs. Fc/Fc in the presence of 1.5 equivalents of phenol. Proton NMR (Figure 2.8a) and highresolution mass spectrometry (Figure 2.8b) of the species isolated from the Na/Hg reduction in
toluene confirm the assignment of [Ni-PhIE].
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Figure 2.7 UV-vis absorption spectrum obtained following sodium amalgam reduction of Ni-P toluene.
The spectrum is assigned to [Ni-Phl][.
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Figure 2.8 (a) 'H NMR spectrum of [Ni-Phil] in CD3CN. (b) High-resolution MS of [Ni-PhiL taken
in negative ion mode.
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2.2.6.2

Electrochemistryof[Ni-PhlElectrochemical investigations of [Ni-Phl] were undertaken in order to experimentally

assess whether it is in fact capable of catalytic hydrogen generation. Cyclic voltammetry of
[Ni-PhI- generated by bulk electrolysis is presented in Figure 2.9a. Scanning initially in the
cathodic direction, the first scan shows a single reversible wave centered at -1.92 V vs. Fc+/Fc
(wave A) as well as an irreversible oxidation wave with a peak potential of -0.44 V (wave B). The
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Figure 2.9 (a) CV of [Ni-Ph1]- in CH3CN (0.1 M TBAPF6 ) at a scan rate of 0.1 V s-1. Solid line: first
scan; dashed line: second scan. (b) CVs of [Ni-Phl] in the presence of increasing concentrations of
benzoic acid ranging from 0 mM (black) to 10 mM (green).
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presence of phenol shown above (Figure 2.5d). A much smaller wave near the -1.27 V standard
potential for the Ni-P/[Ni-P] couple is also observed, indicating a minor amount of residual Ni-P
present in the solution. When the CV scans back in the cathodic direction following the irreversible
oxidation process, a significant increase in current at the Ni-P/[Ni-P] couple is observed (feature
C), along with the appearance of a shoulder near the Ni-P/[Ni-P] 2- standard potential (-1.83 V,
feature D). This suggests the formation of Ni-P upon oxidation of [Ni-Phl][. CVs of [Ni-Phl]~
taken with increasing concentrations of benzoic acid are shown in Figure 2.9b. With benzoic acid
present there is again increased current at the Ni-P/[Ni-P]

couple, as well as a new reversible

wave at approximately -1.47 V, though the currents of these CV features do not grow significantly
as increasing amounts of benzoic acid are introduced. However, the wave at -1.92

V

corresponding to the reduction of [Ni-Phl] loses reversibility and increases in current as more
benzoic acid is added. The peak potential of this reductive process and the irreversible oxidative
process near -0.44 V both shift anodically upon the addition of benzoic acid. In Figure 2.9b the
ratio of the observed current to that of the one-electron wave in the absence of acid, ip0 , does not
exceed 3 at the -1.92 V process even in the presence of a large excess of benzoic acid. This
observation, in combination with the appearance of other waves corresponding to products formed
by the reaction of protons and [Ni-Phl] , makes it difficult to assign the increase in current to
catalytic hydrogen generation. It could rather correspond to non-catalytic electron transfer/proton
transfer steps to form a new species. The apparent reactivity between [Ni-Phl]~ and benzoic acid,
even in the absence of additional reduction processes, precludes bulk electrolysis experiments for
hydrogen quantification to definitively determine the HER activity of [Ni-Phl] from benzoic acid.
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Attention was then turned to the reactivity of [Ni-Phl] with the stronger proton donor tosic
acid. To test for the competency of [Ni-Phl]~ for thermal hydrogen generation from tosic acid, a
17-mL solution of 0.82 mM [Ni-Phl]- in acetonitrile was sealed in a 20-mL vial with a rubber
septum stopper and then injected with a solution containing concentrated tosic acid such that an
excess of acid was added. The color of the solution rapidly changed from dark brown/yellow to
dark purple. The headspace of the vial was analyzed by GC, but no H 2 was detected. As a separate
experiment, UV-vis absorption spectra of [Ni-Phl]~ were taken before and after excess tosic acid
addition, and are shown in Figure 2.10. The spectral features corresponding to [Ni-Phl] rapidly
disappear after the acid is added, while bands at 399 nm, 520 nm, 555 nm, 598 nm, and 621 nm
(as a shoulder) appear. An absorption feature at 797 nm appears in several intermediate-time
spectra but disappears completely by the final spectrum. The new bands at 399 nm, 520 nm and
555 nm match those of Ni-P, while the ones at 598 nm and 621 nm belong to other species. Based
on their similarity to previously published UV-vis spectra, they likely correspond to the ring3
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Figure 2.10 UV-vis absorption spectral change following addition of excess tosic acid to [Ni-Phl] in
CH3CN. Initial spectrum: red; final spectrum: purple. Spectra were acquired over a total period of 20
seconds.
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reduced species Ni(II) isobacteriochlorin (Ni-iBC) and Ni (II) chlorin (Ni-C) (Chart 2.2),
respectively. 39
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Chart 2.2 Ring-reduced Ni complexes: Ni(II) chlorin Ni-C and Ni(II) isobacteriochlorin Ni-iBC.

2.3

Discussion
The CV results presented in this chapter build upon our initial study of Ni-HPX-CO 2H,29

which used CV simulations to propose a mechanism for HER from benzoic acid that involved a
key "PT-ET" step in which the hanging proton transfers to the singly reduced Ni porphyrin
complex in minor pre-equilibrium followed by another electron transfer. By showing the differing
CV responses of Ni-HPX-CO 2H and Ni-P in the presence of weak (benzoic) and strong (tosic)
acids as well as measuring the pKa of the pendant carboxylic acid, we enabled the HammesSchiffer group to perform a detailed computational investigation of the system with a series of
measurables in hand with which to reference and benchmark their results. A new and entirely
different proposed mechanism emerges from the calculations. The previously proposed "PT-ET"
step is not supported, and more surprisingly, protonation of the ligand rather than the metal center
is dramatically favored. For both the singly and doubly reduced Ni porphyrins, the DFT results
point to protonation of the meso carbon of the porphyrin macrocycle to form phlorin intermediates
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instead of the more traditional metal-hydrides. The preference for phlorin formation is both
thermodynamic and structural. For example, in the case of the doubly reduced Ni hangman
porphyrin [Ni-HPX-C0 2H]2-, the PT donor-acceptor distance is shorter by 0.78 A for PT to the
meso carbon than to the Ni center, and the reaction free energy is -18.4 kcal mol 1 for PT to the
meso carbon versus +5.4 kcal mol' for PT to the Ni center. A previous collaborative study 40
between our group and the Hammes-Schiffer group that focused on cobalt hangman porphyrin
HER mechanisms also implicated phlorin formation as a key step in the case of weak acids.
However, strong acids were still predicted to protonate the Co(I) center to form a Co(IIl)-hydride
based on those calculations. In contrast, the DFT results presented here point to phlorin formation
regardless of the strength of the proton donor. Metallophlorin species have also been recently
suggested as intermediates in electrocatalytic generation of H 2 from copper and palladium
porphyrins.41 We should also note that another research group led by Cao and co-workers have
also shown (subsequent to our initial publication) electrochemical HER catalysis by Ni-P in the
presence of proton donors, but they invoke a metal-hydride mechanism instead of the ligand-based
one investigated here. 42
While the ligand non-innocent La(H+)M(e ) PCET mechanism has been considered for
proton transfers in HER catalysts in recent years (as in the cobalt dithiolene and Rh
cyclopentadienyl cases mentioned above), the phlorin-based mechanism shown in Scheme 2.1 is
rare in that the metal serves merely as a spectator during the entire catalytic cycle. In both the
strong and weak acid mechanisms H2 generation occurs via protonation of sp3 -hybridized meso
C-H moiety of the phlorin macrocycle. This C-H bond acts analogously to a metal-hydride, and
H_ can react with protons to form H 2 . Note that storing formal hydride equivalents at carbon
centers is also used in other chemical and biological processes, such as reactions involving the
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reduction of NAD+ (nicotinamide adenine dinucleotide) to generate NADH

and it has been

demonstrated that the heterolytic bond dissociation energy of the C4-H bond in NADH derivatives
is considerably smaller than those of typical sp3 C-H bonds.45
An initial evaluation of the mechanisms proposed from the DFT calculations was
performed via CV simulation. The CV simulations shown in Section 2.2.4 indicate that the peak
potentials for the catalytic waves observed in CVs of Ni-HPX-CO 2H and Ni-P can be reasonably
reproduced using values obtained from the DFT calculations and the mechanistic steps shown in
Scheme 2.1. Although these CV simulations did not definitively prove the validity of the
mechanism proposed by the DFT calculations from the Hammes-Schiffer group, they did
demonstrate their plausibility at the time based solely on the CV experiments.
The thin-layer UV-vis spectroelectrochemical investigation of Ni-P further supported the
validity of the Hammes-Schiffer calculations. In particular, they supported the electronic structure
assignments with regard to the sites of electron transfer as well as the notion of phlorin anion
formation upon electrolysis of Ni-P in the presence of weak acid. The absorption spectrum
obtained upon controlled-potential electrolysis of Ni-P to form [Ni-P] includes the appearance of
new bands at 358 nm and 608 nm. This spectrum matches those obtained for the one-electron
reduction product of similar Ni porphyrins obtained by Savdant and coworkers.46 Those reduced
porphyrins were assigned as Ni(I) species based on electron paramagnetic resonance (EPR)
spectra. The absorption spectrum of [Ni-P]2- obtained by thin-layer spectroelectrochemistry
includes an absorption band in the red region that extends weakly but broadly into the nearinfrared, consistent with the presence of significant 7-radical character on the macrocycle.

7

Therefore, these spectroelectrochemistry results support the DFT results indicating that the first
reduction is primarily metal-centered and the second reduction is primarily ligand-centered. The
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appearance of the UV-vis signature of metallophlorin anion during spectroelectrochemistry of
Ni-P in the presence of excess phenol provides significant experimental validation of the DFT
prediction made by Hammes-Schiffer. Phenol is strong enough to protonate [Ni-P] 2 with AG0 P1

= -9.3 kcal molP'; however, the generation of H 2 from [Ni-Ph1]2- with phenol is calculated to be
thermodynamically uphill by 10.2 kcal mol-1. These calculations suggest that a buildup of a phlorin
intermediate

should

occur under

these

conditions

and therefore

be

detectable

via

spectroelectrochemical methods. This buildup of phlorin intermediate is confirmed by the CV of
Ni-P and phenol (Figure 2.5d), in which a peak assigned to the phlorin reduction
[Ni-Phl][/[Ni-PhJ

2

is observed at E1 2

=

-1.92 V (calculated to be E = -1.86 V) without H 2

evolution. Subsequent synthesis of [Ni-PhW] by chemical and electrochemical reduction at bulk
scale allowed for confirmation of [Ni-PhIf formation via proton NMR and high-resolution mass
spectrometry characterization. Scheme 2.2 summarizes the key results of this chapter by showing
the Ni-P HER mechanism predicted by the ab initio calculations and indicating in blue which
species were experimentally detected (either isolated, observed spectroscopically, or deduced from
cyclic voltammetry) as well as by showing which predicted processes are not observed (see below).
The scheme also shows a new branch at the bottom (marked in green) that indicates the possibility
of ring-reduction of the ligand, which was not accounted for in the original calculations.
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The spectroscopic and electrochemical investigations described above establish a clear
propensity for the Ni porphyrin complexes to direct electrons and protons to their macrocycle
ligand ring, with no observable evidence of protonation of the Ni metal center under the conditions
investigated. That the simple stoichiometric introduction of the weak proton donor PhOH to the
chemically-generated doubly reduced [Ni-P]2- dianion rapidly and cleanly produces the Ni phlorin
anion [Ni-PhlJ suggests that the catalytic hydrogen generation at the second reduction process of
Ni-P using proton donors such as benzoic acid (Figure 2.1c) and acetic acid 4 2 is initiated by the
formation of such a species. This experimentally-observed L.(H )M(e&) PCET process (albeit one
that requires an intramolecular ET) is consistent with the mechanism proposed by HammesSchiffer as opposed to Cao's proposal that invokes direct formation of a Ni(II)-hydride porphyrin
species from the dianion 4 2 (a chemical step calculated to be energetically uphill by 21.5 kcal
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molP1). The Hammes-Schiffer mechanism further proposes hydrogen generation from benzoic acid
via the protonation of the meso C-H following one additional reduction of [Ni-Phl] to form
[Ni-Ph12-. However, while the reversible wave of isolated [Ni-Phl] centered at -1.92 V shown
in Figure 2.9a above does show that [Ni-Phl] 2- is accessible at potentials near the catalysis, CVs

in which benzoic acid is titrated into a solution of [Ni-Phl] (Figure 2.9b) do not show a clear
catalytic response (indicated in Scheme 2.2 with a red "X"). Moreover, the appearance of another
one-electron wave at -1.47 V vs. Fc+/Fc indicates that [Ni-Phl]~ can react with benzoic to form
further ring-reduced species (likely driven thermodynamically by the formation of multiple new
sp 3-hybridized C-H bonds at , positions on the macrocycle). It is likely then that the rise in current
at the -1.92 V wave upon benzoic acid addition is due to further ring reduction, not hydrogen
production. This could explain the difficulty in reproducing the experimental CV response with
the simulated curve in Figure 2.3f.
Addition of tosic acid to solutions containing [Ni-Phl] did not generate any hydrogen gas
(also indicated in Scheme 2.2 with a red "X"), but rather Ni-iBC and Ni-P were rapidly generated
instead, with some Ni chlorin present as well, in apparent multielectron,

multiproton

disproportionation reactions. A likely first step of this process would be protonation of one
equivalent of [Ni-Phl]

leading to the formation of an easily-reduced intermediate capable of

oxidizing a second equivalent of [Ni-Phl] to yield the neutral Ni-Phl radical and yet another
intermediate along the pathway to chlorin/isobacteriochlorin formation. Neutral phlorin radicals
such as Ni-Phl are known to be highly unstable and rapidly disproportionate to form the phlorin
anion and the parent porphyrin. 4 8 The direct formation of neutral porphyrins upon oxidation of
phlorin anions without detection of intermediates is reported throughout the literature 49 ~51 and is
accordingly observed in Figure 2.9a, where a wave corresponding to Ni-P appears during the
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second CV scan of [Ni-Phl]~ after scanning through the irreversible oxidation process. The
intermediate species possessing an absorption band at 797 nm observed during this reaction could
not be isolated, but its absorption spectrum resembles that reported by Wilson and Peychal-Heiling
for a zinc chlorin-phlorin species in which one CJP-Cf bond is hydrogenated and an adjacent meso
carbon is protonated.5 2 This could suggest an assignment of the analogous Ni complex for the
observed intermediate, which would be a likely precursor to Ni-iBC in solution.
It is interesting to consider the contrasting protonation behavior upon reduction of the
porphyrin species Ni-P and its cobalt analog, Co-P, both of which are predicted to undergo
electron transfer at the metal center. We have shown here that with tosic acid Ni-P undergoes an
overall La(H+)M(e~) PCET process to form a nickel phlorin, while Co-P is believed to undergo an
LM(e~,H+) process to yield a Co(III)-hydride. 40 Inspection of the redox behavior of the two
complexes provides a simple thermodynamic rationale for this differing reactivity. As illustrated
in Figure 2.11, the standard potential of the first reduction of Co-P is -1.00 V vs. Fc+/Fc, 40 while
that of Ni-P is -1.27 V and that of the zinc analog Zn-P is -1.40 V. Reduction of d'0 Zn-P must

Co"'-Por

I
-0.75

II

-1.00

Ni"'-Por Zn-PorO-

-1.27

-1.40

V vs Fc/Fc

-1.75

Figure 2.11 Standard reduction potentials of Co-P (green, from Ref 40), Ni-P (red), and Zn-P (purple).
occur at the nr-system of the porphyrin ligand, so the standard potential of Zn-P provides a good
estimate of the energy required to reduce the ligand of each of the analogs discussed in this
analysis. The 130 mV separation between the standard potentials for the reduction of the Ni(II)
center and the reduction and the porphyrin 7i-system agrees very well with the 2.75 kcal molF
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difference between the Ni(I) state and the Ni(II) ligand r-radical anion state predicted by DFT.
Simple Nernstian or Boltzmann considerations indicate that when a CV scans to the Ni(II/I)
potential, ~1% of the reduced species should be

-radical anions via thermally-accessible

intramolecular electron transfer, paving a clear pathway for ligand protonation. On the other hand,
the standard potential for the reduction of the Co(II) center of Co-P is 400 mV more positive than
that of the porphyrin -system, implying that when a CV scans to the Co(II/I) couple, population
of the -radical anion state via intramolecular ET to the porphyrin ligand is negligible, leaving
metal-hydride formation as the only thermally-accessible protonation pathway.
The aforementioned results suggest that the electrochemical generation of the phlorin
species is a key initial step in the protonation chemistry of nickel porphyrin under reducing
conditions, but the phlorin itself is not the species directly responsible for hydrogen generation.
Rather, further ring-reduced complexes such as Ni-iBC that readily form from [Ni-Phl] are
potentially the species responsible. Such species were outside the scope of the Hammes-Schiffer
group's calculations summarized in this chapter. This underscores the point that the utility of such
calculations and corresponding CV simulations is significant, but they must be rigorously
evaluated experimentally whenever possible because often the parameter space for reactivity is too
large to incorporate all potential states/intermediates apriori.The discovery of Ni-iBC formation
motivates the investigations presented in the next chapter of this thesis.

2.4

Conclusions
Electrochemical investigations of a Ni hangman porphyrin and its non-hangman analog

show that the two complexes catalyze hydrogen evolution from strong acid at a potential
corresponding to their first reduction and from weak acid at a potential corresponding to their
second reduction. These results allow for a detailed DFT study of the potential mechanism. The
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calculations point to a mechanism in which the meso carbon of the porphyrin is protonated rather
than the metal center, forming a phlorin intermediate. The mechanism proposed from DFT points
to protonolysis of the phlorin meso C-H as the H 2-forming step. Simulations of the experimental
CVs agree reasonably well with DFT calculations, and a Ni phlorin anion is observed directly by
thin-layer spectroelectrochemistry.
The Ni phlorin anion has been independently synthesized and characterized, but the
ensuing electrochemical and thermal tests of its reactivity with acids indicate that the Ni phlorin
species does not serve as the key species responsible for hydrogen evolution. Instead, the Ni
phlorin is likely a key intermediate along a ring-reduction pathway to form an even more reduced
Ni hydroporphyrin such as Ni isobacteriochlorin, which could serve as the true HER catalyst.
Chapter 3 of this thesis investigates this hypothesis in detail.

2.5

Experimental Details
The DFT calculations and analysis were performed by Brian H. Solis from the Hammes-

Schiffer group at the University of Illinois Urbana Champaign. The Ni porphyrin complexes were
synthesized by Dr. Dilek K. Dogutan and Dr. Christopher M. Lemon. Dr. Dilek K. Dogutan also
performed the CVs of Ni-P in the presence of tosic acid as well as the bulk electrolysis experiment.

2.5.1

General Methods
All manipulations and sample preparation were performed in a N 2 -atmosphere glovebox,

unless otherwise noted. 'H NMR spectra (500 MHz) were recorded on samples at room
temperature. Solvents CH 3CN and toluene were dried with a Glass Contour Solvent Purification
System manufactured by Pure Process Technology, LLC by passing through an activated column
under argon. Tetra-n-butylammonium hexafluorophosphate (TBAPF6 , >99.0% purity) was
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recrystallized in ethanol and dried under vacuum. 5,10,15-tetra(pentafluorophenyl)porphine was
purchased from Frontier Scientific, Inc. P-toluenesulfonic acid (tosic acid), benzoic acid, phenol,
and decamethylcobaltocene were all purchased from Sigma Aldrich and used as received.
UV-vis absorption spectra were recorded at room temperature in quartz cuvettes in
anhydrous CH 3CN on an Ocean Optics USB4000 spectrometer (coupled to a DT-mini-2-GS light
source).

2.5.2
2.5.2.1

Synthesis
MetalloporphyrinsNi-P andZn-P
Prepared as previously reported,2 0 2 9 via the metalation of the free base 5,10,15,20-

tetra(pentafluorophenyl)porphine with Ni(OAc) 2 or Zn(OAc) 2 and subsequent purification by
silica gel column chromatography.

2.5.2.2

Nickel PhlorinAnion [Ni-Ph/f
An excess of sodium mercury amalgam (5%) was added to a solution of Ni-P (5.2 mg, 5 x

10-6 mol) in 5 mL of toluene. The solution was then stirred for 3 hrs. During the reaction the color
of the solution changed from dark red to dark brown/yellow, and the UV-vis absorption spectrum
taken after 3 hrs in CH 3CN is shown in Figure 2.7. The reaction mixture was removed from the
sodium amalgam and dried in vacuo. 'H NMR: 6/ppm (CD 3CN): 7.12 (d, J = 5.0 Hz, 2 H), 6.88
(d, J = 5.0 Hz, 2 H), 6.86 (d, J = 5.0 Hz, 2 H), 6.50 (d, J = 3.2 Hz, 2 H), 5.25 (br s, 1 H). HR-MS
obsd. 1030.9874 (M-); calcd. 1030.9867 (M = C44 H 9F2MN4 Ni). Alternatively, [Ni-Phl] was also
prepared by bulk electrolysis of Ni-P in CH 3CN (0.1 M TBAPF6 ) in a carbon crucible working
electrode (Pt wire counter electrode) by applying a potential of -1.9 V vs. Fc'/Fc in the presence
of 1.5 equivalents of phenol.
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2.5.3

Electrochemistry Details
Thin-layer spectroelectrochemistry experiments were recorded in the glovebox with the

Ocean Optics spectrometer using a 0.5 mm path length quartz cell, a platinum mesh working
electrode, a platinum wire counter electrode, and a non-aqueous Ag/Age reference electrode, all
of which were purchased from BioAnalytical Systems.
Electrochemical measurements were performed in the glovebox at 295 K either a CH
Instruments 730C or 760D Electrochemical Workstation using CHI Version 10.03 software.
Cyclic voltammetry experiments were performed in acetonitrile with 0.1 M TBAPF6 as the
supporting electrolyte. The working electrode was a glassy carbon button (3 mm diameter), the
counter electrode was platinum wire, and the reference electrode was the non-aqueous Ag/Ag*
mentioned above. All CVs were recorded with compensation for Ohmic drop, background
corrected, and referenced to the ferrocenium/ferrocene (Fc/Fc) couple via the presence of a small
amount of ferrocene in the sample solution. The solutions were stirred and the working electrode
polished between each CV acquisition. A typical CV solution was 2.0-4.0 mL in volume, and acid
was added via the addition of small aliquots of concentrated acid solution in order to minimize
dilution. Bulk electrolysis was performed in a gas-tight electrochemical cell containing 0.65 mM
Ni-P and 15 mM tosic acid in CH3CN (0.1 M TBAPF 6). The bulk electrolysis employed a glassy
carbon rod (7 mm x 5 mm) working electrode and a platinum mesh counter electrode. A potential
of ca. -1.2 V was held until 23 C of charge had passed (4186 s). The amount of H 2 gas produced
in the headspace was analyzed by gas chromatography. A faradaic efficiency of 85% was obtained.
CVs were simulated with the DigiElch 7 software.
were set to experimental and theoretical values.
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The parameters used in data fitting

2.5.4

Computational Methods
The DFT calculations performed by the Hammes-Schiffer group and summarized in this

chapter are described in detail elsewhere. 3 ' In short, the complexes were optimized using the
B3P86 functional 54'55 in Gaussian 09.56 Geometry optimizations were performed in acetonitrile
using the 6-31 +G(d,p)
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basis set for the transferring proton and the 6-31 +G(d) 5 8-60 basis set for

all remaining atoms. The acetonitrile solution was modeled using the conductor-like polarizable
continuum model (C-PCM). 6 1,62 Bulky pentafluorophenyl and tert-butyl groups were replaced

with chlorine and methyl groups, respectively, for computational tractability. These substitutions
were chosen due to the similar electron-donating or electron-withdrawing properties as determined
by their Hammett constants. Reduction potentials were calculated relative to reference reactions
to reduce systematic errors in DFT.63 '64 They are reported vs. the ferrocenium/ferrocene couple.
The pKa's were calculated relative to references obtained from analyses of CVs of Ni-HPX-CO 2H
and Ni-P with benzoic and tosic acid.
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Chapter 3
Nickel Isobacteriochlorin Formation from Nickel
Porphyrin and Ensuing Hydrogen Evolution
Catalysis

101

102

3.1

Introduction
This chapter extends upon the previous chapter of this thesis, which presented an

investigation of the mechanism of hydrogen evolution by Ni hangman and non-hangman
porphyrins. Previous studies have established that catalytic hydrogen evolution is observed from
both strong and weak acids upon electrochemical reduction of Ni-P (Chart 3.1).' 2 We have since
shown that the initial protonation of reduced Ni-P occurs at the meso carbon of the porphyrin
macrocycle ligand to form a phlorin anion species [Ni-Phl] (Chart 3.1) rather than a metal-hydride
- a result consistent with DFT calculations by the Hammes-Schiffer group. 3 This chapter explores
the implication of such ligand non-innocence and ring-reduction further in order to evaluate not
only the preferred mechanism of hydrogen generation from the complex, but also its robustness.
Phlorin formation is typically cited as an initial step toward ring reduction of porphyrins to form
hydroporphyrins such as chlorins (hydrogenation of one Cp -C

bond), bacteriochlorins

(hydrogenation of two opposite Cgi-Cfl bonds), and isobacteriochlorins (hydrogenation of two
adjacent Cq-Cfl bonds) via additional protonations, reducing equivalents, and prototropic
tautomerizations.4-9 Indeed, treatment of [Ni-Phl]

with benzoic and tosic acids leads to the

formation of species tentatively assigned as Ni chlorin and Ni isobacteriochlorin (Ni-iBC, Chart
3.1) instead of H 2 generation, as shown in Chapter 2. Such hydroporphyrin species could serve
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Chart 3.1 Ni porphyrin Ni-P, Ni phlorin anion [Ni-Phl] , and Ni isobacteriochlorin Ni-iBC.
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merely as routes toward decomposition of the nickel porphyrin during hydrogen catalysis
conditions. Alternatively, the hydroporphyrin complexes could serve as the catalytic species
themselves. A recent report of photosensitized H 2 generation from Zn porphyrins cites an in situformed Zn chlorin species as the intermediate responsible for hydrogen formation.' 0 A similar
phenomenon could be relevant for HER from Ni-P.
This chapter presents a mechanistic examination of hydrogen generation from the strong
proton donor tosic acid using electrochemical as well as steady-state and time-resolved
spectroscopic techniques with the aim of evaluating the formation of Ni-iBC in greater detail as
well as its ensuing activity for hydrogen evolution. The results implicate in situ-generated Ni-iBC
as the primary active catalytic species. A mechanism is proposed for the overall cyclic
voltammetry (CV) response of Ni-P in the presence of tosic acid, and the reactivity of Ni-iBC is
discussed in terms of the uniquely high nucleophilicity imparted on the Ni(I) metal center by the
highly-saturated macrocycle ligand.

3.2
3.2.1

Results
Electrochemistry of Ni-P in the Presence of Tosic Acid
The lack of H 2 generation and the observed formation of ring-reduced Ni complexes upon

the addition of tosic acid (pKa = 8.0 in CH 3 CN)" to solutions containing [Ni-Phl] motivated a
revisiting of the electrochemical response of Ni-P in the presence of the acid. Cyclic voltammetry
of Ni-P is presented in Figure 3.1. Consistent with past reports, 13 a reversible one-electron
reduction is observed at a standard potential of -1.27 V vs. ferrocenium/ferrocene (Fc/Fc) in the
absence of acid. As observed previously, 3 the addition of tosic acid results in a significant increase
in the cathodic current at this wave along with a loss of reversibility. At low concentrations of tosic
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acid (< 5 mM, Figure 3.1 a), this increase in current at the Ni-P/[Ni-PJ couple is accompanied by
the appearance of a new reversible wave at a potential ~200 mV more negative. This new wave
has a similar current to that of the one-electron reduction wave of Ni-P in the absence of acid. As
seen in Figure 3.1 a, this new wave loses reversibility and increases in cathodic current as tosic acid
concentrations approach 5 mM. Figure 3.1b shows CVs of Ni-P with increasing concentrations of
tosic acid that reach as high as 50.0 mM. At concentrations of tosic acid in excess of 5 mM, the
cathodic current at the Ni-P/[Ni-P[ couple no longer increases with additional acid, but the current
at the new wave at more negative potentials continues to grow significantly, consistent with a
catalytic process at this potential. The current at the Ni-P/[Ni-P]~ couple reaches a maximum
current ratio (i/iP) of -4-5 with respect to the one-electron reduction of Ni-P in the absence of acid
before it stops increasing in current, as seen in Figure 3.1 b. This raises the possibility that the
current at this first wave corresponds to electro-initiated chemical steps rather than catalysis. It
should also be noted that CVs at higher concentrations of acid show trace crossing (vide infra).
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Figure 3.1 CVs of Ni-P (0.71 mM) in CH3CN (0.1 M TBAPF) at a scan rate of 0.1 V s-1 using a glassy
carbon working electrode in the presence tosic acid at the following concentrations (from black to red):
(a) 0, 0.5, 0.75, 1.0, 1.5, 2.0, 3.5, and 5.0 mM; (b): 0, 5.0, 10.0, 20.0, 35.0, and 50.0 mM.
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To test for the formation of a catalytically active electrode-adsorbed film upon possible
electrochemical degradation of the molecular species, as has been reported for other Ni(II)
complexes under reducing and protic conditions,' 2 a rinse test was performed. After taking a CV
in a solution containing 0.71 mM Ni-P and 50 mM tosic acid (Figure 3.2, red trace) and then
holding the system at a potential of -1.7 V vs. Fc+/Fc for 2 minutes, the glassy carbon working
electrode was rinsed with fresh acetonitrile. The electrode was then placed in a new
acetonitrile/electrolyte solution containing 50 mM tosic acid but no Ni-P. A CV taken in the new
solution showed no large catalytic wave (Figure 3.2, black trace), indicating the absence of a
catalytically-active electrode-adsorbed film.

100 pA

-0.4

-0.8

-1.2

-1.6

E / V vs. Fc4/Fc
Figure 3.2 Red trace: CV of 0.71 mM Ni-P in CH3CN (0.1 M TBAPF) at a scan rate of 0.1 V s1 using
a glassy carbon working electrode in the presence of 50 mM tosic acid. Black trace: CV taken using the
same working electrode in fresh CH 3CN/electrolyte solution containing only 50 mM tosic acid after a
potential of -1.7 V vs. Fc*/Fc was held in the solution containing 0.71 mM Ni-P and 50 mM tosic acid
solution for 2 minutes.
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Controlled-potential bulk electrolysis of Ni-P at -1.4 V vs. Fc*/Fc using a carbon crucible
working electrode in the presence of 4.4 equivalents of tosic acid was performed to investigate the
possible chemical modification of the species under reducing and protic conditions. UV-vis
absorption spectra taken during the electrolysis (Figure 3.3) first showed partial conversion to
[Ni-P]- (gray trace), followed by further spectral change as the original Soret band at 399 nm and
Q-bands at 520 nm and 555 nm continued to lose intensity while a new band at 598 nm formed.
As mentioned previously, the appearance of this new absorption band at 598 nm suggests the
formation of Ni-iBC.1 3
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Figure 3.3 UV-vis absorption spectra of before (black) and after (blue) 30 minutes of controlled-potential
bulk electrolysis of Ni-P at a potential of -1.4 V vs. Fc+/Fc in CH3CN (0.1 M TBAPF6 ) in the presence
of 4.4 equivalents of tosic acid. Working electrode: glassy carbon crucible; counter electrode: platinum
wire.

3.2.2

Preparation and Characterization of Ni-iBC
The nickel isobacteriochlorin complex Ni-iBC was prepared chemically by first reducing

Ni-P to [Ni-P[ via the addition of excess cobaltocene (E = -1.31 vs. Fc+/Fc) 1 4 in CH3CN. Tosic
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acid was then added to the solution until the UV-vis absorption spectrum no longer changed upon
further additions. The initial and final absorption spectra taken during the addition of tosic acid are
shown in Figure 3.4. The final spectrum shows a narrow band at 598 nm along with a broadened
Soret band with significantly less intensity than that of the original nickel porphyrin species,
consistent with Ni-iBC formation. The reaction mixture was brought to dryness under vacuum, redissolved in dichloromethane, filtered over a short neutral-alumina column, and brought to dryness
again. Proton NMR of the resulting material (Figure 3.5a) was consistent with an
isobacteriochlorin structure, and high resolution MS (positive ion mode, Figure 3.5b) showed an
observed m/z of 1035.01, corresponding to detection of the M+H+ ion (M = C 44H12F 2 oN4Ni). UVvis absorption spectra taken following the purification procedure showed a small narrow band at
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Figure 3.4 UV-vis absorption spectra of a solution containing in situ-generated [Ni-P] in the presence

of excess cobaltocene before (-) and after (-) the addition of excess tosic acid.

108

747 nm, which is indicative of a residual amount of the nickel bacteriochlorin regioisomer present.
This has been reported previously during syntheses of tetra-meso-aryl isobacteriochlorins.15
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Figure 3.5 (a) 'H NMR of Ni-iBC in CDCl 3 at room temperature. (b) HR-MS of Ni-iBC using positive
ion mode.
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Figure 3.6 (a) CV of Ni-iBC (0.32 mM) in CH 3CN (0.1 M TBAPF6 ) at a scan rate of 0.1 V s1 using
glassy carbon working electrode. (b) Overlay of normalized CVs of Ni-P in the absence of external acid
(black), in the presence of 1.5 mM tosic acid (red), and Ni-iBC in the absence of external acid (blue),
all taken in CH 3CN (0.1 M TBAPF6 ) at a scan rate of 0.1 V s1.
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mass spectrometry result cannot distinguish between these two isomers, but the amount of
bacteriochlorin present is small based on the UV-vis spectra.
Cyclic voltammetry of Ni-iBC is presented in Figure 3.6a. A reversible wave is observed
centered at -1.46 V vs. Fc+/Fc. Two other waves are observed but with very small currents, likely
due to the presence of residual impurities such as Ni-P or Ni bacteriochlorin. The separation
between the cathodic and anodic peak potentials of the observed reversible wave increases at
(a)
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Figure 3.7 (a) CVs of 0.32 mM Ni-iBC in CH3CN (0.1 M TBAPF6 ) at scan rates (v) ranging from 0.05
V s-' (black) to 10 V s-' (blue). (b) Cathodic and anodic peak potential shifts at different scan rates (blue
dots) along with the working curve (red) that furnishes a standard heterogeneous rate constant for
electron transfer of kap = 0.014 cm s'.
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higher scan rates (Figure 3.7a). This deviation from Nernstian behavior is indicative of a slow
electron transfer between the electrode and the complex, and simulation of this scan rate
dependence can be used to determine the apparent standard heterogeneous rate constant for
electron transfer, k

.'7 The resulting "trumpet" plot for this Ni-iBC/[Ni-iBCJ couple is shown
.

in Figure 3.7b, and k a is calculated to be 0.014 cm s- 1

The -1.46 V standard potential for the Ni-iBC/[Ni-iBC] couple places the corresponding
reversible reduction wave at nearly the exact potential as that observed for the new reversible wave
that appears in CVs of Ni-P upon the addition of small amounts of tosic acid, as discussed above.
This observation is clearly illustrated by an overlay of the CVs shown in Figure 3.6b, which shows
normalized CVs of Ni-P in the absence of acid, Ni-P in the presence of 1.5 mM tosic acid, and
Ni-iBC in the absence of acid.
The nature of the one-electron reduced species Ni-iBC- formed at the reversible wave at
-1.46 V was investigated using thin-layer UV-vis spectroelectrochemistry in CH3CN. Figure 3.8a

()

()

IrI
C0

0

0

300

400

500

600

300

700

I

I

Ii

400

500

600

700

Wavelength /nm

Wavelength /nm

Figure 3.8 Thin-layer UV-vis spectroelectrochemistry of Ni-iBC in CH3CN (0.1 M TBAPF). (a)
Potential held at -1.6 V vs. Fc+/Fc for 200 s. The Ni(II/I) couple is shown with Ni-iBC (blue) converting
to [Ni-iBC]~ (orange). (b) Potential held at -0.1 V vs. Fc+/Fc for 120 s after a potential of -1.6 V vs.
Fc+/Fc had been held for 200 s, showing [Ni-iBC] convert back to Ni-iBC.
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shows the spectral evolution as Ni-iBC0 converts to [Ni-iBC] while a potential of -1.6 V vs.
Fc+/Fc is applied at the platinum mesh working electrode. During this reduction process the Soret
band of Ni-iBC (Amax = 383 nm) loses its shoulder at 398 nm and two new shoulders grow in at
336 nm and 360 nm. In the Q-band region the bands at 503 nm, 553 nm, and 598 nm each blueshift during the reduction, with new bands appearing at 491 nm, 537 nm, and 578 nm, respectively.
The stability of the reduced [Ni-iBCJ species on the timescale of the spectroelectrochemistry
experiment is demonstrated by the reversibility of the electrochemical process: applying a potential
of -0.1 V following generation of [Ni-iBC]~ causes the absorption spectra to cleanly convert back
to that of Ni-iBC0 with no loss of intensity (Figure 3.8b).

3.2.3

Electrochemistry of Ni-iBC in the Presence of Tosic Acid
CVs of Ni-iBC in the presence of tosic acid are shown in Figure 3.9. Upon the addition of

acid, the wave at the Ni-iBC/[Ni-iBC]

couple at -1.46 V vs. Fc/Fc loses reversibility and

increases in cathodic current, as shown in Figure 3.9a. As the concentration of acid is increased, a
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Figure 3.9 CVs of Ni-iBC (0.32 mM) in CH3CN (0.1 M TBAPF6 ) at a scan rate of 0.1 V s-1 using a

glassy carbon working electrode in the presence tosic acid at the following concentrations (from black to
red): (a) 0, 0.5, 0.75, 1.0, 2.0, 3.5, and 5.0 mM; (b) 0, 0.5, 1.0, 2.0, 5.0, 10.0, 20.0, and 50.0 mM.
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new, irreversible wave appears at a potential -150 mV more negative than the Ni-iBC/[Ni-iBC]
couple and grows rapidly, as seen in Figure 3.9a and b. The ratio of observed current to ip0 reaches
a value over 150 at a tosic acid concentration of 50.0 mM, indicating the presence of efficient
catalysis. We note that even at high concentrations of tosic acid the catalytic wave has a peak rather
than the S-shaped curve with a well-defined plateau current that is expected for a catalytic system
under pure kinetic control (not limited by diffusion of substrate).' 7 Efforts to increase the scan rate
to achieve a plateau response were unsuccessful and were complicated by the deviation from
Nernstian behavior due to the slow heterogeneous electron transfer rate for reduction of Ni-iBC.
As in the case of the CVs of Ni-P in the presence of tosic acid, trace crossing is observed at higher
concentrations of acid.
A bulk electrolysis of Ni-iBC in CH 3CN in the presence of 30 mM tosic acid was carried
out to confirm that the observed catalytic response for Ni-iBC was indeed hydrogen generation
and to determine the faradaic efficiency. After applying a potential of ca. -1.6 V vs. Fc/Fc and
passing 30.6 C of charge (Figure 3.10a), the headspace was sampled and analyzed by gas
chromatography (GC). GC showed significant hydrogen in the headspace (Figure 3.10b), and
quantification yielded a faradaic efficiency of 86%. The UV-vis spectrum of the resulting solution
following the electrolysis (Figure 3.10c) still matched that of Ni-iBC, with no other new peaks
observable except for a broad sloping feature in the far UV, likely due to contamination by
oxidized species from the counter-electrode compartment during handling of the electrochemical
cell following the experiment.
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Figure 3.10 (a) Charge passed during bulk electrolysis of Ni-iBC in the presence of 30 mM tosic acid
in CH3CN (0.1 M TBAPF6 ) at an applied potential of -1.6 V vs. Fc'/Fc. (b) GC of the headspace
following the bulk electrolysis (black). The retention time for pure H 2 gas is indicated (dashed green).
(c) UV-vis absorption spectrum of the resulting solution following bulk electrolysis. The solution was
diluted by a factor of 5 in the cuvette used for the absorption spectrum.

3.2.4

Nanosecond Transient Absorption
To provide additional insight into the mechanism of HER catalysis by Ni-iBC, the electron

transfer and proton transfer reactivity of the complex were investigated on the fast timescales
afforded by nanosecond laser transient absorption (TA) spectroscopy. To photo-initiate reduction
of Ni-iBC, the flash-quench method was employed using tris(2,2'-bipyridyl)ruthenium(II)
([Ru(bpy) 3]2 +) as a photosensitizer and dimethyl-p-toluidine (DMT) as a reductive quencher. Upon
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Figure 3.11 TA spectra of samples containing 0.38 mM [Ru(bpy) 3][PF6 ] 2, 0.4 M DMT, 0.1 mM Ni-iBC,
and variable amounts of acid in CH3CN (0.1 M TBAPF6 ). (a): 0.0 mM [HDMT]*, time delays ranging
from 20 ns (red) to 7.2 ps (blue). (b): 0.0 mM [HDMT]+, time delays ranging from 7.0 ps (blue) to 57 ps
(black). (c): 0.5 mM [HDMT]+, time delays ranging from 7.0 ps (blue) to 57 ps (black). (d): 5.0 mM
[HDMT]+, time delays ranging from 7.0 ps (blue) to 57 ps (black). ex, = 454 nm.

laser excitation, the triplet excited state of [Ru(bpy) 3 ]

2

+ rapidly

to produce the powerful reductant [Ru(bpy) 3]* (ERu(II/1)

=

oxidizes DMT (kq

-1.75 V vs. Fc+/Fc)

=

109 M1 s-)' 8" 9

20 .

This efficient

reductive quenching of the *[Ru(bpy) 3] 2 + excited state by DMT is demonstrated in Figure 3.11 a,
where an intense growth signal centered near 500 nm is observed in the transient difference
spectrum recorded at a time delay of only 20 ns following laser excitation of a CH 3CN solution
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containing [Ru(bpy) 3 ]2+, Ni-iBC, and a large excess of DMT. Such a spectral signal at 500 nm is
indicative of the generation of [Ru(bpy) 3 ].

21 23

As the time delays of the transient spectra in Figure 3.11 a progress from 20 ns (red) to 7.2
.ts (blue), the [Ru(bpy) 3]* signal at 500 nm disappears and the spectra evolve with good isosbestic
points to one with growths at 436 nm, 487 nm, 537 nm, and 575 nm and bleaches at 402 nm, 551
nm, and 597 nm. These spectral features match those of the difference spectrum generated by
subtracting the steady-state absorption spectrum of Ni-iBC from that of [Ni-iBC]~ (Figure 3.12),
indicating the generation of [Ni-iBC]- by this time delay. Figure 3.11 b shows transient difference
spectra of the same sample at time delays ranging from 7.0 ps (blue) to 57 ps (black). Over this
longer time range the intensity of all of the growths and bleaches decrease uniformly as the
spectrum approaches the zero baseline, with several isosbestics at AOD values of 0.0 mAU. This
indicates the regeneration of the neutral Ni-iBC species, likely due to re-oxidation by the [DMT]+
species.
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Figure 3.12 Difference spectrum generated by subtracting the steady-state absorption spectrum of
Ni-iBC from that of [Ni-iBC]
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Transient absorption spectra of samples of identical composition but with the external
proton donor [HDMT]+, the conjugate of acid of DMT, present are shown in Figure 3.11 c and
Figure 3.11 d. The [HDMT]+ is formed in situ by the addition of tosic acid to the sample, and we
estimate it to have a pKa of approximately 12 in CH3CN based on that of the structurally similar
N,N-dimethylanilinium.

Figure 3.11c shows the spectral progression in the presence of 0.5 mM

[HDMT]* at time delays ranging from 7.0 ps (blue) to 57 ps (black). As in the case of Figure 3.11 b
(no acid), the spectrum at 7.0 ts in Figure 3.11 c matches that of the Ni-iBC/[Ni-iBC]F difference
spectrum, indicating the photo-triggered presence of [Ni-iBC]V. The signal then decays back
toward baseline, but unlike in Figure 3.1 lb, the isosbestic point at 560 nm is not tightly anchored.
TA in the presence of a much larger excess of [HDMT]+ (5.0 mM) is shown in Figure 3.1 Id. In
this case, the familiar Ni-iBC/[Ni-iBC] difference spectrum is still observed at the 7.0 ps delay,
but at diminished intensity. However, an additional growth feature is observed with a nlax of 470
nm as well. This feature matches that of the oxidized [DMT]+ based on previous reports. 2 5
Monitoring the TA kinetics at both the growth at 575 nm and the bleach at 597 nm (Figure 3.13a
and b) show that the presence of [HDMT]+ accelerates the decay of the [Ni-iBC]

signal. The

kinetics monitored at 560 nm (Figure 3.13c) confirm the loss of the isosbestic point when acid is
present, which is indicative of the formation of a new species that absorbs in that spectral region.
Figure 3.13d shows TA spectra taken at a delay of 57 ps in the absence (black) of acid and with
0.5 mM [HDMT]+ (red) present. The diminished signal of the Ni-iBC/[Ni-iBC]

difference

spectrum is readily apparent, though the spectra are roughly similar. However, the bleach at 402
nm remains less diminished in the presence of the acid, and the growths in the 480-560 nm range
appear slightly blue-shifted from those in the spectrum taken without acid. This spectral shift also
suggests the presence of a new species.
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Figure 3.13 TA of samples containing 0.38 mM [Ru(bpy) 3][PF6 ] 2, 0.4 M DMT, 0.1 mM Ni-iBC, and
0.0 mM (m), 0.5 mM (e), or 5.0 mM (A) [HDMT]+ in CH 3CN (0.1 M TBAPF 6) monitored at (a): 575
nm, (b): 597 nm, and (c): 560 nm. (d): TA spectra of the samples containing 0.0 mM (black) and 0.5
mM (red) [HDMT]+ at a time delay of 57 ps. Aex, = 454 nm.

3.3 Discussion
In light of the facile and rapid Ni-iBC formation from the phlorin species, the
electrochemical response of the nickel porphyrin in the presence of strong acid warranted reexamination. Our original analysis of our CV results in the Hammes-Schiffer study (Chapter 2)
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using tosic acid3 and the analysis of Cao and co-workers using trifluoroacetic acid 2 both attributed
the rise in current at the Ni-P/[Ni-P] standard potential at -1.27 V vs. Fc+/Fc to catalytic hydrogen
generation from singly-reduced Ni-P, though the two studies proposed different intermediates (as
explained in Chapter 2). However, in both sets of CVs the current at this potential leveled off at
about four electrons even with increasing acid concentrations, while the current continued to rise
at slightly more negative potentials. Experiments showing the same phenomena again with tosic
acid are shown here in Figure 3.1, with an expanded range of acid concentrations. The assignment
of this initial rise in current to a four-electron, four-proton reduction of Ni-P to Ni-iBC would
certainly be consistent with the results presented so far. Figure 3.1 a and Figure 3.6b clearly show
the appearance of a new reversible wave at -1.46 V at low concentrations of tosic acid. Again, this
is indicative of the build-up of a population of a new species, and independently prepared Ni-iBC
shows a reversible reduction at the exact same potential, as shown in Figure 3.6b. The loss in
reversibility of the wave at -1.46 V and the concomitant rapid rise in current upon the addition of
more equivalents of tosic acid shown in Figure 3.1 suggests that the in situ-generated Ni-iBC
serves as the active catalyst. The significant catalytic current observed near the first reduction wave
in CVs of independently-prepared Ni-iBC provides direct support for its role as the active catalyst,
and the GC measurements following bulk electrolysis confirm that the observed electrocatalysis is
due to hydrogen evolution. Moreover, the catalytic waves in CVs of Ni-iBC occur at nearly
identical potentials and with similar shapes as those in CVs of Ni-P.
Scheme 3.1 summarizes the reactivity of Ni-P under hydrogen evolving conditions based
on the electrochemical and spectroscopic data presented in both this and the previous chapter. The
left side depicts the ligand-based PCET process that converts Ni-P to Ni-iBC via the phlorin
intermediate, while the right side shows a possible catalytic cycle for HER from Ni-iBC via
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Scheme 3.1 Proposed mechanism for ring reduction of Ni-P and ensuing catalytic HER cycle.
exclusively metal-based PCET steps. The catalytic cycle is depicted as an ECEC process
(alternating electrochemical and homogeneous chemical steps involving the formation, reduction,
and protonation of Ni-hydride species) for convenience

-

the CVs shown in Figure 3.9 are

insufficient to assign an exact mechanism. However, the CV response of Ni-iBC in the presence
of tosic acid, which is chiefly characterized by a loss of reversibility of the Ni-iBC 0 /[Ni-iBC]
couple at -1.46 V and the appearance of a catalytic wave at a more negative potential, does
resemble that of either an ECEC or ECCE multielectron catalytic process in which the second
electron transfer is more difficult than the first.2 6 A more detailed electrokinetic treatment

7 27

would be necessary to distinguish between these two possibilities.
The rise in current at the Ni-iBC/[Ni-iBC]

standard potential is consistent with the

nanosecond TA results, which show rapid reactivity between transiently generated [Ni-iBC- and
proton donors. Furthermore, the loss of well-anchored isosbestic points for the [Ni-iBC]~ TA
signal decay in the presence of [HDMT]* shown in Figure 3.1 lc,d, and Figure 3.13c, along with
the subtle spectral changes in the

Q bands in Figure 3.13d, suggest the build-up of a population of
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a transient intermediate following protonation of [Ni-iBC] , even with excess proton donor
present. Concerning the ability to use the transient data to conclusively determine the absorption
spectrum of the purported Ni(III)-hydride intermediate (beyond the observation of the subtle
spectral shifts in Figure 3.13d), we note that global analysis methods can, in principle, accomplish
this. 28,29 However, the small deviation from the isosbestic point we observe points to a very small
signal attributable to the intermediate, and the simultaneous series of reactions occurring during
the transient experiments would require a complicated kinetic model containing numerous
parameters. Such considerations would limit the utility of this kind of analysis in finding a
mcaningful spectrum of the intermediate. Singular value decomposition methods do allow for
"target testing" to determine whether an intermediate with a known spectrum is present in a timedependent series of spectra. 30 However, the Ni(IIl)-hydride (and even the Ni(III)-alkyl analogs)
have yet to be successfully independently-prepared; we therefore do not yet possess their
absorption spectra.
We propose that the metal center is the site of the protonation of [Ni-iBC] , rather than the
ligand like in the case of the porphyrin [Ni-P] , based on the high nucleophilicity of the Ni(I) metal
center and the large energy gap between the Ni(I) state and the Ni(II) ligand -radical anion state.
With regard to the former, Stolzenberg and co-workers have established a high degree of activity
for Ni(I) octaethylisobacteriochlorin for performing SN2-like substitution reactions with alkyl and
aryl halides and tosylates.3 1 32' 3, 3 The same group also demonstrated thermal H2 production from
Ni(I) octaethylisobacteriochlorin when it was treated with proton donors, though no extensive
electrochemical

investigations were performed.

Helvenston and Castro, studying Ni(I)

octaethylisobacteriochlorin as a synthetic mimic of F 430 (a macrocyclic prosthetic group of methyl
coenzyme M reductase), dubbed the species a "supemucleophile" based on similar results with
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alkyl halides. 34 With regard to the latter, the d9 Ni(I) ground state of octaethylisobacteriochlorins
has been established experimentally based on EPR evidence,35,36 and DFT calculations by Ghosh
and co-workers have estimated the Ni(II) i-radical anion state to be higher in energy by -10.5 kcal
mol' '. Interestingly, calculations by Ghosh38 show that Ni chlorins and bacteriochlorins differ
dramatically from Ni isobacteriochlorins in that their Ni(I) and Ni(II) 7t-radical anion states are
essentially isoenergetic or even favor the ligand-reduced species, a result consistent with
experimental evidence. 39 We point out that, as mentioned in Chapter 2, while previous DFT
calculations of [Ni-P] showed a Ni(I) ground state, the Ni(II) porphyrin n-radical anion state was
just 2.75 kcal molP' higher in energy, 3 allowing a thermally-accessible route toward ring reduction
via intramolecular electron transfer. The unique ability of isobacteriochlorin among tetrapyrrole
ligands to support Ni(I) ions has been attributed to the high degree of saturation of the macrocycle
pushing the eg r* orbitals higher in energy than the Ni 3dX2_y? orbital 35 as well as lending a
conformational flexibility necessary to accommodate a large enough core for the large Ni(I)
ion.35'39'40 Finally, we note that the well-studied Ni(I) octaethylisobacteriochlorin anion has a very
similar UV-vis absorption spectrum 35 to that of [Ni-iBCJ generated by spectroelectrochemistry
in this work. This allows us assign the species as a Ni(I) complex with good confidence.
The trace crossings observed in CVs of both Ni-P and Ni-iBC at high concentrations of
tosic acid could be indicative of a chemical side-process that occurs away from the electrode under
diffusion-controlled conditions that leads to the formation of a species that is able to be reduced
during the anodic scan upon diffusing back into the reaction double layer. The high current levels
observed after trace crossing could even indicate that the side-product is competent for HER
catalysis as well. One possibility could be the formation of the isobacteriochlorin-phlorin-like
nickel 1,2,3,7,8,20-hexahydroporphyrin, which has been reported in previous studies of Ni
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octaethylisobacteriochlorin in the presence of reductant and excess protons, and is proposed to
possibly form through a Ni(II)-hydride isobacteriochlorin intermediate. 4' Such a side reaction
would be consistent with the inability to achieve the S-shaped catalytic wave in the CVs of Ni-iBC
even at high acid concentrations, as well as the non-unity faradaic efficiency (86%) reported in
this work. While such hexahydroporphyrin species are known to demetalate under strongly acidic
conditions (excess HBF 4),4 ' this does not appear to occur significantly under the conditions
employed in this study, as no free-base species were observed in UV-vis spectra taken after the
bulk electrolysis of Ni-iBC. Furthermore, the rinse test in which the glassy carbon working
electrode was held at -1.7 V vs. Fc+/Fc in the presence of Ni-P and 50 mM tosic acid demonstrated
no comparable current when scanned in fresh, Ni-P-free solution, which suggests that no active
film was adsorbed to the electrode surface.
The high activity of Ni isobacteriochlorin presented in this work suggests that the rational
design of isobacteriochlorin ligands for use in HER catalysis could be a promising future line of
inquiry. The development of synthetic methodologies to "lock-in" hydroporphyrins as chlorins or
bacteriochlorins9, 42 presents a new avenue toward realizing this by mitigating the stability
problems associated with protic substituents, such as oxidative dehydrogenation back to
porphyrins or prototropic rearrangements to phlorins, porphomethenes, and porphodimethenes.
Extension of such methodology to enforce robust isobacteriochlorin ligands could lead to
improved HER performance as well as fewer mechanistic complications such as side-product
formation.

3.4 Conclusions
Reduction of the nickel porphyrin complex Ni-P in the presence of proton donors leads to
the formation of ring-reduced Ni hydroporphyrins rather than Ni porphyrin hydrides, underscoring
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the importance of ligand-based PCET processes during HER catalysis. The first protonation of
reduced Ni-P occurs at the meso carbon, ultimately forming a Ni phlorin anion [Ni-Phl] , which
has been synthesized, isolated, and characterized (Chapter 2). Reaction of the phlorin anion with
acid leads to further saturation of the ring, rapidly forming the Ni isobacteriochlorin Ni-iBC, but
there is no clear evidence for hydrogen formation directly from the phlorin anion itself.
Cyclic voltammetry of Ni-P in the presence of the strong proton donor tosic acid shows
evidence for the initial wave corresponding to the 4-electron, 4-proton reduction of the ring to form
Ni-iBC, with the large catalytic wave occurring at a slightly more negative potential corresponding
to electrocatalytic hydrogen evolution from the Ni-iBC species. This is supported by the
independent synthesis of Ni-iBC, which shows catalysis at the same potentials as Ni-P in the
presence of tosic acid, with a faradaic yield of 86% for hydrogen generation. The catalytic activity
of Ni-iBC likely involves a metal-centered cycle. The ability of Ni-iBC to form active metal
hydrides when its porphyrin congeners do not is likely due to its unique ability to form a highly
nucleophilic Ni(I) center, whereas other Ni hydroporphyrins direct an appreciable amount of
electron density to the ligand wr-system upon reduction.
The facile ring-reduction of Ni-P underscores the need to manage the non-innocence of
ligand platforms when designing molecular catalysts. Even the active Ni-iBC catalyst could be
capable of further ring reduction and prototropic rearrangements under harsh conditions. This
points to the development of synthetic strategies to enhance its stability as an important goal for
future ligand design.
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3.5
3.5.1

Experimental Details
General Methods and Materials
All manipulations and sample preparation were performed in a N 2-atmosphere glovebox,

unless otherwise noted. 'H NMR spectra (500 MHz) were recorded on samples at room
temperature. Neutral alumina was dried under vacuum while being heated to 140 'C. Solvents
CH3CN, CH2 Cl 2 , and toluene were dried with a Glass Contour Solvent Purification System
manufactured by Pure Process Technology, LLC by passing through an activated column under
argon. Tetra-n-butylammonium hexafluorophosphate (TBAPF 6, >99.0% purity) was recrystallized
in ethanol and dried under vacuum. 5,10,15-tetra(pentafluorophenyl)porphine was purchased from
Frontier Scientific, Inc. P-toluenesulfonic acid (tosic acid), dimethyl-p-toluidine, and cobaltocene
were all purchased from Sigma Aldrich and used as received. Tris(2,2'-bipyridyl)ruthenium(II)
hexafluorophosphate
[Ru(bpy) 3]C

2

([Ru(bpy) 3][PF 6] 2 was precipitated

from an aqueous

solution

of

(Sigma Aldrich) via the addition of sodium hexafluorophosphate (Sigma Aldrich).

The precipitate was collected by filtration and dried in vacuo.
UV-vis absorption spectra were recorded at room temperature in quartz cuvettes in
anhydrous CH 3CN on either an Ocean Optics USB4000 spectrometer (coupled to a DT-mini-2GS light source) or a Varian Cary 5000 UV-vis-NIR spectrophotometer.

Thin-layer

spectroelectrochemistry experiments were recorded in the glovebox with the Ocean Optics
spectrometer using a 0.5 mm path length quartz cell, a platinum mesh working electrode, a
platinum wire counter electrode, and a non-aqueous Ag/Age reference electrode, all of which were
purchased from BioAnalytical Systems.
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3.5.2
3.5.2.1

Synthesis and Characterization
Preparationof Ni-P
Prepared as previously reported,' via the metalation of the free base 5,10,15,20-

tetra(pentafluorophenyl)porphine with Ni(OAc) 2 and subsequent purification by silica gel column
chromatography.

3.5.2.2

Preparationof Ni-iBC
An excess of cobaltocene was first added to a solution of Ni-P (3.6 mg, 3.5

x

10-6 mol) in

5 mL of anhydrous CH 3CN. Then 0.4 mL of a 0.1 M stock solution of tosic acid (6.9 mg, 4

x

10-5

mol) in CH3 CN was added in small aliquots to the reaction mixture until the UV-vis absorption
spectrum converted completely to that of Ni-iBC. The reaction mixture was then dried in vacuo
and re-dissolved in 2 mL of CH 2 C1 2 (a solvent in which tosic acid has low solubility). The
supernatant was then filtered through a short column of dried neutral alumina and again dried in
vacuo. 'H NMR: 3/ppm (CDCl 3): 7.53 (d, J = 4.6 Hz, 2H), 7.10 (d, J
HR-MS obsd. 1035.0073 (M+H+); calcd. 1035.0169 (M

3.5.3

=

=

4.6 Hz, 2H), 3.33 (s, 8H).

C 44H, 2F2 0N 4Ni).

Electrochemical Methods
Electrochemical measurements were performed in a nitrogen-atmosphere glovebox at 295

K on a CH Instruments 760D Electrochemical Workstation using CHI Version 10.03 software.
Cyclic voltammetry experiments were performed in acetonitrile with 0.1 M TBAPF 6 as the
supporting electrolyte. The working electrode was a glassy carbon button (3 mm diameter), the
counter electrode was platinum wire, and the reference electrode was a non-aqueous Ag/Age
apparatus from BioAnalytical Systems, Inc. All CVs were recorded with compensation for Ohmic

126

drop and were referenced to the ferrocenium/ferrocene (Fc/Fc) couple via the presence of a small
amount of ferrocene in the sample solution. The solutions were stirred and the working electrode
polished between each CV acquisition. A typical CV solution was 2.0 mL in volume, and acid was
added via the addition of small aliquots of concentrated acid solution in order to minimize dilution.
Calculation of the working curves in the "trumpet" plot used to determine the standard
heterogeneous rate constant for electron transfer, ks , was performed by simulating cyclic
voltammograms using DigiElch 7 software.

CVs of a reversible reduction using the fixed

parameters a = 0.5, E0 = 0.0 V, D = 7 x 10-6 cm 2 s1, and ks = 0.1 cm s

were simulated for a

large range of scan rates. The working curves were generated by recording the cathodic and anodic
peak potentials of each simulated CV as a function of scan rate. Via an iterative process, the
working curves were shifted until they agreed well with the experimental values, with the best fit
allowing for the calculation of the experimental ks
Controlled-potential bulk electrolysis experiments for H 2 detection were performed in a
gas-tight glass electrochemical cell using a glassy carbon rod (7 mm x 5 cm) working electrode,
platinum wire counter electrode, and Ag/Age reference electrode. Gas chromatography (GC)
measurements were taken to quantify evolved H 2 gas, and the faradaic efficiency was determined
using a calibration curve derived from H2 gas standards generated by adding HCl to a known
quantity of lithium triethylborohydride (a method previously validated by comparison with
Toepler pump combustion experiments).

3.5.4

Transient Absorption
Transient absorption spectroscopy experiments were carried out using a home-built

Nd:YAG pulsed laser system described previously,4 5 but with a Horiba iHR320 spectrometer for
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detection. The 10 ns pulses (Z = 355 nm) from the laser head were tuned using an optical parametric
oscillator (Spectra-Physics) to a wavelength of 454 nm for sample excitation, and the pulse
energies were attenuated to 3.0 mJ/pulse using a neutral density filter. The output of the Xe-arc
lamp was set to 2.5 ms pulses with 30 A current. The monochromator used a grating with a 500
nm blaze and 300 grooves/mm. For all TA experiments the slits for the monochromator were set
to 0.08 mm (1.0 nm resolution). The full TA spectra reported are averages of 100-400 fourspectrum sequences. Drift in the baseline was corrected by setting the AOD at 648 nm (where all
observed transient species are optically silent) to 0.000 AU for all spectra. Sample solutions were
prepared in the glovebox and transferred to 2 mm path length quartz spectroscopy cells sealed with
Teflon stoppers. The samples were stirred using Teflon stir bars during TA acquisitions.
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Chapter 4
Cobalt Chlorin: Characterization and Mechanism
for Hydrogen Evolution
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4.1

Introduction
This chapter builds upon the role of hydroporphyrin ligands in promoting increased

catalytic performance by turning its attention to a rationally-designed and synthesized chlorin
complex. The macrocyclic ring of chlorins is reduced by two electrons and two protons relative to
its parent porphyrin structure. The reduction occurs at the /I-pyrrolic periphery of the macrocycle
and thereby preserves an aromatic 18 x-electron conjugated pathway (Chart 4.1). Structural data
of chlorin macrocycles are consistent with this electronic formulation, as the #,p'-bond external
to the 18 if-electron network exhibits a C-C distance that is consistent with a more localized w
bond.' Hence, the macrocyclic core of chlorins is electronically similar but chemically reduced
relative to porphyrins. In view of the exceptional catalytic activity of porphyrins in promoting
reductive processes such as the hydrogen evolution reaction (HER),2 the carbon dioxide reduction
reaction (CDR) 3-5 and the oxygen reduction reaction (ORR), 2 chlorins present an interesting new
class of catalysts for the activation of small molecules of energy consequence. The extensive
literature on the redox properties and reaction chemistry of porphyrins 6-8 is contrasted by a limited
number of studies on the electrochemistry of metal chlorins with studies primarily focused on
nickel 9"0 and iron"' 12 chlorins. A cobalt chlorin featuring chlorophyll-like substituents is reported
)

to catalyze the two-electron reduction of dioxygen (02) to produce hydrogen peroxide (H 2 0 2

NH
N

NH

N-

N

HN

NHN

Porphyrin

Chlorin
Chart 4.1 c-electron networks in chlorins and porphyrins.

133

chemically at activities higher than that observed for cobalt porphyrins,' 3 "4 which typically drive
ORR to H2 0 as opposed to H 2 0 2 . The same cobalt chlorin has been reported to produce H 2
photochemically at the potential of the photoproduced Ru(bpy)3 + reductant.

5

The potential

dependence of the HER catalysis of chlorins remains undefined, especially with regard to how
catalytic activity is influenced by potential.
The study of chlorins has been facilitated by advances in the synthesis of the macrocycle
that feature various substituents in specific patterns.1 6 The sparsely substituted chlorin macrocycle
1 (Chart 4.2) is available from a concise synthesis in appreciable yields' 7 to afford material on
scales that permit catalysis studies to be undertaken. Moreover, the gem-dimethyl group in the
pyrroline ring bestows stability to the chlorin by preventing adventitious dehydrogenation to the
porphyrin. We now report the insertion of Co into the chlorin to furnish 1-Co (Chart 4.2), which
has been structurally characterized. Inasmuch as there are few structurally characterized simple
metal chlorin complexes,18 a comparison of the crystal structure of 1-Co with that of sparsely
substituted free base chlorin macrocycles furnishes insight to the structural perturbation induced
by a centrally chelated metal ion. 1-Co exhibits a rich redox chemistry, and the various redox
species have been correlated to their steady-state and transient electronic spectra. We establish that

NH

N-

_

N \/N
N

HN

N

1

N

1-Co

Chart 4.2 Free base chlorin 1 and Co chlorin 1-Co.
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the redox chemistry of t-Co is manifest to an active HER catalysis in the presence of trifluoroacetic
acid (TFA). The complex is stable to oxygen, but is unstable in the presence of acid as a promoter
of ORR. 1-Co exhibits higher turnover frequency for HER catalysis at lower overpotentials than
its porphyrin congeners, likely due to an increased hydricity bestowed by the more electron-rich
chlorin macrocycle ligand.

4.2
4.2.1

Results
Preparation of Cobalt Chlorin 1-Co
The free base chlorin 1 is delivered by a de novo synthetic route.1 7 The de novo route builds

the chlorin from pyrrolic constituents rather than relying on the more prevalent route wherein a
porphyrin is converted to a chlorin.1 9 A modified procedure was used to insert Co(II) into the
macrocycle. 2 0 The metalation proceeds quantitatively over 48 h upon treatment of 1 with an 82
mol excess of Co(OAc) 2 in a CH2CL2/CH 30H (4:1) mixture under anaerobic conditions in a
glovebox. The metalation of the chlorin is evident by the paramagnetic broadening of the 'H NMR
resonances (Figure 4.1 a), which stand in contrast to the sharp resonances observed in the 'H NMR
spectrum of 1 (Figure 4.1 b), and the FTIR spectrum. For the latter, the N-H stretching vibration
at 3343 cm' in free base chlorin 1, which is similar to that of free base porphyrins (3310-3326
cm1), 2 1 disappears upon cobalt insertion (Figure 4.2). On the basis of similar assignments in free
base and nickel porphyrin derivatives, two weak bands between 2750 and 3000 cm1 are assigned
to the C-H stretching bands of the meso-carbons, intense vibrations at 1595 and 1620 cm-1 are
assigned to C=C stretching vibrations, and bands at 1350 cm' are assigned to C-N stretching

135

vibrations. The formulation of 1-Co has also been confirmed by LC-MS in the positive ion mode
with m/z= 605.2211 (for M+, where M = C 38H 34 CoN 4 , calcd 605.2115).

(a)

(b)

it

-6

-to4o4
p

Is

1

4

Figure 4.1 (a) 1H NMR spectrum of 1-Co and (b) 'H NMR spectrum of 1.

The paramagnetic properties of 1-Co, indicated by the broad peaks in the 'H NMR
spectrum, are verified by the electron paramagnetic resonance (EPR) spectrum of the complex
(Figure 4.3). Under anaerobic conditions, 1-Co exhibits typical EPR signatures for a Co(II) ion in
the tetragonal field of the chlorin macrocycle. The X-band EPR spectrum exhibits an axial doublet
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2.3 and gi~~ 2.03. Strong and well-resolved

signal with a quasi-axial g tensor of g

59Co

hyperfine

couplings of 98 G are observed for Al.
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Figure 4.2 IR spectra of 1 (green) and 1-Co (blue).
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Figure 4.3 Temperature-dependent EPR spectra (35 K, blue; 50 K, red; 70 K, black) of 1-Co. Inset:
intensity of signal vs. reciprocal temperature.
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4.2.2

Solid-State Crystal Structure
Dark green crystals of 1-Co were obtained by cooling a saturated solution of 1-Co in

pentane at -20 'C. Figure 4.4 displays the X-ray crystal structure for which the details of the
structure determination are listed in Table 4.1. The central cobalt atom resides in a square planar
coordination environment defined by the chlorin macrocycle, which deviates from an ideal planar
system. The average Co-N bond distance of the pyrrolic rings is 1.952(3) A whereas the Co-N
bond distance of the pyrroline unit is 1.9901(18) A. The mesityl substituent is nearly perpendicular
(820) to the mean plane of the macrocycle whereas the p-tolyl substituent is less twisted (510)
(Figure 4.4).

C(3)
C(2)

C7)
C

(5)

C(4)

C(6)

C)

C(8)

N(2)

N(1

CO(O) C(1 0)

C(20)
(19)

C(1 1)

N(4
C(18)
C(1

C9

C(1 6)
C(5)

N(3)
(14)

C(1 2)
C( 13)

Figure 4.4 Solid-state structure of 1-Co with thermal ellipsoids (drawn using SHELX/XP) shown at
the 50% probability level. Selected interatomic distances (A) and angles (deg): d(Col-NI) =
1.9445(17), d(Col-N2) = 1.9660(17), d(Col-N3) = 1.9465(18), d(Col-N4) = 1.9901(18), d(C7-C8)
= 1.356(3), d(C17-C18) = 1.520(4), Z(C1-N1-C4) = 104.66(18), Z(C6-N2-C9) = 104.67(17),
Z(C1 1-N3-C 14) = 104.82(18), Z(C16-N4-C 19) = 107.27(19).
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Table 4.1 Crystal data and structure refinement for 1-Co.

Crystal Data

1-Co

formula
Fw, g/mol

C38 CoH 34 N 4

605.6512

temp K
cryst system

100(2)
orthorhombic

space group

Pbca

color
Z

green
8

a,A

19.2060(9)

b, A
c, A

15.8073(7)

a, deg
6, deg

19.2815(9)
90.00
90.00

y, deg

90.00

V, A

3

dcaic, g/cm
p, mmA

5853.8(5)
1.374

3

0.621
54.26

20, deg
Rla (all data)

0.0649
0.1020
0.0386

wR2 (all data)
RI [(l>2a)]
wR2 [(l>2a)]

0.0900

2

1.023

GOFc (F )
a RI = Y2flFo -

FcII/]FO.b wR2 = (p(w(F02 - Fe2 2)/E(w(F2)2)) 2. cGOF

is the number of data and p is the number of parameters refined.

(Ew(F02 - F2)2 /(n -p))12 where n

Nomenclature for Chlorin Macrocycles

3 4 5 6

7

2

8

20

9 L

B\

pyrrole

C

pyrrole

\A

NH

N - 9

NH

1

pyrrole

N-

10

19
18

N
1
17

HN
1
15

11
12

N
pyrroline

13
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D \

HN

Table 4.3 The degree of distortion from planarity of the macrocycle (A).a

NH

H
HN

/

\
N

NH

N

N

N-

NH

\/

HN

N

NH

N

\/

N

HN

N-

\/

HN

0

Br

CO 2CH 3
H 3CO 2C

FbC

FbC-Br

13

rhodochlorin-1

FbOC

Macrocycle

Avg. deviation

Largest deviation

1-Co
FbCb
FbC-Br13 b
FbOCb
rhodochlorin-1 (triclinic) b
rhodochlorin-i (orthorhombic) b

0.261
0.044
0.081
0.059
0.057
0.063

0.619 (C17)
0.169 (C17)
0.282 (C18)
0.182 (C18)
0.40 (C18)
0.20 (C3)

a Distances between each atom from the least-squares planes of the four nitrogen atoms.

Ref I

Table 4.2 Structural metrics of pyrroline ring (D).

C16-C17
C17-C18
C18-C19
C16-N4-C19
N4-C16-C17
C16-C17-C18
C17-C18-C19
C18-C19-N4

FbC-Br"

1-Co

FbC"

1.505(3)
1.520(4)
1.523(4)

Bond Distances (A)
1.5118(17)
1.509(2)
1.5347(18)
1.534(2)
1.5357(17)
1.529(2)

107.27(19)
111.6(2)
103.13(19)
100.27(19)
111.6(2)

105.20(15)
110.08(17)
106.86(17)
107.02(18)
109.85(16)

a Ref I
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Bond Angles (*)
108.29(10)
112.58(10)
103.36(9)
100.49(9)
113.17(10)

FbOC0

1.4874(13)
1.5211(15)
1.5186(14)
108.99(8)
112.78(13)
103.65(12)
100.97(12)
113.58(13)

Table 4.4 Framework bond angles of Cu-N-Ca (0).
Macrocycle

C1-N1-C4

C6-N2-C9

C11-N3-C14

C16-N4-C19

1-Co

104.66(18)

104.67(17)

104.82(18)

107.27(19)

FbC"
FbC-Br 3 "
FbOC"
rhodochlorin-1 (triclinic)"
rhodochlorin-1
(orthorhombic)"

110.50(10)
110.42(13)
110.49(8)
110.4(4)
110.7(4)

105.05(10)
105.05(13)
105.05(8)
104.0(3)
105.0(4)

110.32(10)
111.07(13)
110.29(8)
111.4(4)
111.2(4)

108.29(10)
108.26(12)
108.98(8)
108.5(4)
108.7(4)

a Ref
1

Table 4.5 Core size cavities of chlorins in (A).
Macrocycle

N1-N2

N2-N3

N3-N4

N4-N1

N1-N3

N2-N4

Ni-Ct

N2-Ct

N3-Ct

N4-Ct

1-Co
FbC"
FbC-Br"1 3

2.75
2.893
2.904

2.775
2.911
2.912

2.788
2.995
2.973

2.794
2.971
2.957

3.889

3.949

1.966

1.943

1.986

4.164
4.196

4.13
4.107

1.95
2.082
2.094

2.044
2.033

2.082
2.103

2.087
2.074

FbOC0

2.912

2.897

2.992

2.932

4.189

4.106

2.087

2.032

2.103

2.074

rhodochlorin-1
(triclinic)0

2.904

2.948

2.961

2.954

4.224

4.095

2.103

2.036

2.121

2.059

2.909

2.932

2.984

2.95

4.239

4.083

2.11

2.025

2.13

2.058

(rhooho bic
a

0

a

Ref 1

Table 4.6 Lengths of pyrrolic Cp-Cp in chlorins (A).

a

Macrocycle

C2-C3

C7-C8

C12-C13

A1 a

I2 a

1-Co
FbC
FbOC

1.344(3)
1.3704(19)
1.3677(16)

1.356(3)
1.3588(15)

1.345(3)
1.3680(19)

-0.012
0.0116

-0.011
0.0092

1.3524(16)

1.3804(14)

0.0153

0.018

Note: A = d(C2-C3) - d(C7-C8) and A 2 = d(CI2-C1 3) - d(C7-C8).
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The chlorin macrocycle of 1-Co undergoes significant out-of-plane distortion upon
metalation, in contrast to the structure of a related free base chlorin,' FbC (analogous to 1 but
lacking meso-aryl groups), which exhibits a nearly planar macrocycle. The distortions from
planarity can be accounted for by the sum of the absolute values of the positive and negative
displacements of the nitrogen atoms of the chlorin from a plane (defined by the four nitrogen
atoms).' The average out-of-plane distortion of FbC is 0.044 A, whereas the average distortion of
1-Co is 0.261 A. Table 4.3 compares the average deviation from planarity to other free base
chlorins as well; in all cases 1-Co is more distorted. Metalation also alters the structural metrics of
the pyrroline ring, as shown in Table 4.2; there is a decrease in the Ca-CP (C 16-C17), Cp-CP (C 17C 18), and Cp-Ca (C18-C19) bond distances of the pyrroline ring of 1-Co as compared to FbC.
The most notable change in the bond angles between 1-Co and FbC is observed at C 17 and C 18
where the hybridization changes from sp2 to sp 3. The bond angles of C 16-Cl 7-C 18 (103.13(19)0)
and C17-C18-C19 (100.27(19)0) in 1-Co are narrowed by 3.7' and 6.80, respectively, compared

to the corresponding bond angles in FbC. Compensation for these narrowed angles (~10.50 in
total) in the 5-membered ring occurs by widening of the remaining three angles: C16-N4-C19
(~2.1 ), N4-C16-C17 (~1.5'), and C18-C19-N4 (~1.70). Metalation also leads to a change in the
Ca-N-Ca framework bond angles (Table 4.4) as well as the core shape and core size of the
macrocycle (Table 4.5). As shown in Figure 4.5, the core size of 1-Co is contracted relative to the
free base species FbC and becomes more symmetric upon insertion of Co into the chlorin
macrocycle, almost assuming a core with a square as opposed to the more trapezoidal geometry of
FbC. Thus, whereas metal insertion causes the core composed of the four nitrogens to assume a
more square-like geometry, there is much greater out-of-plane distortion resulting from the metal
insertion.
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Figure 4.5 The inner core of sparsely substituted chlorin in the presence and absence of a metal.

A final notable structural metric is the bond distance (Table 4.6) of the pyrrolic Cp-Cp bond
C7-C8, which is the double bond external to the 18 zr-electron conjugated pathway shown in Chart
4.1. The C7-C8 double bond of 1-Co is 1.356(3) A, which is statistically indistinguishable from
the other C--Cp pyrrole bond distances of 1-Co (C2-C3 = 1.344(3) A, C12-C13 = 1.345(3) A)
because the differences in bond lengths are not more than three times greater than the estimated
standard deviations added in quadrature.22

143

4.2.3

Absorption Spectroscopy
The UV-vis absorption spectra of 1 and 1-Co, shown in Figure 4.6, exhibit the signature B

(Soret) and Q bands common to tetrapyrrole macrocycles as well as the enhanced

Q band intensity

in the red region particular to chlorins,23 though the two spectra differ significantly from each
other. With respect to the absorption spectrum of 1, 1-Co exhibits a -10 nm hypsochromic shift of
the B(0,0) Soret band and a -40 nm hypsochromic shift of the Qy(0,0) band.
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Figure 4.6 Absorption spectra of 1 (*--)
and 1-Co (-) at room temperature in CH 2 CI 2 . The
spectra are normalized with respect to the Soret band intensities.
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The excited-state dynamics of 1-Co were examined by picosecond-resolved transient
absorption (TA) spectroscopy. Figure 4.7 displays the visible light TA difference spectrum of 1-Co
in toluene upon excitation with a 400 nm laser pulse at a variety of time delays between < 1 ps and
60 ps. Samples of 1-Co are indefinitely stable under TA excitation conditions, as absorption
spectra taken before and after laser irradiation show no change. The transient difference spectrum
shows a prompt broad absorption growth between 425 nm and 550 nm as well as bleaches of the
ground-state

Q bands.

Additionally, an absorption band slightly to the red of the intense 604 nm

ground-state bleach grows in over the first few picoseconds. The transient spectrum returns to
baseline by 60 ps, indicating that excited 1-Co completely relaxes back to its electronic ground

10
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Figure 4.7 Transient absorption spectra of 1-Co at room temperature in toluene at time delays ranging
from < 1 ps (black) to 60 ps (red). Inset: single wavelength kinetics trace monitored at 604 nm. Aex =
400 nm.
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state during that time interval. A biexponential least-squares fit of the single-wavelength trace at
604 nm (Figure 5 inset) yields time constants of 700
8.6

100 fs for the short component decay and

0.2 ps for the long component decay. A monoexponential fit of the fast growth process at

618 nm yields a time constant of 660

40 fs, which matches the faster component of the

biexponential bleach decay at 604 nm. The faster dynamical process is observable for both 400
nm and 600 nm excitation wavelengths, indicating that it is not due to internal conversion from
the 2 B(ir,* r) excited state to the 2Q(,r,* 7r) state. Rather, the fast component may reflect vibrational
cooling, intersystem crossing to either a doublet 2 T(r,*7r) or quartet 4T(r,*7r) excited state, or
relaxation to a (d,d) or charge-transfer excited state.

4.2.4
4.2.4.1

Oxidation Reduction Chemistry
Cyclic Voltammetry
Chlorins 1 and 1-Co exhibit a rich redox chemistry. Cyclic voltammograms (CVs) of 1 and

1-Co, shown in Figure 4.8, reveal a number of reductive and oxidative redox processes, all of
which are electrochemically reversible in the case of 1-Co. From the resting state, 1-Co shows two
reduction waves at standard potentials of E0_ = -1.401 and E2_ = -2.460 V vs. Fc+/Fc (Figure
4.8, red line). The compound also exhibits three oxidation waves centered at E1+ = -0.167,
E+ = 0.430, and EY+ = 0.796 V vs. Fc/Fc. Concerning the reductive processes, we note that an
overlay of the CVs (Figure 4.8) reveals that the reductive processes (E%_ and E2_), in contrast to
the two most positive oxidative processes, are perturbed considerably by the presence of the Co
ion within the chlorin core, with the first reduction shifting in the positive direction and the second
reduction shifting to a more negative potential with respect to 1. Thus, the reduction processes
likely involve molecular orbitals with considerable admixtures of the Co d-orbitals with the chlorin
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Figure 4.8 CVs of 1-Co (-) and 1 (-) (1 mM) in CH3CN (0.1 M TBAPF 6 ) at a scan rate of 0.1 V sunder an Ar atmosphere with a glassy carbon working electrode (3 mm).

frontier orbitals. For simplicity and the purposes of the work described herein, we will use a metal
oxidation state formalism and describe the reductions as Co(II/I) and Co(I/0) processes with the
caveat that these reductions have a parentage involving the chlorin macrocycle.

4.2.4.2 Spectroelectrochemistry
The Co(III/II) couple of 1-Co was further interrogated using thin-layer UV-vis
spectroelectrochemistry by applying an electrochemical potential of 0.04 V vs. Fc+/Fc. Upon
application of the potential, the Soret band at Xmax = 399 nm bathochromically shifts to kmax = 425
nm with a concomitant increase in molar absorption coefficient. The Qy(0,0) band also undergoes
a bathochromic shift, moving 10 nm from 597 nm to 607 nm while maintaining well-anchored
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Figure 4.9 (a) Thin-layer UV-vis spectroelectrochemistry of 1-Co in CH 3CN and 0.1 M TBAPF6 in a
nitrogen-atmosphere glovebox at room temperature (a) Potential held at 0.04 V vs Fc/Fc. The Co(III/II)
couple is shown with Co(I1) (-) and Co(III) (-). (b) Potential held at -1.51 V vs. Fc+/Fc. The Co(1I/1)
couple is shown with Co(II) (-) and the tentatively assigned Co(I) (-).

isosbestic points (Figure 4.9a). The shifts of the Soret and

Q bands

are consistent with spectral

changes expected for oxidation of the Co(II) ion to Co(III) within the chlorin macrocycle.
Consistent with the electrochemical reversibility of this redox couple, the spectrum cleanly reverts
to that of Co(II) when the potential is held at open circuit.
The reduced form of the Co(II) chlorin was interrogated similarly by applying an
electrochemical potential of -1.51 V vs Fc+/Fc. Upon application of potential, the Soret band
decreases in intensity and splits, with the new bands forming at 363 nm and 421 nm. The Qy(0,0)
band shifts 14 nm to 611 nm (Figure 4.9b). Such spectral shifts likely correspond to the Co(II/I)
redox couple; the shifts are reversible upon returning cleanly back to Co(II) when held at open
circuit potential.
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4.2.5

Electrocatalysis

4.2.5.1 Oxygen Reduction
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Figure 4.10 (a) CVs of the Ei+ process of 1-Co (1 mM) in CH3CN (0.1 M TBAPF6 ) at a scan rate of 0.1
V s 1 with a glassy carbon working electrode (3 mm) under an Ar atmosphere (-) and in a saturated 02
solution (8.1 mM) (-). (b) CVs of 1-Co (1 mM) in CH 3CN (0.1 M TBAPF6 ) at a scan rate of 0.1 V swith a glassy carbon working electrode (3 mm) in a saturated 02 solution (8.1 mM) in the presence of 1
mM chloroacetic acid. Evolution with time: from 0 min (-) before the addition of acid until 30 min (-).
Around 5 min elapsed between each CV. (c) CVs of 1-Co (1 mM) in CH 3CN (0.1 M TBAPF6 ) at a scan
rate of 0.1 V s-1 with a glassy carbon working electrode (3 mm) in a saturated 02 solution (8.1 mM).
Addition of chloroacetic acid (from black to red): 0, 1, 2, 5, 10, 20, and 50 mM.

With access to 1-Co on scales approaching 20-100 mg per synthesis, we were able to
undertake exploratory studies of 1-Co as a small molecule reduction catalyst with emphasis on
ORR and HER. With regard to the former, the addition of 02 has no effect on the Co(III/II) (E1o+)
process, which remains fully reversible and unchanged in potential (Figure 4.1 0a) during CV
cycling. In the presence of both oxygen and acid, however, the catalyst decomposes to a yet
unidentified product. This chemical instability is evident by the prompt decrease in the current of
the Co(III/II) CV wave upon the addition of 1 mM chloroacetic acid (ClAcOH) to an oxygenated
solution of 1-Co. A catalytic wave is observed to more negative potentials under these conditions,
and the current of this wave varies over time. A stable current and reproducible CV is achieved
only after 30 min (Figure 4.10b). Addition of acid results in an increase in catalytic ORR current
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(Figure 4.1 Oc). We attribute this catalysis to the decomposition product of 1-Co. The
decomposition may be reproduced chemically when 1-Co is exposed to humid air over long
periods of time. The CV waves of 1-Co in air-decomposed samples are negligible (Figure 4.11 a).
Notwithstanding, we observed high ORR activity from the decomposed product (Figure 4.11 b)
that is very similar to that shown in Figure 4.1 Oc, as is evident when the traces are overlaid (Figure
4.1 1c). We therefore conclude that 1-Co decomposes in the presence of oxygen and acid, most
likely due to a slow reaction with oxygen that is accelerated via an acid-catalyzed process. It is
this decomposition product that gives rise to the apparent ORR activity of 1-Co.
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Figure 4.11 (a) CVs of 1-Co (1 mM) (-, red) and decomposed 1-Co (-,

blue) in CH3CN (0.1 M TBAPF6

)

' '9',

-

-20-

at a scan rate of 0.1 V s-' under an Ar atmosphere. (b) CVs of decomposed 1-Co (1 mM) in acetonitrile
(0.1 M TBAPF6 ) at a scan rate of 0.1 V s-1 in a saturated 02 solution (8.1 mM). Addition of CIAcOH acid:
0, 20, 50, 100, 200, and 500 mM (bottom to top). (c) CVs of 1-Co (1 mM) (-, red) and decomposed 1-Co
(-, blue) in CH3CN (0.1 M TBAPF6 ) at a scan rate of 0.1 V s1 in a saturated 02 solution (8.1 mM) and in
the presence of 20 mM of ClAcOH.
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4.2.5.2 Acid Stability and Reductive Dechlorinationof CIA cOH
Whereas the chlorin framework of 1-Co appears to be unstable in an environment
containing both acid and oxygen, it is stable in the presence of acid alone with the caveat that acids
that are too strong will lead to demetalation of the chlorin. For example, a CV wave (EP

-1.3 V

vs Fc+/Fc) appears at potentials positive of the Co(II/I) couple when 1-Co is titrated with a strong
4

as shown in Figure 4.12a.

Bulk electrolysis performed at potentials more negative than -1.3

V vs Fc+/Fc confirms

acid such as p-toluenesulfonic acid (tosic acid, pKa = 8.6 in CH 3CN),

demetalation of 1-Co, as the absorption spectrum of the solution following bulk electrolysis shows
the presence of 1 (Figure 4.12b); thin layer chromatography (Figure 4.12c) and MS (Figure 4.12)
also establish the presence of demetalated chlorin. Conversely, bulk electrolysis of 1-Co
performed in the presence of weaker acids such as ClAcOH (pKa = 15.3 in CH 3CN)24 and TFA
(pKa = 12.7 in CH 3CN)24 show no presence of 1 in absorption spectra of bulk-electrolyzed
solutions. Accordingly, to avoid complications arising from demetalation, we undertook the study
of HER catalysis by 1-Co under these weaker acid conditions. In considering the choice of the
weaker acid, reduced Co tetrapyrrole macrocycles are known to be strong nucleophiles and thus
HER reactions may be complicated by competing SN 2 reactions of weak C-X bonds. Such
reactivity has been observed for Co porphyrins and cobalamin complexes, which perform catalytic
reductive dechlorination of alkyl chlorides. 2 5,2 6 Figure 4.13a shows CVs of 1-Co in the presence
of increasing concentrations of ClAcOH. The rapid rise in current at E'_ indicates a catalytic
process, but very little H 2 (5% faradaic yield) was measured in the headspace following a bulk
electrolysis (Figure 4.13b). Addition of silver triflate to the bulk-electrolyzed solution leads to
precipitation of a white solid identified as AgCl (Figure 4.13c), indicating the formation of a
significant concentration of Cl anions during the catalytic process. This is consistent with 1-Co
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primarily catalyzing the reductive dechlorination of ClAcOH rather than HER. Accordingly,
studies of HER focused on the use of TFA, which is less prone to nucleophilic attack by the
reduced Co chlorin center owing to the presence of stronger C-F vs C-Cl bonds.
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Figure 4.12 (a) CVs of 1-Co in CH3CN (0.1 M TBAPF) at a scan rate of 0.2 V s-1 with a glassy carbon
working electrode in the presence of tosic acid at concentrations ranging from 0.033 mM (-, black) to
0.66 mM (-, red). (b) Absorption spectrum of the crude reaction mixture after bulk electrolysis of 1-Co
in the presence of tosic acid in CH 2 CI 2 (-, black). Absorption spectrum (-, red) of 1 in CH 2 Cl 2 . (c)
Silica TLC plate (3:1, hexanes/CH 2Cl 2) of bulk electrolyzed solutions of 1-Co in the presence of tosic
acid. (d) Mass spectrum of a bulk electrolyzed solution of 1-Co in the presence of tosic acid.
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Figure 4.13 (a) CVs of 1-Co (1 mM) in CH 3CN (0.1 M TBAPF) at a scan rate of 0.1 V s-1 under an Ar
atmosphere with a glassy carbon working electrode (3 mm). Addition of CIAcOH (from black to red): 0,
1, 2, 5, 10, 20, 50, and 100 mM. (b) GC of the headspace following bulk electrolysis of 1-Co in the presence
of 30 mM ClAcOH (12 C passed) (-, black) and an H 2 gas standard (-, green). (b) Powder X-ray
diffraction of the precipitate formed by adding an excess of silver triflate to the bulk electrolysis solution
following electrolysis (-, black) and AgCl powder diffraction (ICDD #00-031-1238) (-, red).
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4.2.5.3 Hydrogen Evolution Using TrifluoroaceticAcid
Titration of TFA to 1-Co gives rise to a significant increase in current of the Co(II/I) (EL_)
wave (Figure 4.14), indicating catalysis. GC analysis of the headspace following bulk electrolysis
in this case showed H2 evolution (Figure 4.15), with a faradaic efficiency of 67%. At higher acid
concentrations (> 5 mM), the current approaches an S shape with a plateau, indicating HER limited
only by the rate of the catalytic reaction as opposed to the diffusion of the substrate (the acid).

A

plot of the plateau current vs. TFA concentration reveals a square-root dependence (Figure 4.16a).
Additionally, the half-wave potential (the potential at which the current is half of the plateau
current) remains constant at all acid concentrations (Figure 4.16b), with a value 0.099 V more
positive than E'_.
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Figure 4.14 CVs of 1-Co (1 mM) in CH3CN (0.1 M TBAPF6 ) at a scan rate of 0.1 V s-' under an Ar
atmosphere with a glassy carbon working electrode (3 mm). Addition of trifluoroacetic acid (from black

to red): 0, 1, 2, 5, 10, 20, and 50 mM.
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Figure 4.15 GC of the headspace following the bulk electrolysis of 1-Co in the presence of 30 mM TFA
in CH3CN (0.1 M TBAPF 6 , 12 C passed) (-, red) and an H2 gas standard (-, green).
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Figure 4.16 Analysis of the data in Figure 4.14: (a) Variation of the normalized plateau current (o) with
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(-).
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4.3
4.3.1

Discussion
Characterization of the Co(II) Chlorin Macrocycle
While some examples of cobalt metalation of chlorin macrocycles have been reported

using highly substituted chlorophyll-like naturally-derived ligands,

3

there are no reports to our

knowledge of cobalt complexes with synthetic, sparsely-substituted ligands. Inasmuch as
mechanistic investigations of catalysis rely on clear structure-function relationships, such simple
complexes are valuable. Of particular interest is the effect of the ring-reduced chlorin ligand on
the reactivity of the complex in comparison to its porphyrin congeners. The gem-dimethylsubstituted ligand 1 provides a stable platform for such a study. The facile metalation of 1 to form
1-Co is clearly supported by 'H NMR and mass spectrometry. Furthermore, an assignment of the
ground electronic state as low-spin Co(II) is confirmed by the EPR spectrum, as the g values are
consistent with a S =
and well-resolved

2 spin

59Co

system with the unpaired electron occupying the dz2 orbital. The strong

hyperfine couplings of 98 G are observed for A, consistent with other

28 29
Co(II) macrocycles. ,

Determination of the solid-state crystal structure of 1-Co provides insight into the effect of
the Co(II) ion on the ligand conformation. Lindsey and co-workers have reported a shortening of
the C7-C8 bond in free base chlorins in comparison to the other two pyrrolic Cp-Cp bonds (C2C3 and C12-C13).' For example, with FbC the C7-C8 bond distance is 1.3588(19) A, while the
other C-Cp distances (C2-C3 = 1.3704(19) A, C12-C13 = 1.3680(19) A) are longer to a
statistically significant extent. The shortening of the C7-C8 bond in the free base chlorin could be
a manifestation of the exclusion of that bond from the extended wc-electron network in order to
avoid an antiaromatic 20 wr-electron count. However, no such shortening of the C7-C8 bond is
observed for 1-Co. A similar comparison of the C7-C8 bond with respect to the other Cp-Cp bonds
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has also been observed in nickel tetramethylchlorin (C7-C8 = 1.362 A, C2-C3 = 1.353 A, C12C13 = 1.351

A).'8

In this regard, the lack of shortening of the C7-C8 bond in metalated chlorins

suggests that the presence of the metal center lessens the antiaromaticity of the 20 -electron
network. This speaks to a degree of coupling between the metal d-orbitals and the -electrons of
the chlorin ligand.
This communication between the Co d-orbitals and the ligand a-system is evident in both
the steady-state and transient absorption spectra of 1-Co. The intense Soret and Q bands of the free
base 1, which are 7r,w* transitions, shift significantly in energy upon metalation with Co. We also
note that the split in the Soret band of 1, which is common in free base chlorins, is due to the partial
resolution of the x- and y-polarized components. The split Soret is not observed for 1-Co,
consistent with reports of coalescence of Bx and By bands in other metallochlorins, though the
exact nature of the relative positioning of the Bx and By bands in chlorins is not yet fully
understood. 30 -3 2 With regards to the excited-state dynamics of 1-Co, the 8.6 ps overall excitedstate lifetime of 1-Co in toluene is similar to those obtained for other Co(II) tetrapyrrole
macrocycles such as porphyrins, which typically have lifetimes shorter than 20 ps, attributable to
the formation of a low-lying ligand-to-metal charge-transfer (LMCT) state.

3

The very short

lifetime of 1-Co is in contrast to the free base and Zn chlorin analogs, which have singlet excited
state lifetimes of 10.7 ns and 1.6 ns respectively, 30 underscoring the influence of the open-shell
cobalt on the electronic structure of the complex.
A comparison of the CV of 1-Co to that of 1 (Figure 4.8, blue line) shows that the two most
negative reduction processes and two most positive oxidative processes are largely associated with
the redox chemistry of the chlorin. The E2+ oxidation process for 1-Co occurs at a similar potential
to the first oxidation of 1 as well as that of other free base and zinc chlorins,3 5 further supporting
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the assignment of a ligand-centered oxidation. It is interesting to note that while the E2+ and E2+
oxidative processes for 1-Co occur at nearly identical potentials as the two most positive
oxidations of 1, the processes are quasi-reversible for free base 1 but reversible for the metalcontaining 1-Co chlorin. The irreversibility of these oxidation processes in chlorins and
isobacteriochlorins has been suggested to stem from oxidative dehydrogenation leading to
porphyrin species.10'36 However, in our case the presence of geminal methyl groups at the 18
position of the macrocycle makes porphyrin formation unlikely, especially in the absence of strong
acid. The reversibility of the oxidations of 1-Co suggests that replacing the two N-pyrrolic protons
with a metal center prevents a ligand-based chemical step, such as deprotonation of the N-pyrrolic
protons upon oxidation. This contention is supported by the observation that the first oxidation of
the analogous Zn chlorin complex, 1-Zn, which occurs at a similar standard potential (0.30 V vs.
Fc+/Fc) to that of 1, is also reversible.31
We ascribe the unique CV wave of 1-Co at EO+ = -0.167 V to the Co(III/II) redox
process. This value for the first oxidation of 1-Co falls within the range of reported values for the
Co(III/II) couple of cobalt porphyrins, though the reduction potential for the Co(III/II) couple of
cobalt tetraphenylporphyrin is highly variant (-0.40 to +0.60 V vs Fc+/Fc) and depends markedly
on the solvent and electrolyte used. 37 Additionally, no absorption is observed in the 450-500 nm
region of the spectroelectrochemical difference spectrum of Figure 4.9a; broad spectral growths in
this region are observed for ir-cations of macrocycles such as porphyrins.3 8 3, 9 Indeed, in the TA
(Figure 4.7) we do see growths in this region, consistent with an LMCT transition. Thus, the
absence of absorbance in this region of the difference spectroelectrochemistry provides further
support for an oxidation process occurring largely at the metal center.
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The spectral changes observed upon controlled-potential electrolysis of 1-Co at 0.04 V and
-1.51 V, especially for the Soret bands, are similar to those observed upon the formation of Co(III)
and Co(I) porphyrins, respectively, 40' 4' thus supporting the assignment of Co(III) for the oneelectron oxidized chlorin complex and of a formal Co(I) chlorin for the one-electron reduced
complex. In particular, the split Soret band we observe for the Co(I) chlorin has also been observed
for Co(I) porphyrins, and in the latter case the origin of the higher energy band has been attributed
to a double excited state of charge-transfer character on the basis of magnetic circular dichroism
experiments.40,42 The similarity between the spectra of the Co(I) chlorin and those reported for
Co(I) porphyrins suggests that the first reduction of each species is similar in nature with regard
to the site of electron transfer. The first reduction of Co(II) porphyrins has conventionally been
assigned as metal-centered because the resulting complexes are diamagnetic.4 ' 4 4 However, in light
of recent reports detailing the antiferromagnetic coupling of non-innocent macrocycle ligand
radicals to metal centers with odd d-electron counts, 45 diamagnetism alone is insufficient to
definitively assign whether the nature of the reduction is purely metal-centered, purely ligand
centered, or a combination of the two.

4.3.2

Electrocatalysis, Mechanistic Investigation, and Benchmarking
Our investigations of ORR and HER electrocatalysis with 1-Co using ClAcOH reveal

multiple caveats. First, our observation that 1-Co decomposes in the presence of acid and oxygen
into an uncharacterized product capable of efficient ORR catalysis should serve as a point of
caution for those using Co chlorins under such conditions. We note the recent reports of Co
chlorins as selective ORR catalysts for H 20 2 production from 02; the chlorins in those reports are
naturally-derived and differ structurally from 1-Co.'' 1 4 The generality of the decomposition
phenomenon observed herein for 1-Co is not known across other Co chlorins but warrants
159

investigation. Secondly, in many ways, ClAcOH is an attractive choice of proton donor for HER
investigations: it has high solubility, well-characterized dissociation and homoconjugation
constants, and an intermediate pKa (15.3 in CH 3CN) that makes it strong enough a proton donor to
protonate many species without being so strong as to lead to rapid decomposition of catalysts.
However, we observe that despite high catalytic currents in CVs, the dominant process catalyzed
by 1-Co is reductive dechlorination of ClAcOH to form AcOH and CV , not hydrogen generation.
We therefore caution to avoid using ClAcOH and other proton sources with weak C-X bonds in
systems in which highly nucleophilic intermediates are expected.
HER catalysis is observed when TFA is used as the proton source. This provides an
opportunity to investigate the mechanism of hydrogen generation by 1-Co via analysis of the
catalytic CV traces in Figure 4.14. Specifically, the half-wave potential of the catalytic wave may
be used to determine the sequence of electrochemical (E) and chemical (C) steps in the mechanism
(Scheme 4.1). Possible sequences include ECEC, EECC, and ECCE mechanisms. Beginning with
the Co(II) chlorin, an EECC mechanism would require two one-electron reductions prior to a
chemical step. As the catalytic wave occurs after one one-electron reduction, near the Co(II/I)
reduction potential and well positive of the Co(I/0) potential, an EECC mechanism from the Co(II)
chlorin appears unlikely. An irreversible one-electron wave would be observed in the case of an
ECCE mechanism in which the second electron transfer is more difficult than the first.46 This is
not observed in the CVs (Figure 4.14), so this case is also ruled out. An ECCE mechanism in which
the second electron transfer is easier than the first is equivalent to an EECC mechanism in terms
of the dependency of the half-wave potential on the rate constants for proton transfer.46
Conceptually, one could view this type of ECCE mechanism from the Co(II) chlorin as equivalent
to an EECC mechanism from the Co(III) chlorin. In such an ECCE or EECC case, the half-wave
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potential of the catalytic wave could only be shifted positive of the standard potential of the catalyst
by a maximum of

1n2 = 17.6 mV, regardless of the values of the rate constants for electron

transfer or proton transfer. 4 6 ,4 7 For 1-Co, the half-wave potential is constant and at a potential
positive of the standard potential of the Co(II/I) couple by 99 mV, as shown in Figure 4.16b. The
position of the half-wave potential is therefore inconsistent with an ECCE mechanism with Co(II)
chlorin as the initial species. Accordingly, HER catalysis by 1-Co is most consistent with an ECEC
mechanism in which sequential electrochemical reduction and chemical steps occur.
As mentioned above, the S-shape of the catalytic wave at high acid concentration (> 5
mM) in Figure 4.14 is consistent with HER limited only by the kinetics of the catalytic reaction. 2 7
Under such conditions, the plateau current, which is independent of scan rate, provides invaluable
mechanistic insight, particularly with regard to the nature of H2 production. The two consensus
mechanisms for H 2 generation are "heterolytic" or "homolytic" reaction pathways where the
former involves protonation of a metal hydride (a hetero-coupling event) and the latter involves
homolytic dissociation of the two metal hydride bonds. 4 8 Costentin, Dridi, and Saveant have shown
that these two pathways may be distinguished by analysis of the plateau current and the location
of the half-wave potential. In the case of the titration of 1-Co with TFA, the plateau current is
proportional to the square root of the acid concentration, as mentioned above and shown in Figure
4.16a. This observation, in conjunction with the aforementioned observation that the half-wave
potential is constant and more positive than the standard potential, is consistent with the prevalence
of a heterolytic pathway for H 2 production.48
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Scheme 4.1 Proposed mechanism for HER by 1-Co.

The mechanism for HER by 1-Co proposed in Scheme 4.1 reflects a heterolytic pathway
that conforms to an ECEC mechanism. In this proposed mechanism, one-electron reduction of the
Co(II) species is followed by protonation of Co(I) to deliver a Co(III)-H hydride. Subsequent oneelectron reduction of Co(III)-H to Co(II)-H produces an intermediate with increased hydricity,
thus driving a second protonation to produce hydrogen and close the catalytic ECEC cycle. We do
not see H2 production via direct protonolysis of Co(III)-H as has been postulated for the
chlorophyll-like Co chlorin mentioned above.' 5 That the catalysis occurs at the first reduction wave
rather than at a more negative potential indicates that the second electron transfer occurs at a
potential positive of the first (E2 > E2)..

Thus, the catalysis appears to occur at the Co(II/I) wave,

as the second CV wave for the second reduction shifts inside (more positive) the first reduction
wave upon protonation following the first reduction process. These results are consistent with the
chlorin exhibiting increased basicity as compared to porphyrins, which exhibit HER upon a second
reduction that is more negative than the first reduction (E' > E).' 9 Such an increased basicity of
the chlorin ligand as compared to porphyrins could impart more hydridic character to the Co(III)-
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H species (and therefore more Co(II) character on the metal center) than in the case of the
porphyrin. The greater Co(III) character in the case of the chlorin could be the source of the
positive shift in E0. We also note that ligand involvement in the delivery of protons to the metal
center to either form or protonate a metal hydride has been proposed in mechanisms for HER
catalysts possessing pendant amines, 50 pendant carboxylic acids, 4 9'5 1 or even carbon atoms in
aromatic ligands.

Although protonation of the meso or / carbon atoms of macrocyclic ligands

has been proposed,5 3 our present studies of 1-Co have uncovered no evidence for the chlorin ligand
directly participating in proton transfer steps.
The plateau current gives direct access to the apparent rate constant of the catalytic
reaction.46 In the context of an ECEC mechanism, Savdant and Artero have shown that the rate
constants ki and k 2 of the first and second chemical steps (proton transfers in Scheme 4.1) may be
deduced from the plateau current (ip1), which is normalized by the current of the one-electron wave
in the absence of acid, io, and the half-wave potential (EI/ 2), according to the following, 47

- = 4.48 RT

RT
E 1 12 = E1 + -n
F

k2AAH]

1 +

((4.1)

k

((4.2)

k2/

where v is the scan rate and EO = El_ = -1.40 1 V vs. Fc*/Fc in this case. The values of the two
rate constants can be determined from Eqs. 4.1 and 4.2 by parametrically fitting Eq. 4.1 to the
experimental data shown in Figure 4.16a and Eq. 4.2 to the average half-wave potential of the data
shown in Figure 4.16b. The details of the fitting procedure are described in Section 4.5.6 of this
chapter to furnish the rate constants k, = 5.7 x 106 M-1 s-' and k 2 = 2.6
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x

103 M-1 s-1. Using these

calculated rate constants, values of the normalized plateau current from Eq. 4.1 agree well with
the experimental data (green squares in Figure 4.16a).
The HER catalytic activity of 1-Co can be benchmarked by the methods of Saveant and
Artero4'47 to furnish "catalytic Tafel plots", which represent the evolution of the turnover

frequency (TOF) as a function of the overpotential (q/) of the catalytic reaction. This approach is
independent of experimental factors, such as cell configuration, and includes in the calculation of
the TOF only the amount of active catalyst present in the reaction diffusion layer, thereby
providing a rational method of benchmarking intrinsic catalytic activity. An efficient catalyst will
exhibit a high turnover frequency at low overpotential and consequently is situated in the top left
46 4 7
corner of Figure 4.17. The TOF as related to HER is given by, ,

TOF =

F

1 + exp

maxF
(E+/H

2

-

E

12

TOFmax = k1 k 2 [AH]

k1 + k2

exp(-jg r,)

((4.3)

((4.4)

where TOFmax is the maximal value of the TOF. From this equation, the previously determined
values of k, and k2 yield TOFmax for a given concentration of acid. The "catalytic Tafel plots"
(Figure 4.17) are constructed by inputting a concentration of [AH] = 1 M for each catalyst into Eq
4.4. The TOF scales with overpotential, rj, as described by Eq. 4.3. The thermodynamic standard
'

potential for hydrogen generation, EH+
H /H 2 from TFA at a concentration of 1 M is calculated to be
-0.62 V vs. Fc*/Fc using the method established by Fourmond et al.54 This value of EH+/H 2 takes
into account the effect of homoconjugation, which is the association of an acid with its conjugate
base via hydrogen bonding. The equilibrium constant for homoconjugation of TFA in CH 3CN is
7.9 x 101 M-1.24 E/ 2 is determined from the CVs in Figure 4.14 to be -1.302 V vs. Fc/Fc. From
these values, the plot of TOF vs. q for HER for 1-Co can be constructed, and is presented in Figure
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4.17 together with the activity curves of other reported HER catalysts, 55-59 including an Fe
porphyrin.5 5 1-Co is a superior HER catalyst as compared to porphyrins in the low q region.
Inasmuch as energy conversion cycles seek to perform catalysis at low overpotential, the
connection of / to TOF is the critical metric in catalyst design.
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Figure 4.17 Catalytic Tafel plots for the different electrocatalysts listed in Table I of ref. 47 and for 1Co based on the data in Table 1: FeTPP in DMF and Et3NH+(-); Co(dmgH) 2py in DMF and Et3NH+
(-); [Ni(P 2P"NPI)2]2+ in CH3CN and DMFH+ (-); [Ni(P 2 'N 2C6H4X) 2 ] 2 + in CH 3CN and TfOH with X =
H (-) and in CH 3CN and DMFH+ with X = CH2 P(O)(OEt) 2 (- -); 1-Co in CH 3CN and TFA (-).

4.4

Conclusions
Insertion of a Co(II) ion into a sparsely substituted chlorin (1-Co) induces significant out-

of-plane distortion of the macrocycle. Structural comparisons between metal-free and Co chlorins
reveal a constriction of the macrocycle core and a possible mitigation of the destabilizing effect of
antiaromaticity in the 20 7-electron conjugated pathway due to the presence of the Co(II) ion. EPR,

165

electronic absorption and time-resolved absorption spectra are consistent with the presence of an
open-shell, S = 2, metal center residing within the chlorin ligand environment. The absorption

spectroscopy and electrochemistry of 1-Co speaks to significant coupling of the Co d-orbitals with
those of the electron-rich chlorin macrocycle. Efforts to perform the electrocatalytic oxygen
reduction reaction with 1-Co revealed that the Co chlorin is unstable to the combined presence of
oxygen and acid, which are requisite for ORR chemistry. However, the Co chlorin decomposition
product formed under such conditions is competent for ORR.
1-Co is an authentic electrocatalyst for the hydrogen evolution reaction, with the caveat
that acids that are too strong will cause demetalation. With weaker acids such as TFA, 1-Co
performs HER via a proposed mechanism involving the protonation of Co(II) hydride to afford
H 2 . The ability of the Co chlorin to perform HER via an intermediate that is reduced at a standard
potential positive of that of the first reduction of the complex is in contradistinction to Co
porphyrins, which catalyze HER from acids, regardless of strength, at potentials well negative of
the first reduction (therefore leading to higher overpotentials). 49 The origin for this disparate
behavior does not arise from the redox properties of the macrocycle, as 1-Co and Co
tetraphenylporphyrin undergo multiple reduction and oxidations in similar potential ranges. 4 ' The
increased activity of 1-Co as compared to porphyrins appears to be derived from the increased
electron density of the chlorin macrocycle, thus leading to a more basic Co(I) metal center, in turn
promoting hydride formation (with greater Co(III) character than in the case of porphyrins) and
subsequent reduction to Co(II) hydride. The importance of cobalt basicity on such a Co(I) -*
Co(III)H - Co(II)H reaction sequence for HER has been theoretically established.60 Examination
of the electrochemical kinetics of 1-Co has revealed HER to proceed by an ECEC mechanism, and
allowed us to obtain the key chemical rate constants (k, and k2 in Scheme 4.1) of the ECEC
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catalytic cycle. From these rate constants, the catalytic activity as related by the TOF for HER has
been determined. Upon benchmarking the catalytic activity of molecular HER catalysts, we find
that at low overpotentials the Co chlorin 1-Co exhibits superior HER activity as compared to its
porphyrin congeners.

4.5

Experimental Details
Free base ligand 1 was provided by Prof. Jonathan S. Lindsey and Dr. Masahiko Taniguchi

from North Carolina State University. Synthesis and 'H NMR, LC-MS, and FTIR characterization
of 1-Co was performed by Dr. Dilek K. Dogutan. EPR experiments were performed by Bryce L.
Anderson and crystal structure refinement was performed by Robert L. Halbach. Electrochemical
experiments with tosic acid were performed by Dr. Dilek K. Dogutan. ORR experiments and CVs
with ClAcOH were performed by Dr. Guillaume Passard.

4.5.1

General Methods
Silica gel (60 ptm average particle size) dried on a high vacuum line was used for filtration.

Solvents CH 30H, CH 2Cl 2 , CHCl 3 were dried with a solvent purification system by passing through
,

an activated column under argon. Tetra-n-butylammonium hexafluorophosphate (TBAPF6

>99.0% purity) was recrystallized from ethanol and dried in vacuo. All other chemicals were used
as received.

IHNMR spectra (500 MHz) were recorded on samples in CDCl 3 at room temperature. UVvis spectra were recorded at room temperature in quartz cuvettes (fitted with screw caps) in
anhydrous CH 2Cl 2 or anhydrous toluene on a Varian Cary 5000 UV-vis-NIR spectrophotometer.
IR spectra were recorded using a PerkinElmer Spectrum 400 FT-IR/FT-FIR Spectrometer. EPR
spectra were measured using a Bruker ELEXIS E-500 spectrometer with a ER4122 SHQE-W1
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resonator and an Oxford Instruments ESR 900 cryostat. The EPR simulations were performed
using EasySpin 4.5.5 to obtain g-values and hyperfine constants. Powder X-ray diffraction was
performed using a Bruker D8 Discover diffractometer configured with a Cu Ka X-ray source (A=
1.5405 A).

4.5.2

Synthesis and Characterization

17,18-dihydro-10-mesityl-18,18-dimethyl-5-(4-methylphenyl)porphyrin

Co(II) (1-Co). Com-

pound 1 was prepared as previously reported. 17 A sample of 1 (10 mg, 0.018 mmol) was dissolved
in CH 2Cl 2/MeOH (4:1) in a nitrogen-filled glovebox at 295 K. The solution of 1 was treated with
excess Co(OAc) 2 (0.129 g, 0.728 mmol, 40.4 mol excess). The resulting mixture was stirred in the
glove box for 48 h. The crude reaction mixture was filtered through a short Pasteur pipette silica
column using 20 mL of anhydrous CH2 Cl 2 . The resulting solution was concentrated to dryness in
the glove box affording a green solid (9.0 mg, 82%). LC-MS obsd 605.2211 (Me); calcd 605.2115
(M

=

C 38H 34 CoN 4 );

kabs,max =

403, 600 urn (anhydrous CH 2 Cl 2 ). We report no elemental analysis

for 1-Co because the technique is inadequate for assessing the purity of large macrocycles. Owing
to the large number of light atoms (C, N, H) in the macrocyclic framework, small variations in the
composition of the molecule (dehydration, protonation, etc.), are not detected by elemental
analysis. As a result, this method provides little insight into the purity or identity of the molecule.
Thin-layer chromatography of purified 1-Co shows a single green, non-emissive band with a
different Rf factor than that of 1, indicating good purity.

4.5.3

X-ray Crystallography
A single crystal of 1-Co was mounted on a Bruker three-circle platform goniometer

equipped with an Apex II CCD and an Oxford cryostream cooling device at 100 K. Radiation was
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supplied from a graphite fine focus sealed tube Mo Ka (0.71073 A) source. Crystals were mounted
on a cryoloop using Paratone N oil. Data were collected as a series of (p and/or o> scans. Data were
integrated using SAINT 6 1and scaled with a multi-scan absorption correction using SADABS. The
structures were solved by intrinsic phasing methods using SHELXS-97 and refined against F2 on
all data by full matrix least squares with SHELXL-97. 62 All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were placed at idealized positions and refined using a riding
model.

4.5.4

Picosecond Transient Absorption Spectroscopy
Transient absorption spectroscopy was performed using a Ti:sapphire laser system

described previously.63 The excitation wavelength was tuned to either 400 nm or 600 nm using an
optical parametric amplifier and the pulse energy was attenuated to -10 pJ per pulse (100

fs pulse

duration) using a neutral density filter. The white light continuum for the probe pulses was
generated by focusing an 800 nm laser beam through a CaF 2 substrate. The entrance slit of the
spectrometer was set to 0.2 mm, and a 500 nm blaze grating (300 grooves/mm) was used. Each
spectrum is the average of 4 replicates of 500 4-spectrum sequences, and the average of three
negative time points was subtracted from each spectrum to remove distortions in the baseline. The
-

sample was prepared in a 2.0 mm path length quartz high vacuum spectroscopy cell in an N 2

atmosphere glovebox and further degassed using three freeze-pump-thaw cycles under high
vacuum (1

x

10-5 torr). Steady-state UV-vis absorption spectra taken before and after the laser

experiments were identical, indicating that no significant photodecomposition of 1-Co occurs
during laser irradiation.
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4.5.5

Electrochemical Methods
Electrochemical measurements were performed on a CH Instruments (Austin, Texas) 760D

Electrochemical Workstation using CHI Version 10.03 software. Cyclic voltammetry (CV)
experiments were conducted in a nitrogen-filled glovebox on CH 3CN solution containing 0.1 M
TBAPF6 at 295 K using a CH Instruments glassy carbon button working electrode (area = 0.071
cm2 ), BASi Ag/AgNO

3

(0.1 M) reference electrode, and Pt wire counter electrode. Acetonitrile

was previously dried by passage through a neutral alumina column under argon. TBAPF 6 was
dried prior to CV measurements. All CVs were recorded with compensation for solution resistance,
and were referenced to the ferrocenium/ferrocene (Fc+/Fc) couple by recording the CVs of the
complexes in the presence of a small amount of ferrocene. Solutions were stirred between
acquisition of individual CVs, and the working electrode was polished before each measurement.
Bulk electrolysis was performed in CH 3CN using a glassy carbon rod (7 mm x 5 cm)
working electrode and a platinum mesh counter electrode in a gas-tight electrochemical cell. A
potential of <-1.3 V vs Fc+/Fc was applied for the bulk electrolysis of 1-Co (0.33 mM) in the
presence of 15 mM pTSA. A potential of -1.4 V vs Fc/Fc was applied for the bulk electrolyses
of 1-Co (0.33 mM) in the presence of 30 mM ClAcOH and in the presence of 30 mM TFA. Gas
chromatography measurements were taken to quantify evolved H 2 gas, and faradaic efficiencies
were determined using a calibration curve derived from H 2 gas standards generated by adding HCl
to a known quantity of lithium triethylborohydride (a method previously validated by comparison
with Toepler pump combustion experiments).64
Thin-layer spectroelectrochemical measurements of 1-Co were conducted in an oxygenfree environment using an Ocean Optics USB4000 spectrometer and a DT-mini-2-GS light source.
The light source and spectrometer were connected to a cell holder inside a glove box via fiber optic
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cable using a flange fitted with the appropriate optical fixtures. All spectroelectrochemical
experiments were conducted using a small volume, 0.5 mm path length spectroelectrochemical
cell equipped with a platinum mesh working electrode, non-aqueous Ag/Age reference electrode,
and platinum auxiliary electrode all purchased from Bioanalytical Systems. In all experiments,
1-Co was at a concentration of 0.5 mM in CH 3CN, with 0.1 M TBAPF 6 as the supporting
electrolyte. In this system, the pertinent redox waves were identified through cyclic voltammetry,
and potentials were then held at a potential 50 mV more negative than the cathodic wave for the
Co(II/I) couple or 50 mV more positive than the anodic wave for the Co(III/II) couple to ensure
kinetically fast conversion. Upon the application of potential, UV-vis spectra of the
electrochemical solution were taken every 4 seconds and recorded using the OceanView software
until there was no change between spectra. 1-Co was returned to its starting oxidation state by
holding the cell at open circuit potential for two minutes to ensure reversibility, and complete
conversion back to Co(II).

4.5.6

Determination of Rate Constants k, and k 2
Using Eqs. 4.1 and 4.2 from the main text and the experimental data, we can determine k,

and k2 following the methodology as follows.
Rearranging Eq. 4.2,
RT
A = E1/ 2 -EO= -ln
1 F

1+

k
-

(4.5)

k2)

where A is taken from the average of the data points from Figure 4.16b. Further manipulation leads
to,
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(K) =

(exp

1

+

exp

k2

1)

()-

(4.6)

(4.7)

Using A = 0.099 V, as determined experimentally, we obtain a ratio between ki and k2 :

k, = Bk 2 = 2230 k 2

(4.8)

Substitution of Bk 2 for k, in Eq. 4.1,
ipi =_

4.48 RT ,Bk

2 k 2 [AH]

F -_____+J_2

i'

Bk 2 k 2
4k +8I

4.48 RT
4 Fv

(4.9)

where C is obtained using the fitting of the data shown Figure 4.16a and has a value of 112 M-12
Now the derivation of k2 is possible as follows:

C

Fv

4.48

RT

Bk2 k

J-k2+

BI - I
Bk, - [I

2

k2

172

(4.10)

leading to,
C
4.48

Fv
RT

k, '5( Bk 2 - -B)
Bk 2

(4.11)

-k2

Dividing by k 2 and evaluating the numerator leads to,
C
4.48

Fv

B

-

B - -VB
-,[k
B

I

B - 1

(4.12)

And finally,
2

B- 1
B -

C

(4.13)

B 4.48

Using the experimental data and B, which was previously determined, we obtain:
k, = 5.7 x 106 M-' s-1 and k 2 = 2.6 x 10' M-' s-
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Chapter 5
Elucidating Ligand Participation During
Photoreactivity of Ni HX-Splitting Complexes Using
Time-Resolved Spectroscopy
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5.1

Introduction
This chapter focuses on the role of ligand non-innocence in enabling energy storage

chemistry in the realm of HX-splitting photocatalysis. Photodriven HX splitting (X = Cl, Br) to
form H2 and X 2 presents, in principle, an attractive solar-to-fuels process because it stores a
comparable amount of energy to water splitting but relies only on a two-electron, two-proton cycle
as opposed to the 4e--4H+ inventory necessary for water splitting.1, 2 The bottleneck in
photochemical HX-splitting cycles is typically the activation of strong M-X bonds.' A common
strategy to drive M-X bond scission is to use a ligand-to-metal charge-transfer excited state.
Previously-reported molecular systems capable of such chemistry typically employ 2 "d and 3 rd row
transition metal complexes such at Pt,3- 7 Au, 8 and Rh,9 often with the use of chemical traps to drive
the halogen elimination. The core challenges in extending this photochemical strategy to
complexes containing cheaper, more abundant 1't-row transition metals has been twofold: 1) the
-

excited-state lifetimes are intrinsically short due to the presence of low-lying ligand field states,' 0
12

and 2) the thermodynamically-favorable thermal back reaction to form the starting material
is

typically rapid.
This chapter presents two cases using different classes of mononuclear nickel halide
complexes that can perform either the reductive (H 2 formation) or oxidative (X2 formation) half
reactions necessary for a closed photochemical HX-splitting cycle. In both cases, time-resolved
laser spectroscopy provides the key mechanistic insight into the success of these complexes in
performing such productive metal-hydride and metal-halide activation photoreactions by
demonstrating that the ligands participate directly. In the first case, presented in Section 5.2,
photocatalytic H 2 generation from a Ni(II) chloride triphenylphosphine complex is revealed to
occur via tandem cycles in which the triphenylphosphine ligand serves as a photosensitizer for H-
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atom transfer to the Ni metal center, which then generates the H2 . In the second case, presented in
Section 5.3, photo-induced halogen elimination from a Ni(III) trihalide complex is enhanced due
to the circumvention of the back reaction by the formation of halogen adducts with the aryl groups
of the bidendate phosphine ligand.

5.2

5.2.1
5.2.].]

Ligand-driven Photochemical H2 Generation by Ni(II) Chloride
Triphenylphosphine Complexes
Results
Steady-State Photochemistry
The Ni(II) chloride triphenylphosphine complexes shown in Chart 5.1 were synthesized by

my colleague Seung Jun Hwang. The details of their preparation and characterization can be found
in the publication that forms the basis of this section of the chapter' 3 as well as his doctoral thesis.
Seung Jun also performed the steady-state photolysis reactions. In summary, when the complex
NiCl 2(PPh 3)2 (1) was irradiated with ultraviolet light (A > 295 nm) for 44 h in the presence of 15
equivalents of HCl and 1.0 equivalent of PPh 3 in THF, the solution changed color from beige to
pale blue and up to 9 turnovers of H 2 generation (with no sign of deactivation) were recorded based
on GC analysis of the headspace. H 2 generation was also observed in the absence of exogenous
PPh 3. The complex responsible for the pale blue color was determined to be the Ni(II) complex

Ph 3 P\

Ni''

Ph 3 P

,Cj Il\

\C

1

Ni'
Ph 3 P -

1

CI

2

Chart 5.1 Ni chloride triphenylphosphine complexes 1 and 2.
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[NiCl 3PPh 3 ][ClPPh 3] (2[ClPPh 3]) based on X-ray crystal structure characterization as well as
agreement between UV-vis absorption spectra of the photolysis reaction mixture and that of an
independently synthesized sample of 2[ClPPh 3]. Accordingly, 2 was posited to be the photoresting state of the photocatalytic cycle. The independently-prepared tetra-n-butylammonium salt
2[TBA] was also competent for H2 production under similar reaction conditions (5.0 turnovers
during 18 h of irradiation), but the triflate salt of the phosphonium ([ClPPh 3] [OTf]), a
triethylammonium salt ofNi(II) tetrachloride ([NiCl 4][TEA] 2), and PPh 3 itself all failed to generate
H 2. The requirement that both Ni(II) chloride and PPh 3 be present for photochemical H 2 generation
to occur raised the mechanistic question as to what role each respective species played in the
catalytic cycle and whether the PPh3 ligand was indeed the photo-initiator and redox mediator.
Mechanistic insight beyond the steady-state results required the time-resolution afforded by pulsed
laser transient absorption (TA) spectroscopy.

5.2.1.2

Time-Resolved Spectroscopy
In order to uncover the initial photoproduct upon excitation of 2, a sample of 2[TBA] in

THF was investigated on the picosecond timescale. The TA difference spectrum at a delay of 2 ps
following laser excitation (50 fs pulses,

,exc= 310 nm) of 2[TBA] shows a broad growth feature

centered at 506 nm, as is seen in the red trace of Figure 5.1 a. This absorption feature decays toward
baseline monoexponentially with a lifetime of 730

50 ps (Figure 5.1b, red). PPh 3 in the absence

of 2 was investigated similarly, and the difference spectrum at a 2 ps delay in this case showed an
absorption feature identical to that observed for 2[TBA], as is seen in the black trace in Figure
5.1 a. This feature also decays monoexponentially toward baseline, with a measured lifetime of 690
30 ps (Figure 5.1b, black).
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Figure 5.1 (a) Transient absorption spectra obtained by flash laser photolysis (310 nm pump) of 2[TBA]
(-, red) and PPh 3 (-, black) in THF at a 2 ps delay. (b) Single wavelength kinetic traces of 2[TBA] (-,
red), and PPh 3 (-, black) centered about 506 nm. Aex, = 310 nm.

The respective emission properties of both 2[TBA] and PPh 3 were also investigated, as
PPh 3 is known to have an emissive singlet excited state.1 4 Steady-state emission spectra (ex, = 310
nm) of the two species are shown in Figure 5.2a. Samples containing 2[TBA] and samples
containing just PPh 3 show identical emission spectra, though with different intensities. The
observed emission spectra are both centered at 500 nm, consistent with literature reports for PPh 3
fluorescence.' 4 These results suggest that in both cases, free PPh3 is the emissive species.
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Figure 5.2 (a) Steady-state emission spectra of 2[TBA] (-, red) and PPh3 (-,
black) in THF. (b)
Emission decays of 2[TBA] (-, red) and PPh 3 (-, black) centered at 500 nm. Lex = 310 nm

The lower emission intensity in the case of 2 in comparison to PPh 3 alone could have two
interpretations: 1) the Ni(II) center could be quenching the emissive excited-state of PPh3, or 2)
only free PPh 3 is emissive and it dissociates from the Ni(II) complex 2 in minor equilibrium. These
dueling interpretations were tested using time-resolved emission spectroscopy. Emission decay
profiles centered at 500 nm of samples containing 2[TBA] (red) and of PPh 3 by itself (black) taken
using a streak camera coupled to a femtosecond pulsed laser are shown in Figure 5.2b. The decay
corresponding to the sample of 2[TBA] yields a monoexponential fit with a lifetime of 884
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3 ps,

while that corresponding to PPh 3 yields a monoexponential fit with a lifetime of 889

1 ps. These

two lifetimes are statistically indistinguishable at a 95% confidence interval, showing that the
lower emission intensity of 2[TBA] is not due to dynamic quenching of excited PPh 3 . This
observed emission lifetime is again consistent with literature reports for PPh 314 and is relatively
close to the picosecond TA lifetimes above.
The photochemistry of 2 and PPh3 were also examined at longer timescales using
nanosecond TA (8 ns pulses,

ex,

= 300 nm). TA difference spectra of samples containing either

2[TEA] (Figure 5.3, red) or PPh 3 (Figure 5.3, black) in THF both show identical signals. In each
case, a sharp absorption growth centered at 320 nm is observed promptly (~20 ns instrument
response time). Such a spectral feature exactly matches that reported for the diphenylphosphinyl
radical, PPh 2, based on previous pulse radiolysis and transient absorption reports.'

This signal

decays with a 160 pts lifetime. Moreover, the decay lifetime of the transient signal is independent
of the concentration of 2, as shown in Figure 5.4. This indicates that the Ni(II) complex does not
react with the 'PPh 2 radical.
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Figure 5.3 Nanosecond TA spectra of 2[TEA] (-, red) and PPh 3 (-,
THF:CH3CN recorded at a time delay of 1 ps. A,, = 300 nm.
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Figure 5.4 Lifetime of the TA signal at 320 nm as a function of the concentration of 2[TBA] measured
by nanosecond TA. Lex = 300 nm.
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The diphenylphosphinyl radical is expected to abstract H-atoms from solvents with weak
C-H bonds like THF.1 6 This would result in the formation of diphenylphosphine, PHPh 2 . That 2
photocatalyzes many turnovers of H 2 generation without a large excess of PPh3 present implies
that PHPh 2 itself must be competent for photo-induced homolysis to reform the 'PPh 2 radical. To
test this contention, nanosecond TA of PHPh 2 was performed under similar conditions as above.
As shown in Figure 5.5, the TA difference spectrum shows the familiar sharp peak at 320 nm,
.

confirming generation of the radical species 'PPh 2
6

4
E
22-

0
300

450
400
350
Wavelength / nm

500

Figure 5.5 Nanosecond TA spectrum following excitation of PHPh 2 in THF at a time delay of 100 ps.
A,, = 300 nm.

5.2.1.3

Other Steady-State Considerations
Other results that aid in the formulation of a proposed mechanism for the observed

photocatalysis include additional steady-state observations by Seung Jun Hwang.1 3 He showed that
independently-synthesized complexes 2[ClPPh 3], 3, 4, and 5 (Chart 5.2) are all competent for
photochemical H2 turnover, all with the same 2[ClPPh 3] photo-resting state. Moreover, small but
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observable amounts of species 6 and 7 were isolated from photolysis reaction mixtures. These
observations support the presence of an active diphenylphosphinyl radical capable of activating
the THF solvent via H-atom abstraction. Additionally, the measured turnover frequency (TOF) for
H 2 generation from 2 strongly depended on the C-H bond dissociation energy (BDE) of the solvent
used: 0.34 h-' in THF (BDE = 92 kcal molV),'" 0.05 h-' in CH3 CN (BDE = 94 kcal molP'),' 9 and
0.02 h1 in benzene (BDE = 111 kcal mol ). 2 0

Ph 3P\

.\

Ph 3P

PPh 3
N
Cl

3

CK. N,

Ph P-Ni'

,PPh 3

3

4

C

PhAP\
PPh 3
Nie
Ph 3P ' PPh 3
.

5

<Ph22

Cl/'*Cl.

Ph
L

-2
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7

Chart 5.2 Ni(l) complexes 3 and 4; Ni(O) complex 5; side-products 6 and 7 isolated from photolysis
reaction mixtures.
H 2 formation from Ni complexes typically occurs from protonolysis of low-valent species.
Therefore, Seung Jun also explored the chemistry of the Ni(I) complex 3, which he could
synthesize via the comproportionation of complexes 1 and 5. In the presence of exogenous
chloride, complex 3 disproportionates back to 1 and 5. Even in the absence of light, addition of 15
equivalents of HCl to complexes 3, 4, and 5 show thermal, stoichiometric H 2 evolution with yields
of 44%, 33%, and 89%.
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5.2.2

Discussion
In light of the photocatalytic H 2 generation activity of the reported Ni chloride

triphenylphosphine complexes described above, despite the inherently short lifetimes of open-shell
1

't row transition metal complexes, the excited-state properties of complex 2 became of interest to

us. Our steady-state emission, picosecond-resolved emission, and TA results show essentially the
same spectral signatures and dynamics for 2 and for free PPh 3, providing unequivocal evidence
that the observed photochemistry in this system is driven by the PPh 3 ligand, not the metal center.
And because both 2 and PPh 3 have virtually identical picosecond TA and emission spectral
responses and lifetimes, but with lower intensity for 2[TBA], we can conclude that the PPh 3 ligand
of 2 participates in a minor dissociative equilibrium and it is the free PPh 3 responsible for the
observed spectroscopic responses. It has been demonstrated in the literature that PPh 3 is a labile
ligand of Ni halide complexes and it is capable of such dissociative equilibria in solution.21 That
we see no other TA signals other than that of PPh 3 suggests that any Ni-based excited states that
are accessed (if any) either absorb outside of our probe region or have lifetimes shorter than our
instrument response (-300 fs).
Our observation on the nanosecond timescale of the spectral signature

of a

diphenylphosphinyl radical transient intermediate in the case of excitation of 2, in the case of free
PPh3 , and in the case of free PHPh 2 then allows us to formulate a proposed mechanism for how
excited PPh 3 can ultimately serve as a productive photoredox mediator toward H 2 production from
the Ni complex. Scheme 5.1 summarizes the photocycle of PPh 3 and PHPh 2 that leads to the
formation of the free H-atoms that we hypothesize activate the Ni-Cl bonds. Initial excitation of
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Scheme 5.1 Photophysical and photochemical processes following excitation of PPh 3 in solvents with
weak C-H bonds.

.

PPh 3 forms an emissive singlet state that undergoes intersystem crossing to the triplet excited PPh 3

It is this triplet state that undergoes P-C bond homolysis to yield diphenylphosphinyl and phenyl
radicals, as has been confirmed by chemically induced dynamic electron polarization (CIDEP)
experiments.' 5 In the presence of weak C-H bonds, as is the case with THF solvent, the 'PPh 2 can
abstract an H-atom to form PHPh 2. Continued irradiation in steady-state experiments then leads to
a similar photochemical process where P-H homolysis reforms *PPh2 and a reactive H-atom, thus
lending the system to be catalytic. We do note that H-atom abstraction (HAA) by 'PPh 2 is
endothermic (16 kcal mol' uphill based on P-H and C-H BDEs). 2 2 However, irreversible followup chemistry involving the activated THF, such as its homocoupling2 3 (species 7, Chart 5.2),
allows the HAA chemistry to drive forward. Indeed, the observation of 6 and 7 in photolysis
reaction mixtures confirm the competency for 'PPh 2 to perform such HAA chemistry with THF.
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Moreover, the significant effect of solvent C-H BDE on the H 2 TOF confirms the relevancy of
such radical chemistry to overall H 2 production. The relationship between H-atom transfer rates
and solvent C-H BDE has been previously established.
The observations that the Ni(I) complex 3 disproportionates to 1 and 5 in the presence of
chloride and that complexes 3, 4, and 5 can all generate stoichiometric amounts of H 2 in the dark
upon addition of HCl allows a complete tandem photocycle for catalytic H 2 production to be
proposed. The mechanism, shown in Scheme 5.2, accounts for the steady-state and time-resolved
spectroscopy results. PPh3 , either exogenous or dissociated from the Ni complex, is photolyzed to
yield PPh 2, which undergoes the HAA cycle with solvent discussed above. The resulting H-atom
HCI

1 H2

Ph 3P\

_Ph3P\PPh

Nil,"Ni"j
PPh3

1

/

Ph 3 P
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Ph3 P I
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Hydrogen
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C
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Ph 3 P
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PPh 3

HPPh 2
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Cycle

PPh2
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*

H

Scheme 5.2 Proposed tandem catalytic cycles for H 2 generation from Ni chloride triphenylphosphine
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equivalent produced in this ligand-based photocycle reduces 2 to form the 3. Subsequent
disproportionation yields the Ni(O) complex 5, which generates H 2 via reaction with HC to give
1, which then regenerates 2 via ligand exchange to close the H2 cycle.

5.3

5.3.1
5.3.].]

Secondary-Coordination Sphere Effects in Photochemical Halogen
Elimination from Ni(III)X 3(dppe)
Results
Steady-State Photochemistry
As in the case of the Ni chloride triphenylphosphine system, Seung Jun Hwang synthesized

and explored the steady-state chemistry of the Ni(III) trihalide bisphosphine complexes
investigated in this section of the chapter. Details of the synthetic procedures, characterization,
and steady-state photolysis experiments are included in the publication that forms the basis of this
section of the chapter2 5 as well as in Seung Jun's thesis. In summary, the Ni trichloride complex
NiCl 3(dppe) (8a, Chart 5.3) (dppe = bis(diphenylphosphino)ethane) was synthesized via the
addition of 0.5 equivalents of PhICl 2 to NiCl 2(dppe) (9a, Chart 5.3). EPR spectra indicate that 8a
is a spin

1/2,

d7 complex with a half-filled 3dz2zorbital. Based on X-ray crystallographic

~CI
C N
Ni

CI ICIN

9a

8a

Chart 5.3 Ni(IlI) trichloride bisphosphine complex 8a and Ni(II) dichloride bisphosphine complex 9a.
characterization of the tribromide analog NiBr 3(dppe) (8b), the geometry of the complex can be
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characterized as distorted square-pyramidal, with two sets of inequivalent halides: one apical and
two basal. The UV-vis absorption spectrum of 8a shows two prominent bands in the visible region
of the spectrum centered at 454 nm and 620 nm, as seen in the green spectrum in Figure 5.6.
Photolysis ({ > 430 nm) of solutions containing 8a in either CH3CN or CH2Cl 2 , even in the absence
of olefinic traps, leads to shifts in the UV-vis spectrum, most notably the loss of the lower energy
absorption band. The resulting spectrum (Figure 5.6, red) matches that of the Ni(II) complex 9a,
and 'H and

31

P NMR spectra confirm 9a as the lone observable product. Monochromatic

irradiation of 8a with either 370 nm or 434 nm light yields very high quantum yields for 9a
formation (77% and 76% percent, respectively), while irradiation with 510 nm yields only a 9%
quantum yield. Photolysis (. > 350 nm) of a solid film of 8a under static vacuum results in
formation of 9a (quantum yield = 87%) and 0.5 equivalents of C12 (quantum yield = 82%), as
determined by mass spectrometry and colorimetric quantification with NN-diethyl- 1,4phenylenediamine sulfate. Heating 8a to 70 K results in no reduction to 9a, confirming that the
loss of chlorine is driven photochemically, not thermally. Finally, solution calorimetry
measurements of the reaction between PhICl 2 and 9a to form 8a yields a change in enthalpy for
the formation of Cl 2 from 8a of AH = +23.7 kcal molV1. Together, these results establish 8a as a
species capable of undergoing a very efficient photo-driven halogen elimination, even in the
absence of a chemical halogen trap, in a process that stores a significant amount of energy. That
this highly endothermic reaction occurs with a high quantum yield, even in solution where a facile
and energetically-favorable

back-reaction

should outcompete the presumed HAA from
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CH 3CN/CH 2 C 226-3 0 that we observe, motivated investigation of 8a using nanosecond TA to better
understand the reactivity on a mechanistic basis.
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Figure 5.6 UV-vis absorption spectra taken during the steady-state photolysis of a 0.2 mM solution of 8a
in CH3CN (Aex> 430 nm) at room temperature. Initial: green; final: red.

5.3.1.2

Nanosecond TA of 8a
Figure 5.7a shows nanosecond TA difference spectra of a sample containing 8a in CH3 CN

at varying time delays following laser excitation (8-10 ns pulses,

texc

= 355 nm). The prompt

spectrum following the instrument response time at a delay of 40 ns shows a growth feature at 542
nm and a bleach at 635 nm. Over the course of 20 ps the recorded TA spectra shift subtly: the 542
nm growth band moves downward toward more negative AOD values and the bleach at 635 nm
shifts hypsochromically to 624 nm. The resulting difference spectrum (red) persists indefinitely
on the timescale of the instrument with no further spectral change. A single-wavelength TA
kinetics trace centered at 540 nm (Figure 5.7b) illustrates the dynamics of this photo-initiated
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process. The initial growth at 540 nm converts monoexponentially to a bleach, and a least-squares
fit of the trace yields a lifetime of r = 3.43

0.05 ps. Comparison of the final nanosecond TA

spectrum (Figure 5.7a, red) and the steady-state difference spectrum generated by subtracting the
UV-vis extinction spectrum of 8a from that of 9a (Figure 5.7c) shows that the two are essentially
identical. This suggests that the final difference spectrum in the nanosecond TA experiment
corresponds to the formation of 9a. This is consistent with the irreversible steady-state
photochemistry described above, and it demonstrates that the chlorine photo-extrusion is rapid.
20 ,
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Figure 5.7 (a) Nanosecond TA spectra of a 0.44 mM solution of 8a in CH 3CN taken at time delays
ranging from 40 ns (black) to 20 ps (red). (b) Single-wavelength TA kinetics of the same sample
monitored at 540 nm. Aex, = 355 nm. (c) Extinction difference spectrum generated by subtracting the
extinction spectrum of 8a from that of 9a.
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While the ultimate generation of 9a is clear from the nanosecond TA results, the nature of
the observed dynamical process over the first 20 ps warranted further consideration. The overall
similarity of the spectral features between the prompt TA difference spectrum and the steady-state
extinction difference spectrum in Figure 5.7c leads us to attribute the prompt spectrum to a
superposition of the 9a difference spectrum and that of some unknown transient species. The
transient species then decays with the 3.43 pis lifetime, leaving the 9a difference spectrum as the
sole signal once the decay is complete. Accordingly, the absorption spectrum of the unknown
transient species was obtained by subtracting the TA difference spectrum acquired at a 50 ps delay,
which is well after the system had fully evolved to 9a, from that acquired at 40 ns. The resulting
spectrum (a AAOD spectrum) is displayed in Figure 5.8; it features an intense, sharp band at 366
nm as well as a broad band with a maximum at 525 nm. Based on the high degree of similarity
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Figure 5.8 Absorption spectrum generated by subtracting the TA difference spectrum of 8a taken at a
50 ps delay from the difference spectrum taken at a 40 ns delay.
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between this spectrum and that reported in the literature for arene-to-halogen charge-transfer
adducts,31-36 we attribute this spectrum to the formation of such an adduct between the photoextruded chlorine atom and a phenyl group of the bisphosphine ligand.
In order to test the effect of electronic modulation of the aryl groups of the bisphosphine
ligand, complex 4-MeO-8a, which features apara-methoxy group on the aryl rings, was examined
by nanosecond TA similarly. The observed AAOD spectrum for 4-MeO-8a, generated in the same
manner as that for 8a above, is shown in Figure 5.9. The observed lineshape is similar to that
shown in Figure 5.8, but the Anax of the broad lower energy band is bathochromically shifted ~75
nm compared to that of 8a.
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Figure 5.9 Absorption spectrum generated by subtracting the TA difference spectrum of 4-OMe-8a taken
at a 50 ps from that taken at a 40 ns delay.

198

5.3.1.3 Additional Experiments and Observations
We used the steady-state photocrystallography technique to further probe the structural
changes that occur upon excitation of these Ni(III) trihalide complexes. X-ray diffraction data of
a

single

crystal

of

the

tribromide

analog

NiBr 3(dppey)

(8c)

(dppey

bis(diphenylphosphino)ethylene) was collected both in the dark and under continuous-wave laser
UV irradiation (exc = 365 nm). A difference map generated from the two conditions allows for the
observation of changes in atomic coordinates during photolysis. This technique has been used in
previous studies of halogen photoelimination from Rh 2 complexes, 37 and a more extensive
explanation of the 8c experiment and results is published elsewhere.

Photocrystallography of 8c

shows that, upon photoexcitation, the bond distance between the Ni and the apical bromide
increases from 2.464(2) to 3.70(4) A, while the two basal Ni-Br bond distances remain effectively
unchanged (2.3615(7) A (dark); 2.35(5) A (photoinduced)). This suggests that the apical halide is
the photochemically labile atom.
DFT and TD-DFT calculations were performed to better understand the ground and
excited-state electronic properties of 8a. A ground state geometry optimization was first completed
at the B3LYP level of theory with TZV (C and H) and TZVP (Ni, Cl, and P) basis sets.3 ' Then,
TD-DFT calculations using the optimized geometry of 8a produced an absorption spectrum
consistent with the experimental data. The most important result from the TD-DFT calculations
was that the observed absorption bands have primarily ligand-to-metal charge transfer (LMCT)
character. The lower energy transition (~620 nm) largely consists of apical Cl po- and pw-based
transitions to the Ni 3dX 2y2

orbital. The absorption feature in the ~400-500nm region largely

consists of phenyl-ring 7r -- Ni(3dxy 2) and apical/basal Cl(pw) -- Ni(3dx2-y2) LMCTs, with

some components corresponding to apical/basal Cl(pr) -- Ni(3dz2) LMCTs. Most importantly, an
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apical Cl(p-) ->

Ni(3dz 2 ) LMCT transition is predicted within the higher-energy absorption

envelope (-360 nm). The details of the calculations as well as coordinates of the DFT-optimized
geometry and the TD-DFT data can be found in the Supporting Information of the publication that
forms the basis of this section of the chapter.

5.3.2

Discussion
The nanosecond TA results for 8a provide a possible explanation for how photolysis of the

NiCl 3(dppe) complex can lead to irreversible Ni-Cl bond-scission with such high quantum yields
(>70% in solution, >80% in the solid-state). The photo-driven chlorine atom elimination is highly
endothermic based on the solution calorimetry experiments, implying that the back-reaction is
highly exothermic. Therefore, the observation by nanosecond TA of the transient spectrum
attributable to the formation of an arene-to-chlorine charge-transfer adduct between the photoextruded chlorine and the ligand aryl group could be the key to the irreversibility of the overall
process even in the absence of chemical traps. The absorption spectrum shown in Figure 5.8 shows
remarkable similarity to that observed for chlorine atom charge-transfer adducts of benzene
generated by pulse radiolysis3 1 and flash photolysis. 34 -36 The observed spectral feature in the
visible region is shifted -35 nm lower in energy than that of the benzene adduct, likely due to
substituent effects. Such a substituent effect is clearly observed in the nanosecond TA data of 4MeO-8a, which shows a very similar transient spectrum, but red-shifted by -75 nm. Chargetransfer complexes of arenes and halogen atoms are known to display a linear relationship between
the absorption energy and the ionization potential of the donor,33 so perturbations of the electronic
character of the aromatic group causing shifts in the observed spectra are to be expected. The
spectrum corresponding to 4-MeO-8a showing a pronounced red-shift then provides support for
the assignment of the signal being a charge-transfer adduct. The chlorine-benzene adduct has been
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proposed to be an q r complex on the basis of DFT calculations. 39 Ingold, Scaiano, and co-workers
determined the equilibrium constant for formation of the chlorine-benzene adduct to be K = 200
M,

34

indicating a stabilization of the highly reactive Cl atom by ~3 kcal mol-'. We conclude that

this stabilization provides a pathway to guide the photo-extruded Cl atom away from the primary
coordination sphere of the reduced Ni(II) center (where the back-reaction can occur rapidly) and
affords then a microsecond lifetime for the chlorine atom as part of the adduct. This in turn allows
for HAA from solvent to form HCl or dimerization in the solid-state experiments to form Cl 2
before the back-reaction occurs. This conclusion is bolstered by our observation, published
elsewhere, that the quantum yield for chlorine elimination from Ni(III) trichloride bisphosphine
analogs bearing cyclohexyl groups rather than phenyl groups increases as a function of benzene
fraction in the solution mixture, from 20.1% in the absence of benzene to a value of 62% when the
benzene fraction reaches 40%.4o We attribute the effect of benzene addition to the formation of the
charge-transfer adducts, not merely to a dielectric effect, because addition of CC1 4, which has a
similar dielectric constant, does not change the quantum yield significantly.
1

"

In light of the short excited-state lifetimes of 8a and its analogs typically expected of

row transition metal complexes, our TD-DFT and photocrystallography results provide insight as
to why a photochemistry is observed at all. The calculations point to the presence of LMCT
transitions that populate the Ni(3dz ) orbital at energies accessible by the incident light. LMCTs
2

to the unoccupied p_/dz2antibonding Ni-based hole lead to the formal elimination of any apical
Ni-Cl bond order. Therefore, excited states with LMCT character to the pz/dZ2antibonding orbital
may be responsible for photoinduced cleavage of the apical Ni-Cl bond. 4 1This is supported by the
dramatic

elongation

of the

apical

Ni-Br

bond

upon

irradiation

observed

during

photocrystallography of 8c. Further TD-DFT calculations of the excited state potential energy
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surface (PES) of 8b with respect to the apical Ni-Br bond distance shows that the /(po(Brap))

Ni(3dz2) PES is repulsive. 40 Zewail and co-workers demonstrated that population of such repulsive
excited states can result in dissociation of chemical bonds on timescales as short as a few hundred
femtoseconds.4 2 4, 3 Therefore, it is plausible that excitation to this PES can result in homolytic
cleavage of the Ni(III)-Br bond to a Br radical and a low-spin, S = 0 Ni(II) metal center at rates
that can outcompete relaxation back to the ground state.
Together, the steady-state photolysis, nanosecond TA, photocrystallography, and DFT
calculation results allow us to propose a complete mechanism for the chlorine photoelimination
enabled by the secondary coordination sphere, shown in Scheme 5.3. Photon absorption by 8a
provides access to 10, which bears a significantly elongated apical M-X bond. Participation of
ligand-based aromatic substituents via 11 stabilizes the photodissociated chlorine atom in the
secondary coordination sphere of the metal complex. Intermediate 11 displays a lifetime of several
0.5 PhIC
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Scheme 5.3 Proposed mechanism for photoreduction of Ni(III) complex 8a to Ni(II) complex 9a.
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microseconds, which we propose serves to provide sufficient time to assist the removal of halogen
from the primary coordination sphere, thereby leading to productive elimination chemistry by
circumventing the exothermic back reaction. In solution-phase experiments, the photodissociated
chlorine atom is likely intercepted by solvent via HAA,26- 30 whereas in the solid state Cl 2 is formed.

5.4

Discussion of Ligand Non-Innocence in Enabling Photochemical H2
Catalysis and M-X Activation
In the two cases presented in this chapter, time-resolved optical spectroscopy is used to

uncover how a ligand "buys time" for productive irreversible chemistry to occur before energywasting processes such as fast nonradiative decay (in the case of the Ni(II) chloride
triphenylphosphine complexes) or back-reactions (in the case of Ni(III) chloride bisphosphine
complexes) take over. In the case of the former, the strategy of employing a labile ligand capable
of mediating photochemistry by forming long-lived reactive HAA products has precedent in our
group's previous study of Ni complexes bearing bipyridyl ligands.44 The use of PPh3 as the
photoredox mediator in this case improves upon the strategy by employing a significantly less
basic ligand. PPh 3 has a pKa of 7.64 in CH3 CN, while pyridine has a pKa of 12.53.4 As a result,
PPh 3 is not as readily protonated in the presence of the excess exogenous HCl necessary for
photocatalytic HX-splitting and is therefore not passivated as is the case for the bipyridine-based
system. This allows the Ni chloride triphenylphosphine system to show catalytic turnover.
In the case of halogen photoelimination from NiX 3(dppe) complexes, the bidentate
phosphine ligand bearing aryl groups in the secondary coordination sphere allows for the
stabilization of reactive halogen radicals. In removing the photodissociated halogen atoms from
the primary coordination sphere, this secondary-coordination sphere effect allows the radical to
persist for the several microseconds necessary to perform HAA or dimerization chemistry.
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Recognition of the use of secondary coordination sphere effects as a strategy to enhance the
performance of metal complexes has grown in recent years, with recent examples including the
use of pendant carboxylic acid groups or pendant amines to assist in coupling proton transfers to
electron transfers with hangman porphyrin 4-4 9 or hydrogenase-mimic 50 ,5 electrocatalysts, as well
as the use of pendant hydrogen bond-donors to stabilize reactive species such as Fe or Mn oxides.
Our group is in the process of transferring the mechanistic insight delivered here by the transient
spectroscopy results into improved halogen photoelimination systems by rationally designing
ligands that optimize both the placement and the electronic properties of the pendant arenes.

5.5 Conclusions
The systems described in this chapter display surprising reactivity in that they employ
mononuclear nickel complexes to generate either H2 or X 2 via photo-activation of strong M-X
bonds in spite of the short-excited state lifetimes inherent to Ni complexes and a lack of energywasting traps to prevent back reactions. In both cases, time-resolved laser spectroscopy allows for
the identification of transient intermediates that provide key clues for rationalizing the reactivity.
Photolysis of Ni(II) chloride triphenylphosphine complexes with UV light in the presence
of HCl leads to catalytic H 2 production. Time-resolved emission and absorption studies reveal the
photochemical generation of diphenylphosphinyl radical, which ultimately reduces the Ni(II) to
Ni(I) via H-atom transfer. Ensuing disproportionation leads to Ni(O), which readily makes H 2 from
the HCl. Subsequent identification of radical-coupling products and a strong dependence of the
turnover frequency on solvent C-H BDE lend strong support for the radical-based tandem cycle
suggested by the time-resolved spectroscopy observations. This system is a robust example of the
benefit of using a photo-active ligand to decouple the sites of photosensitization from those of M-
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X activation and H 2 formation, as optimization of the photosensitizer and the site of catalysis can
be achieved independently in future studies.
Photolysis of Ni(III) trihalide bisphosphine complexes with UV and visible light leads to
highly efficient halogen elimination, even in solution and in the absence of chemical traps.
Nanosecond TA shows clear evidence of the rapid formation of arene-to-chlorine charge transfer
complexes on the bidentate phosphine ligand. The arene-chlorine adduct decays with a
microsecond lifetime, leaving the Ni(II) photoproduct intact indefinitely. These observations allow
us to conclude that this ligand based adduct formation leads to the circumvention of the otherwise
energy-wasting back-reaction, providing a clear example of a beneficial secondary coordination
sphere effect.

5.6

Experimental Details
Seung Jun Hwang synthesized all complexes and performed the steady-state photolysis,

quantum yield, and calorimetry experiments. Seung Jun Hwang, Dr. David C. Powers, and Bryce
L. Anderson performed photocrystallography experiments. Dr. Ryan G. Hadt performed the DFT
and TD-DFT calculations.

5.6.1

General Methods
All reactions and sample preparations were carried out in a N 2 -atmosphere glovebox.

Solvents were purified on a Glass Contour Solvent Purification System manufactured by SG Water
USA,

LLC and stored over activated molecular sieves. Reagents,

synthetic methods,

characterization, and details of the steady-state photolysis and photocrystallography experiments
are described in Refs. 13 and 25 as well as Seung Jun Hwang's thesis. Steady-state UV-vis
absorption spectra were recorded using a Spectral Instruments 400 Series CCD array
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spectrophotometer with 1.0 cm path length quartz cuvettes. Steady-state emission spectra were
obtained using a PTI QM 4 Fluorometer, with a 150 W Xe-arc lamp used for excitation (set to 310
nm) and a Hamamatsu R928 photomultiplier tube used for detection.

5.6.2
5.6.2.1

Time-Resolved Spectroscopy
Picosecond TA
Picosecond transient absorption (TA) experiments were performed using a previously

reported home-built Ti:sapphire laser system.44 The excitation wavelength was set to 310 nm using
an OPerA Solo optical parametric amplifier, and the pulse energies were kept between 10-20
pJ/pulse at the sample. The continuum for the probe pulses was generated by focusing an 800 nm
beam on a CaF 2 substrate. The reported experiments used a 500 nm blaze grating (300
grooves/mm) and the entrance slit for the monochromator was set to 0.3 mm. The TA spectra
reported are averages of 4 replicates of 500 four-spectrum sequences. To remove artifacts in the
baseline, spectra were corrected by subtracting an average of 3 spectra taken at negative delays,
i.e. time points at which the probe pulse arrives at the sample before the pump pulse. Singlewavelength kinetics traces were obtained by averaging 5 nm spectral windows about the
wavelength of interest for each time point. The reported time constants were calculated using a
least-squares fit of the data to a monoexponential decay on the OriginPro 8.5 data analysis
software. Samples were prepared using anhydrous THF in custom 2.0 mm path-length quartz highvacuum spectroscopy cells and freeze-pump-thawed for 3 cycles using high-vacuum (1.0 x 10torr).
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5.6.2.2

Nanosecond TA
Nanosecond TA experiments were performed using a modified version of a previously-

reported home-built Nd:YAG laser system. 3 In the modified setup, the previously used Triax 320
spectrometer has been replaced by a Horiba iHR320 spectrometer. The output of the Xe-arc lamp
was set to 2.0 ms pulses with 30 A current. The reported experiments used a 250-nm blaze grating
(300 grooves/mm) for the Ni chloride triphenylphosphine TA and a 500-nm blaze grating (300
grooves/mm) for the Ni chloride bisphosphine TA. For the full-spectrum TA acquisitions, the
entrance slit for the monochromator was set to either 0.16 or 0.32 mm (1.0 or 2.0 nm resolution)
and the gate time for the CCD was set to 55 or 60 ns. For the single-wavelength TA kinetics
acquisitions (centered at 320 nm), the entrance and exit slits were set to either 0.06 or 0.16 mm
(0.75 nm or 2.0 nm resolution), and a 1.0 kV bias was applied to the photomultiplier tube detector.
Error bars for the lifetime data correspond to the standard error of the monoexponential fits. The
pump beam was taken as either the 355 nm wavelength beam directly from the laser head or a 300
nm wavelength beam generated from the frequency-doubled 600 nm signal of a Spectra-Physics
Quanta-Ray MOPO-700 with FDO-970 option pumped with the 355 nm light from the
aforementioned laser. The power of the pump beam was set to 2.4 mJ/pulse. The full TA spectra
reported are averages of 200 four-spectrum sequences, and the single wavelength decays are
averages of 500 acquisitions. Sample solutions were prepared in either Schlenk flasks or 20-mL
vials sealed with rubber septa in an N 2 -filled glovebox. Solutions were flowed through a 3-mm
diameter, 1-cm path length flow cell (Starna, type 585.2) using a peristaltic pump and positive
argon or N 2 pressure.
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5.6.2.3

Time-Resolved Emission Spectroscopy
Time-resolved emission data was collected using a Hamamatsu C4334 Streak Scope

camera described previously,5 4 with the 310 nm excitation pulses provided by the Ti:sapphire laser
system described above, set to a 1 kHz repetition rate. A 5 ns time window was used, and 5000
exposures were captured for each sample. Samples for both steady-state and time-resolved
emission experiments were prepared using THF in 1.0 cm quartz high-vacuum spectroscopy cells
in a N 2-atmosphere glovebox.
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6.1

Introduction
This chapter presents an investigation of a system in which a ligand framework is used to

stabilize the otherwise highly reactive peroxide dianion (022-). The redox chemistry of peroxide
dianion is fundamental to aerobic life processes,' valuable industrial feedstock conversions, 2 and
energy storage as pertaining to rechargeable metal-air batteries.3

4

,

Whereas the superoxide (02/02

) redox couple has been studied extensively,5- 8 the electron transfer (ET) properties of the peroxide
dianion as an isolated species have remained largely undefined because the dianion is not readily
available as a solvent-soluble entity. Typically, peroxide is stable in the form of hydrogen peroxide
or when it is bound to a metal ion. The availability of isolated peroxide dianion is unusual, having
been only identified as an inclusion complex within a layered complex salt of maltose9 and within
the extensive hydrogen bonding network of a channel leading to the metal active-site of class lb
ribonucleotide reductase.' 0 The isolation of a soluble peroxide dianion has recently been
accomplished by its encapsulation within the cleft of a hydrogen bond-donating hexacarboxamide
cryptand ligand (mBDCA-5t-H 6)." This occlusion compound permits, for the first time, detailed
electrochemical, chemical, and photochemical studies of the oxidation-reduction properties of
peroxide dianion to be undertaken, unencumbered by the presence of protons or metal ions.
Knowledge of the ET behavior of discrete 022- is useful for the design of metal-air batteries
capable of recharging at lower overpotentials, and also for the informed use of cryptandencapsulated 022- as an oxidant and/or atom transfer reagent in chemical transformations. For
example, the peroxide adduct has been recently demonstrated to cleanly oxidize CO to form
carbonate in organic media, with the product stabilized in the cryptand ligand by nine hydrogen
bonds.' 2 Additionally, the previously reported demonstration that the cryptand ligand selectively
drives the rapid electrochemical conversion of dioxygen to peroxide under benign conditions"
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suggests that it may serve as an effective metal-free catalyst for electrocatalytic hydrogen peroxide
generation. The predominant current industrial technique for H 2 0 2 production consists of a
complex process that involves the sequential hydrogenation and autoxidation of anthraquinones as
well as considerable catalyst recycling.13 The existing large-scale electrochemical methods
typically yield the product in either highly acidic or highly alkaline solutions.' 3 In recent years,
efforts have turned to directly synthesizing H 2 0 2 from 02 and H 2 in a fuel cell process that also
generates electricity.' 3 In such a case, knowledge of the ET properties of the peroxide and
superoxide intermediates would be helpful in optimizing current densities and efficiencies. The
ability for the cryptand ligand to stabilize and provide a soluble form of peroxide dianion facilitates
such studies.
Our group's previous examination of the ET kinetics of the peroxide dianion by the
stopped-flow technique were limited by the millisecond response time of the instrument as well as
by diffusion control of the bimolecular reaction with chemical oxidants.1 4 We now report the ET
kinetics of peroxide dianion, free of diffusion, by employing picosecond time-resolved
spectroscopy to probe photoinitiated ET within an ion-paired complex shown in Chart 6.1. By
varying the driving force of the Ru(II) polypyridyl photosensitizer, a Marcus analysis of the first-72N
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Chart 6.1 Cation Ru(bpy) 2 and anion [(0 2)cmBDCA-5t-H] 2
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order ET rate constant establishes electronic coupling in the nonadiabatic regime and a charge
transfer reaction that is dominated by an inner sphere reorganization energy dominated by the
change in bond length upon oxidation of peroxide to superoxide ion, consistent with the results of
a DFT treatment of the energetics of the peroxide and superoxide anions. The results show that
while the cryptand ligand stabilizes and solubilizes peroxide, its contributions to the inner sphere
reorganization of the electron transfer are minor in comparison to that of the peroxide species
itself.

6.2
6.2.1

Results
Preparation of [Ru(bpy) 3][(0 2)cmBDCA-5t-H 6 ]
The complex tris(2,2'-bipyridyl) ruthenium(II) (Ru(bpy) 32+) and its derivatives were

chosen as photo-oxidants due to their complementary charge with the [(0 2)cmBDCA-5t-H6 ]2anion and their tunable 3MLCT excited state reduction potentials. Salts of each Ru(II) polypyridyl
complex with the [(0 2)cmBDCA-5t-H 6] 2 - anion were obtained in high yield by treatment of
[K 2 (DMF) 5 ][(0 2)cmBDCA-5t-H6 ] with 1 equivalent of the chloride or hexafluorophosphate salt
of the Ru(II) complex in DMF. The salt metathesis reaction proceeded as indicated by a 1:1 [Ru
complex]:[0 2 -adduct]

ratio

of

the

respective

'H

NMR

signals

(Figure

6.1).

[Ru(bpy) 3][(0 2)cmBDCA-5t-H 6 ] was obtained in crystalline form by diffusion of Et 20 into a
DMF solution of the salt. The crystal structure shown in Figure 1 corroborates the formation of a
1:1 complex. The

O-Operoxide

bond length (1.497 A) is in the range of the bond length observed for
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peroxide bound to metal centers.1 5 The distance between the Ru center of the metal complex and
the center of the peroxide moiety is 8.47(1) A.
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Figure
6.1
'H
NMR
spectra
of
(a)
[Ru(bpy) 3][(0 2)cmBDCA-5t-H6 ],
(b)
[Ru(bpy) 2(dmbpy)][(0 2)cmBDCA-5t-H], (c) [Ru(bpy) 2(dOMebpy)][(0 2)cmBDCA-5t-H6 ], and (c)
[Ru(dmbpy) 3][(0 2)cmBDCA-5t-H], all taken in DMSO-d6 at room temperature. Bipyridine peaks are
indicated by black circles (.), peroxide adduct by red circles (.), DMSO by red circles ( ), DMF by grey
circles (.), and Et 2O by green circles (.).
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Ru(1C)

N(4)
N(3

O1
0(2)1

N(6)

N(8

N(7

Figure 6.2 Thermal ellipsoid plot of [Ru(bpy) 3 ][(O2)cmBDCA-5t-H ] drawn at the 50% probability
level. Solvents of crystallization and H atoms not participating in hydrogen bonds are omitted for clarity.
C: gray, N: blue, 0: red, Ru: teal. The ions shown in the plot are in the same asymmetric unit cell. The
center-to-center distance between the Ru metal and peroxide is 16.005 A. A Ru(bpy) 32 ion in a
neighboring unit cell is at a closer distance to the [(0 2)cmBDCA-5t-H6 ]2 ion than that pictured. The
center-to-center distance between this Ru metal and peroxide is 8.47 A.

Table 6.1 Crystal data and structure refinement

Crystal Data

aR = YIIF, - IF|II/EIFI. bwR2

=

[Ru(bpy) 31[(0 2)cmBDCA-5t-H61

formula

C 194 H 268N 410 29Ru 2

CCDC #
fw, g/mol

1030626
3840.36

temp, K
cryst system
space group
color
a, A
b, A
c, A
a, deg
0, deg
y, deg

15
monoclinic
C2/c
orange
29.8268 (15)
17.7117 (9)
38.0786 (19)
90
96.7900 (7)
90

v, A 3

19975.2 (17)

Z
4
Ria
0.068
wR2b
0.215
1.08
GOF (F 2)
Rint
0.069
(X(w(F 2 - F 2 )2)/I(w(F 2) 2))" 2. c GOF = (1w(F

data and p is the number of parameters refined.
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2

-

F 2)2/(n - p))" 2 where n is the number of

6.2.2

Nanosecond Transient Absorption (TA)
Nanosecond TA of [Ru(bpy) 3][(O 2)cmBDCA-5t-H 6] in DMF under a nitrogen atmosphere

demonstrates the growth of an absorption feature at 505 nm (Figure 6.3a) that is indicative of the
formation of the reduced species Ru(bpy) 3+ according to the difference spectrum obtained from
thin layer spectroelectrochemistry (Figure 6.3b); the maximum in the TA spectrum is also
consistent with the electronic absorption spectrum reported for prepared samples of Ru(bpy) 3 . 618

The formation of Ru(bpy) 3+ indicates the occurrence of an electron transfer reaction following

laser excitation. TA spectra of [Ru(bpy) 3]C

2

and free mBDCA-5t-H 6 ligand (no encapsulated

peroxide) showed negligible signal at 505 nm (Figure 6.3c), indicating that the production of
Ru(bpy) 3+ is due to the presence of the peroxide dianion as the predominant electron donor. The
single wavelength kinetics for the formation of Ru(bpy) 3+ was measured with increasing
concentration of [Ru(bpy) 3 ][(O 2 )cmBDCA-5t-H6 ] (Figure 6.4a) and shows that the intensity of
the TA signal and rate of formation of Ru(bpy) 3+ concomitantly increase. Monoexponential fits of
the growth curves in Figure 6.4a yield the pseudo-first-order rate constants plotted in Figure 6.4b,
the slope of which furnishes a second order rate constant of 2.0 x 10'0 M' s- 1, which is consistent
with diffusion-limited kinetics. On the microsecond timescale, the Ru(bpy) 3+ feature observed at
505 nm decays toward baseline with non-exponential kinetics. The loss of Ru(bpy) 3+ can be
attributed to a bimolecular back electron transfer with the superoxide adduct, [(0 2)cmBDCA-5tH6 ]-, as well as oxidation by 02, which may be formed by disproportionation of [(0 2)cmBDCA5t-H 6].1 4 Due to the complex mechanism for the loss of Ru(bpy) 3+, no interpretation of the kinetics
of the back reaction was pursued.
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Figure 6.3 (a) Nanosecond TA spectra of a sample of 0.75 mM [Ru(bpy) 3][(0 2)cmBDCA-5t-H6 ] in
DMF at time delays ranging from 20 ns (black) to 310 ns (red). (b) Steady-state absorption difference
spectrum for Ru(bpy) 3+ formation from Ru(bpy) 32+ generated by subtracting the initial trace from the
final trace of a spectroelectrochemistry acquisition in which Ru(bpy) 32+ was held at a potential of -1.8
V vs. Fc+/Fc 2 min. (c) Single-wavelength TA kinetics traces monitored at 505 nm of solutions

containing 0.76 mM [Ru(bpy) 3][(O 2)cmBDCA-5t-H] (red dots) and 0.90 mM [Ru(bpy) 3]C

2

+ 0.90

mBDCA-5t-H6 with peroxide absence (gray dots). 355 nm excitation pulses were used.
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Figure 6.4 (a) Single-wavelength TA kinetics traces monitored at 505 nm of [Ru(bpy) 3 ][(0 2)cmBDCA5t-H6 ] in DMF at the following concentrations: 0.25 mM (magenta), 0.5 mM (blue), and 0.75 mM (red).
(b) Plot of the pseudo-first order rate constant for the growth of the TA signal at 505 nm vs. concentration
of [Ru(bpy) 3][(O2)cmBDCA-5t-H6]. A least-squares fit yields a second order rate constant of 2.0 x 1010
M-' s-1.
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6.2.3

Emission Quenching and Stern-Volmer Analysis
The steady-state emission intensity and time-resolved lifetime quenching of Ru(bpy) 2+*

were examined as a function of the concentration of [K(18-crown-6)] 2 [(0 2)cmBDCA-5t-H6 ] as
an alternative means of measuring the rate constant for electron transfer. A Stern-Volmer analysis
(Figure 6.5) of the emission intensity and lifetime data yields diffusion-limited rate constants of
1.7

x

10'0 M-' s- 1 and 1.2

x

1010 M-' s~', respectively, in agreement with the nanosecond TA result.

The TA and quenching experiments together establish that the peroxide dianion engages in a
photoinduced, diffusion-controlled electron transfer with the Ru(II) polypyridyl excited state.
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Figure 6.5 (a) Emission intensity Ster-Volmer plot for the quenching of Ru(bpy) 32+ (0.1 mM) as a
function of concentration of [K(1 8-crown-6)] 2[(0 2)cmBDCA-5t-H6 ]. Slope, Ksv = 16,000 M-1, kq = 1.7
x 10 0 M-' s-'. (b) Emission lifetime Stern-Volmer plot for the quenching of Ru(bpy) 2+ (0.1 mM, To =
3
908 ns) by [K(1 8-crown-6)]2[(0 2)cmBDCA-5t-H6 ]. Slope, Ksv = 11,000 M-1, kq = 1.2 x 1010 M' s--.
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6.2.4

Picosecond Transient Absorption
Picosecond

TA

of

solutions

of

[Ru(bpy) 3][(0 2)cmBDCA-5t-H6 ]

prepared

at

concentrations approaching 1 mM also revealed production of Ru(bpy) 3+ but at timescales faster
than diffusion. Figure 6.6a shows the temporal growth of the Ru(bpy) 3+ signal over 400 ps. The
wavelength maximum of the TA signal is 525 nm, which is 20 nm red-shifted from that observed
+

in nanosecond TA experiments (Figure 6.3). In the absence of encapsulated peroxide, no Ru(bpy) 3

is formed, as established by the lack of a TA signal at 525 nm in the control experiments (o,
Ru(bpy) 32+ alone; o, Ru(bpy) 32+, cryptand, no peroxide) in Figure 6.6b. Single-wavelength kinetics
monitored at 525 nm exhibits monoexponential growth kinetics of Ru(bpy) 3+ with a time constant
of 90

8 ps (A, Figure 6.6b), corresponding to a first-order rate constant of 1.1

x

1010 s-1.

Picosecond single wavelength kinetics experiments on samples containing different concentrations
of [Ru(bpy) 3][(0 2 )cmBDCA-5t-H6 ] show Ru(bpy) 3+ signal intensities that are concentration6

6 (b)

6 - (a)
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Figure 6.6 (a) Picosecond TA of spectrum of a 0.76 mM solution of [Ru(bpy) 3][(0 2)cmBDCA-5t-H].
The growth of Ru(bpy) 3' spectral feature at 525 nm is shown over the time window of 1 ps (red) to 400
ps (blue) (ex = 325 nm). (b) Single wavelength TA kinetics monitored at 525 nm of 0.68 mM
[Ru(bpy) 3]C 2 (o, black squares), 1.0 mM [Ru(bpy) 3]C 2 and 1.0 mM mBDCA-5t-H6 (o, red circles),
and 0.76 mM [Ru(bpy) 3] [(0 2 )CmBDCA-5t-H 6 ] (A, blue triangles). The growth curve of Ru(bpy) 3
indicated by the blue triangles fits to a monoexponential curve with a time constant of 90 8 ps.
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dependent but rates of growth that are concentration-independent (Figure 6.7). This result is
consistent with a unimolecular process involving an ET reaction occurring within ion pairs formed
between the oppositely charged [Ru(bpy) 3]2+ and [(0 2)cmBDCA-5t-H] 2- ions. In order to verify
ion-pairing, picosecond TA experiments were repeated in DMF solutions at the elevated ionic
strength supplied by 0.1 M tetra-n-butylammonium hexafluorophosphate (TBAPF 6). Picosecond
TA of these high ionic strength solutions of the complex showed no growth of a signal at 525 nm
+

(Figure 6.8a), which is consistent with the disruption of the ion-pair. Conversely, the Ru(bpy) 3

signal in the nanosecond TA experiments is preserved under high ionic strength conditions, though
suppressed (Figure 6.8b,c), consistent with an attenuated diffusion rate constant due to the kinetic
salt effect.' 9 The observation that ET is maintained on the nanosecond timescale under these
conditions implies that the lack of signal in the picosecond TA is not due to deleterious reactivity
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Figure 6.7 Single-wavelength kinetics TA traces monitored at 525 nm of [Ru(bpy) 3][(0 2)cmBDCA-5tH6 ] at the following concentrations: 0.25 mM (blue), 0.50 mM (red), and 0.75 mM (dark gray).
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between the electrolyte and the components of the [Ru(bpy) 3 ][(0 2)cmBDCA-5t-H6 ] salt but rather
is a result of the increased ionic strength of the solution.
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Figure 6.8 (a) Picosecond TA spectra, recorded after a 400 ps delay time, of samples of 0.87 mM
[Ru(bpy) 3 ][(0 2)cmBDCA-5t-H] in DMF with (red line) and without (black line) 0.1 M TBAPF6 present.
(b) Nanosecond single-wavelength TA kinetics traces monitored at 505 nm of 0.87 mM
[Ru(bpy) 3 ][(0 2)cmBDCA-5t-H] in DMF with no TBAPF6 present. (c) The same experiment as in (b)
but with 0.1 M TBAPF6 present. Monoexponential least-squares fits yield time constants of 67 2 ns and
170 20 ns for traces in (b) and (c), respectively.

6.2.5

Estimation of Ion-Pair Equilibrium Constant Kip

The ion-pair equilibrium constant Kip for [Ru(bpy) 3] [(0 2)cmBDCA-5t-H 6 ] in DMF can be
estimated using the picosecond transient absorption data. This can be achieved by calculating the
yield of Ru(bpy) 3+ using the magnitude of the growth of the TA signal at 525 nm from its initial
value in the prompt spectrum to its final value once the signal is fully formed at a 400 ps delay.
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We use a value of Ac = 13,200 M-lcm-' at 525 nm for the Ru(bpy) 3+ species based on
spectroelectrochemical data. This analysis assumes that all excited ion-pairs undergo charge
separation. The initial yield of excited Ru(bpy) 32+* can be determined using the magnitude of the
bleach in the TA spectrum at 448 nm at a prompt delay and a value of AE = -11,300 M-lcm-' at
448 nm.20 Data used for the calculation is provided in Figure 6.9. By taking the ratio of
[Ru(bpy)3 2 +*]initial:[Ru(bpy) 3 ]

400 p,

from the picosecond TA data as being equal to the ratio of free

Ru(bpy) 32+ to ion-paired Ru(bpy) 32+ in solution, Kip can be estimated using Eq. 6.1 and Eq. 6.2:

[Ru(bpy )21o-aie
K1

(6.1)

ion-paired
free)

=3

([Ru(bpy)2+]

[Ru(bpy)2*]e + [Ru(bpy)2+]ionpaired

=

[[Ru(bpy) 3][(0 2)cmBDCA-5t-H 6 ]]

(6.2)

For a sample containing 0.25 mM [Ru(bpy) 3] [(0 2)cmBDCA-5t-H 6] in DMF, the growth
of the Ru(bpy) 3+TA signal at 525 at a delay of 400 ps had a magnitude of 1.6 mAU, corresponding
to a concentration of [Ru(bpy) 3 ] 4oo

ps

= 6.1

x

10-' M. The prompt bleach at 448 nm had a

magnitude of 55 mAU, corresponding to a concentration of [Ru(bpy)3 2 +*]initial = 2.5

x

10- M. This

affords a ratio of 41 for [Ru(bpy) 32 +*] initial:
[Ru(bpy) 3 ] 4 00 ps at this concentration. Using Eq. 6.1 and
1
Eq. 6.2, a Kip of 1.0

x

102 M- 1 is estimated.

For a sample containing 0.50 mM [Ru(bpy) 3 ][(0 2)cmBDCA-5t-H 6] in DMF, the growth
of the Ru(bpy) 3+ TA signal at 525 at a delay of 400 ps had a magnitude of 2.2 mAU, corresponding
to a concentration of [Ru(bpy) 3+] 4oo p, = 8.3

x

10-' M. The prompt bleach at 448 nm had a

magnitude of 54 mAU, corresponding to a concentration of [Ru(bpy)3 2 +*]initial = 2.5

x

10-5 M. It

should be noted that the magnitude of the bleach might be slightly suppressed in this experiment
due to low transmittance of the white light probe pulse at 448 nm at this high concentration. The
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measured concentrations afford a ratio of 30 for [Ru(bpy)3 2 +*]initial: [Ru(bpy) 3 ] 4oo

ps

at this

concentration. Using Eq. 6.1 and Eq. 6.2, a Kip of 68 M-1 is estimated.
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Figure 6.9 Picosecond TA spectra of samples of [Ru(bpy) 3][(0 2)cmBDCA-5t-H] at concentrations of
0.25 mM (black lines) and 0.5 mM (red lines) taken at time delays of (a) 400 ps and (b) I ps.

6.2.6

Ru Polypyridyl Complex Emission Spectra and Estimation of Eoo
The ability to perform ET within the ion pair permits the ET reactivity of peroxide ion to

be isolated from diffusion-limiting kinetics. The series of derivatives of Ru(bpy) 3+ with modified
bipyridyl ligands may be used to tune the thermodynamics of the photoinduced electron transfer.
The Ru polypyridyl complexes are listed in Table 6.2. Accurate values of the excited state
reduction potentials for the complexes required measurement of their excited state energies, Eoo.
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These values can be obtained, to a simple approximation, by fitting the 77 K emission spectra
using a Frank-Condon analysis:21 22
E00 - nhw

s
I

(

=
n

\

EOo

3

)

i - E00 + nhto
_

n"

-l exp -4n2
n/

/

2-

(6.3)

A191/2

where I(V) is the emission intensity in quanta, S is the dimensionless Huang-Rhys factor, hfo is the
vibrational energy spacing, and Ai1/ 2 is the bandwidth. The 77 K emission spectra of the Ru
polypyridyl complexes are shown in Figure 6.10, and the parameters resulting from the fitting of
the spectra are shown in Table 6.2.

C,,
C
4_0

C
C

0
C,,
C/)

0

z

I

I

I

I

I

14
16
18
Wavenumber 1 03 cm-1

I

20

/

12

I

Figure 6.10 Normalized steady-state emission spectra (hexc = 455 nm) of [Ru(bpy) 3]C 2 (black line),
[Ru(bpy) 2(dmbpy)]C1 2 (red line), [Ru(bpy) 2(dOMebpy)]C 2 (green line), and [Ru(dmbpy) 3]C 2 (blue

line) in DMF at 77 K.
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Table 6.2 Emission spectra fitting parameters for Ru polypyridyl complexes
Ru" complex
Ru(bpy)

3 2+

Ru(bpy) 2(dmbpy) 2 +

S

Iw/cm~ 1

AVI/ 2 /cm~

2.11

0.7
0.6
0.6
0.7

1220

860

1230

900

1250

890

1230

980

2.08
2

6.2.7

E00/eV

Ru(bpy) 2(dOMebpy) .

2.05

Ru(dmbpy) 32+

2.06

1

Marcus Theory Analysis
With a homologous series of photo-oxidants in hand, a driving-force dependence of the

rate of oxidation of the peroxide dianion may be determined. Accordingly, the salts of the
encapsulated peroxide with other Ru polypyridyl complexes were investigated by picosecond TA.
The difference spectra, as determined by spectroelectrochemistry, were similar to that of
Ru(bpy) 3+. As with the Ru(bpy) 32+ salt of [(0 2 )cmBDCA-5t-H6 ] 2-, a prompt growth of the singly
reduced Ru(I) complex is observed upon excitation for each salt. The single-wavelength traces
shown in Figure 6.11 for each system obey monoexponential growth kinetics; the ET rate constants
listed in Table 6.3 increase monotonically with driving force.
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Figure 6.11 Single-wavelength TA kinetics traces monitored at 525 nm of samples containing 1 mM of
(a) [Ru(bpy) 2(dmbpy)][(0 2)cmBDCA-5t-H 6 ], (b) [Ru(bpy) 2(dOMebpy)][(0 2)cmBDCA-5t-H6 ], and (c)
[Ru(dmbpy) 3][(0 2)cmBDCA-5t-H6 ] in DMF.

Table 6.3 Electrochemical, photophysical, and electron transfer kinetics of Ru polypyridyl complexes
E'(Il/)/V

Eoc/eV'

E(ll*/l)/V

-AG''/eV

Ru(bpy) 32"

-1.73

2.11

0.39

Ru(bpy)2(dm py)2+

-1.76a

2.08

0.33

1.15
1.09

1.1 x 1010
6.3 x 109

Ru(bpy) 2(dOMebpy) 2 +

-1.77

2.05

0.29

1.05

5.5

x

109

-1.84"

2.06

0.22

0.99

4.6

x

109

Ru" complex

Ru(dmbpy)

2

3

kETIS

potential adjusted to Fc t /Fc reference couple, Ref 43. h E00 determined from fitting of 77 K emission
spectra (Figure 6.10) using the method in Refs 21,22 and detailed in the Section 6.2.6. Using E'([(O2
)cmBDCA-5t-H6 ] /[(0 22 )cmBDCA-5t-H]) = -0.85V vs Fc+/Fc, Ref 11.
a Redox

C

The observed ET rate constants are in accordance with the Marcus theory of electron
transfer at the classical limit,2 3
2ir

kET =- 2

h

1
I

e

-(AG*'+a)
4BI

2

(6.4)

447rAkBT

where kET is related to AG*' and the total reorganization energy, 2. The reactants and products in
the ET reaction are charged and therefore the AG"' in Eq. 6.4 and the values listed in Table 6.3 are
corrected with Coulombic work terms, as detailed in Section 6.5.6. Figure 6.12 shows the Marcus
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plot for the four complexes. The choice of Ru(II) polypyridyl complex was limited owing to the
reactivity of the encapsulated peroxide with ligands possessing strong electron withdrawing groups
(thus limiting the overall span of -AG"'). For instance, tris(4,4'-dichloro-2,2'-bipyridyl)
ruthenium(II) and tris(bis(4,4'-trifluoromethyl)-2,2'-bipyridyl)ruthenium(II) were unstable in the
presence of [(0 2)cmBDCA-5t-H 6 ]2-, and decomposition reactions ultimately led to the production
of chloride and fluoride cryptand adducts, respectively. Accordingly, the Marcus inverted
region

was not accessible and our measurements were confined to the Marcus normal region.
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Figure 6.12 Semi-log plot of kET vs. the free energy driving force for [Ru(II) complex][(0 2)cmBDCA5t-H6 ] salt in DMF. The calculated fit of Eq. 6.4 is illustrated (red).

The least-squares fit of Eq. 6.4 to the data in Figure 6.12 provides an estimate of the
electronic coupling term,

I',2 between the excited Ru(II) polypyridyl complexes and the

encapsulated peroxide anion, as well as 2, yielding values of I

=9

3 cmf and A = 1.5

0.1 eV.

These values for IPI and 2 obtained in the classical limit neglect nuclear tunneling effects, which
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can be significant when high frequency vibrations (hco > 4kBT) contribute to the inner sphere
reorganization energy (A,). 23,26 To address the suitability of the classical limit for this system, a
quantum mechanical treatment was also performed as detailed in the Section 6.5.6 (Eq. 6.11) to
yield I j and 2, of 17

10 cm-' and 1.2

0.3 eV respectively. A total reorganization energy in the

quantum treatment can be estimated by adding the outer sphere contribution A, = 0.60 eV, obtained
by treating the solvent with a dielectric continuum model (vide infra), to A{ to obtain a value of
1.8

6.2.8

=

0.3 eV, which is within error of that obtained using the classical limit.

Evaluation of Inner Sphere Reorganization Energy
The inner sphere contribution (A{) is approximated in the classical limit by,23

(Aqj)(6.5)

A

fjr + f

2

where fi and fP are the force constants for the j'h vibrational mode of the reactants and products,
respectively, and Aqj is the change in the equilibrium value of the bond length. Whereas the
contribution of ruthenium polypyridyl complexes to the inner sphere reorganization energy is
negligible, 27 that of [(0 2)cmBDCA-5t-H 6 ]2- is significant. The contribution to Aj due to the
shortening of the 0-0 bond upon oxidation of the peroxide dianion to superoxide can be estimated
using Eq. 6.5. Substitution of the known force constants and bond distances for peroxide (1.497

A, 2.8 N/cm force constant)28 and superoxide (1.28 A, 6.17 N/cm force constant) 29 in Eq. 6.5 yields
Ai= 0.90 eV for an isolatedperoxide/superoxide moiety. However,

,(022-/02)

could be perturbed

by the presence of the cryptand ligand environment. To incorporate the effect of the cryptand
ligand on 2(022-/02) as well as the effect of conformational changes of the ligand itself upon ET,

density functional theory (DFT) was applied to calculate Aj in the classical limit for the complete

. 230

[(0 2 )c(mBDCA-5t-H 6]2- ion. In this case, A{is determined by the difference in energy between the
peroxide-cryptand adduct at its equilibrium nuclear configuration and the nuclear configuration of
peroxide within the cryptand at the equilibrium geometry of the superoxide-cryptand adduct, i.e.
)L[(0 2 2-/2)cmBDCA-5t-H 6] = E[(022-)cmBDCA-5t-H 6]supereroxide-equi-geom
5t-H6]peroxide-equil-geom

-

E[(022-)cmBDCA-

where E is the single point energy as determined by DFT calculations. This

approach has been implemented successfully for the calculation of A{ for blue copper proteins.3 It
should be noted that this method assumes identical free energy surface shapes for the reactant and
product, which is a fundamental assumption for a linear Marcus theory model of ET.23,31,32
Moreover, even when departing from a linear model, Marcus has shown that the effect of any
differences in force constants with respect to oxidation state is generally negligible.33 Geometry
optimizations were first performed for the peroxide-cryptand adduct and the superoxide-cryptand
adduct using the crystal structure coordinates of the [(0 2 )cmBDCA-5t-H 6]2- anion as a starting
point. Tables S3 and S4 in the Supporting Information of the publication that forms the basis of
this thesis chapter list the atomic coordinates for the optimized structures. 34 The computed
peroxide 0-0 bond distance (1.506 A) and the average computed amide nitrogen to peroxide
oxygen bond distances (2.728 A) are in good agreement with distances measured in the crystal
structure (1.497 A and 2.685 A respectively). Although the superoxide adduct cannot be isolated,
let alone crystalized owing to its proclivity to disproportionate in the presence of the cryptand,"

4

the computed 0-0 bond distance (1.36 A) is also in good agreement with that measured in
crystalline potassium superoxide (1.28 A).
We next performed the single point energy calculations of the peroxide-cryptand in its
optimized geometry as well as in the optimized geometry of the superoxide adduct. The total
energies for the peroxide-cryptand adduct in the peroxide and superoxide equilibrium geometries
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are provided in Table 6.4. The energy difference between these two geometries isli = 0.89 eV. In
order to assess the agreement between inner sphere reorganization energies calculated using Eq.
6.5 and those calculated with the computational approach described above, we also applied the
computational method for a free peroxide dianion (Table 6.5). This afforded a value of Ai = 0.74
eV, consistent with a minor deviation from the harmonic oscillator approximation used in Eq. 6.5.
Table 6.4 DFT single point energies of [(0 2)cmBDCA-5t-H6 ]2- in its (A) optimized nuclear
configuration and (B) optimized nuclear configuration of the superoxide-cryptand adduct.
Geometry

Energy / Eh

Energy / eV

A

-2908.0919

-79133.20

B

-2908.0596

-79132.32

Table 6.5 DFT single point energies of free 022 in its (A) optimized nuclear configuration and (B)
optimized nuclear configuration of the free superoxide.
Geometry
A

Energy / Eh
-150.0259488

Energy / eV
-4082.413612

B

-149.9989199

-4081.678118

The total reorganization energy for the ET reaction is the sum of inner and outer sphere
reorganization energies, A =,,+

i.

TheA,{ for the [Ru(bpy) 3 ][(0 2)cmBDCA-5t-H6 ] system in DMF

was estimated using the dielectric continuum model.

The molecular radius of the

[(0 2)cmBDCA-5t-H] 2 - anion (ravg = 5.0 A) was taken as the geometric mean of the radii along
the three axes of the crystal structure (Figure 6.13); we prefer to use this metric rather than the
closest distance of the ions from the crystal structure because that specific distance is unlikely to
be sampled on average in solution. Together with the ravg = 6.5

A for the ruthenium complex, 36 we

calculate an outer sphere reorganization energy of 0.60 eV for the ET reaction in DMF (eop = 2.05,
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cs = 36.7). A total reorganization energy of A = 1.49 eV obtained from DFT calculation is in
excellent agreement with the value of A = 1.5

0.1 eV obtained from the classical Marcus fit of

the experimental data shown in Figure 6.12.

2r2

Figure 6.13 The distance r, is taken as half the distance between the apical nitrogen atoms of the cryptand
from the crystal structure geometry and r2 is taken as half the height of the equilateral triangle formed by
the quaternary carbons of the three tert-butyl groups of the cryptand. Because of the C 3 symmetry of the
cryptand, two distances are taken to be r2. The effective cryptand radius was calculated to be the geometric
mean of the three distances: ri, r 2, and r3 (= r2),
r1 T2 r2-

rcryptand

6.3
6.3.1

Discussion
Time-Resolved Spectroscopy and Ion-Pairing
The observation of the reduced species Ru(bpy) 3+ in the nanosecond TA experiments with

[Ru(bpy) 3][(0 2)cmBDCA-5t-H6 ] show clear evidence of a photo-induced electron transfer
process, and the lack of signal in the control experiments with the peroxide absent, point to it being
the electron donor. However, the measured bimolecular rate constant points to diffusion-limited
kinetics for this dynamic quenching process, and the Stern-Volmer analysis of the emission
quenching yields a similar conclusion. Such a diffusion-limited process yields little insight into
the underlying electron transfer properties of the peroxide dianion except for that it is quite fast
under these conditions, which is to be expected given the 1.15 eV driving force. However, the
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complementary +2 and -2 charges of the ions and the relatively low dielectric constant of the
nonaqueous solvent did raise the possibility of ion-pair formation, which could provide a static
quenching pathway. The picosecond TA experiments showing formation of Ru(bpy) 3+ on ultrafast
timescales is consistent with such a process, and the concentration-independence of the rate
constant and ionic-strength dependence of the signal intensity provide confirmation. To
summarize, the combined nanosecond and picosecond TA results suggest competitive ET
mechanisms for the photoinduced reduction of Ru(bpy) 32 +* by encapsulated peroxide dianion: a
bimolecular route that is limited by the rate of diffusion, and a unimolecular pathway in which
Ru(bpy) 32+ is photoexcited within the ion pair, and the rate limiting step is activated electron
transfer, kET (Scheme 6.1). Such competitive ET channels for the reaction of Ru(bpy) 32 +* with
anionic quenchers has been observed previously for persulfate 37' 38 and anionic coordination
compounds such as Mo(CN)8 4- and PtCl4 .39
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Scheme 6.1 Competing pathways for ET.

Concerning the ~20 nm red shift of the Ru(bpy) 3* TA signal in the picosecond experiments,
we attribute this red-shift to the superposition of the TA spectrum of Ru(bpy) 3+ with that of the
Ru(bpy) 32+* excited state. The Ru(bpy) 32 +* difference spectrum features a large bleach of the
MLCT band centered at ~450 nm. This bleach tails into the region where the Ru(bpy) 3+signal at
505 nm is located, causing a red-shift in the wavelength maximum. This effect manifests itself in
the picosecond TA, and not the nanosecond TA, because a vast majority of the excited Ru(bpy)32+*
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species do not participate in ET with the peroxide at this timescale due to the relatively small Kip,
leaving the large bleach intact. Conversely, on the nanosecond timescale, all of the Ru(bpy) 2 +*
signal is depleted by either relaxation to the ground state or reaction with the peroxide dianion and
hence the red-shift is not evident.
In principle, ion-pairing should be manifested in the Stern-Volmer analysis. For a system
in which both dynamic and static quenching mechanisms operate, the steady-state emission
intensity quenching may be expressed as follows: 40

T=

(6.6)

(1 + kqTo[Q])(1 + Kjp[Q])

where I is the emission intensity, Io is the emission intensity in the absence of quencher

Q,

kq is

the dynamic quenching rate, and To is the emission lifetime in the absence of quencher. Kip under
the emission quenching conditions may be estimated using Debye-Huckel theory as shown in Eq.
6.12 in Section 6.5.7. The quadratic nature of Eq. 6.6 implies a deviation from linearity of the
Stern-Volmer plots when static quenching is present. However, under the conditions of our
emission quenching experiments (Figure 6.5), Kip is estimated to be small (~60-90 M-1 depending
on the ionic strength), consistent with the estimates of Kip obtained from transient data. At the
millimolar concentrations of [(0 2 )cmBDCA-5t-H 6]2- used for the quenching experiments, Kjp[Q]
is << 1; the emission intensity quenching is therefore dominated by dynamic quenching, resulting
in a linear Stern-Volmer curve.

6.3.2

Marcus Analysis and Contributions to Inner Sphere Reorganization
By varying the driving force of the oxidation using different Ru polypyridyl

photosensitizers, the free energy dependence of the ET rate constant could be evaluated in the
context of either the classical or the quantum Marcus Theory treatments in order to gain insight
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into the redox properties of the encapsulated peroxide. The classical and quantum models yield
values of ITJ and 2 that are within error, suggesting the effects of nuclear tunneling are not
resolvable in the data. Due to the large uncertainty of IV] the only conclusion we draw is that |I is
small, consistent with nonadiabatic electron transfer. This nonadiabaticity is unsurprising given
the long distance between the donor and acceptor, the steric shielding from the cryptand, and a
lack of a highly-conjugated pathway between the two.
In evaluating the inner sphere reorganization energy, we found that )i for free peroxide and
X, for the entire cryptand-peroxide adduct have very similar values. Notwithstanding the slight
deviation between the DFT method and calculation of A from harmonic oscillator model in eq 6.5,
the similar values obtained for 1;(02/02) from Eq. 6.5 (0.90 eV) and for

i[(022-/02)cmBDCA-

5t-H 6] from the DFT calculations (0.89), both of which are consistent with the experimentallydetermined value of 0.9 eV, lead us to conclude that the contribution of the peroxide dianion itself
dominates the inner sphere reorganization energy for the oxidation of [(0 2)cmBDCA-5t-H 6 ] 2 -and
that the cryptand contribution is minor.

6.4 Conclusions
Electron transfer reactions of peroxide are a cornerstone of dioxygen reactivity in
chemistry and biology. The intrinsic reactivity of this diatomic dianion is difficult to establish
because it does not typically exist in a soluble form. To this end, the cavity of hexacarboxamide
cryptand (mBDCA-5t-H 6) offers a site for the molecular recognition of peroxide and a platform
from which to investigate the electron transfer chemistry of the dianion. By forming complex salts
of the [(0 2)cmBDCA-5t-H 6]2- with Ru(II) polypyridyl dications, a photoinduced ET reaction
chemistry of peroxide may be established. Whereas a bimolecular ET reaction is diffusion-limited,
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photoinduced charge transfer within an ion pair of the complex ion permits the intrinsic ET kinetics
to be isolated. Picosecond TA spectroscopy allows for the direct measurement of the activated
electron transfer rate constant, kET, which is on the order of 1010 s-1. The driving-force dependence
of kET using a homologous series of Ru(II) polypyridyl cations allows for the determination of the
Marcus

parameters

of

the

system.

The

modest

electronic

coupling

for

the

[Ru(bpy) 3 ][(0 2)cmBDCA-5t-H 6] ion-paired complex is consistent with a nonadiabatic ET. An
experimental reorganization energy of 1.5

0.1 eV is obtained using the classical Marcus model

of electron transfer, which is in good agreement with estimates from calculations. Evaluation of X1
shows that the contraction of the peroxide 0-0 bond prior to ET dominates the reorganization
energy of the system with little contribution from the cryptand ligand. This suggests that the
encapsulated peroxide provides a faithful model system with which to study the ET kinetics of free
peroxide dianion with limited structural influence from the cryptand.

6.5

Experimental Details
Synthesis and characterization of [K 2 (DMF) 5][(0 2 )cmBDCA-5t-H 6] and the [Ru(II)

complex][(0 2 )cmBDCA-5t-H 6] salts were performed by Matthew Nava and Dr. Nazario Lopez
from the Cummins group at MIT. Crystal structure acquisition and refinement were performed by
Dr. David C. Powers. DFT calculations were performed by Bryce L. Anderson. All other
syntheses, experiments and analyses were done in collaboration with Bryce L. Anderson.

6.5.1

General Methods
All reagents, unless otherwise indicated, were purchased from Aldrich. Solvents were

purified on a Glass Contour Solvent Purification System manufactured by SG Water USA, LLC.
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NMR solvents were obtained from Cambridge Isotope Laboratories. 'H NMR spectra were
obtained at the MIT Department of Chemistry Instrumentation Facility on a Bruker 400 MHz
spectrometer. Elemental analysis was performed by Robertson Microlit Labratories. Microwaveassisted synthesis was accomplished using a CEM Discover microwave reactor. UV-vis spectra
were recorded on a Varian Cary 5000 UV-vis-NIR spectrophotometer. Steady-state emission
spectra were obtained on a PTI QM 4 Fluorometer, with a 150 W Xe-arc lamp for excitation and
a Hamamatsu R928 photomultiplier tube for detection. All samples for the room temperature
optical spectroscopy experiments were prepared using DMF stored over activated 3 A molecular
sieves in a N 2 -atmosphere glovebox. Samples were prepared in: 1.0 cm path length quartz cuvettes
(Starna, Inc.) with Teflon screw-caps for room temperature emission spectroscopy; 1.0 mm path
length quartz cuvettes (Starna, Inc.) for UV-vis absorption spectroscopy; custom 2.0 mm path
length high-vacuum cells for nanosecond and picosecond TA spectroscopy; and quartz EPR tubes,
which were brought to 77 K using liquid nitrogen for low temperature emission spectroscopy.
Electrochemical measurements were made in a N2 -atmosphere glovebox using a CH Instruments
760D Electrochemical Workstation using CHI Version 10.03 software. Thin-layer UV-vis
spectroelectrochemistry experiments were performed using a 0.5 mm path length quartz cell with
an Ocean Optics USB4000 spectrophotometer and DT-Mini-2GS UV-vis-NIR light source in
conjunction with the CH electrochemical workstation.

6.5.2
6.5.2.1

Synthesis
Preparationof [Ru(dmbpy)3 ][PF]2
The previously reported synthesis4 ' of Ru(dmbpy) 32 was modified by isolating the PF6-

salt. RuC3-xH 20 (88 mg) and 4,4'-dimethyl-2,2'-bipyridine (324 mg) were loaded into a 100 mL
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round-bottom flask along with 11.4 mL of deionized H2 0. To the flask was added 3 mL of 0.1 M
HCl and the mixture was brought to reflux. After 90 min, 1.7 mL of 30% neutralized
hypophosphoric acid was added to the flask. The mixture continued to reflux for 1 h, at which
point it was allowed to cool. After filtration, the solution was concentrated and excess sodium
hexafluorophosphate was added, resulting in the formation of an orange precipitate. The
precipitate was collected by vacuum filtration and washed x3 with THF. The solid was dried at 80
'C under vacuum overnight. The 'H NMR spectrum of the product was consistent with literature
reports of the compound.4 2

6.5.2.2

Preparationof [Ru(bpy) 2(dmbpy)]C 2
The previously reported synthesis4 3 of Ru(bpy) 2 (dmbpy) 2+was adapted for the microwave

technique. Ru(bpy) 2 C 2 (104 mg) and 4,4'-dimethyl-2,2'-bipyridine (278 mg) were dissolved in 15
mL of ethanol contained within a 35-mL microwave reactor tube. The reaction mixture was
subjected to microwave irradiation for 1.75 h at a reaction condition of 120 *C. Upon completion
of the reaction, the solution was filtered while still warm and the filtrate was brought to dryness.
H 2 0 (40 mL) was added to the remaining solid and the solution was washed x4 with CHCl 3. The
aqueous fraction was again brought to dryness to furnish the product. The product was dried at 80
'C under vacuum overnight. The 'H NMR spectrum of the product was consistent with literature
reports of the compound.4 2

6.5.2.3

Preparationof [Ru(bpy) 2 (dOMebpy)]CL2
The title compound was prepared as described above for [Ru(bpy) 2(dmbpy)]C

stoichiometric amount of 4,4'-dimethoxy-2,2'-bipyridine was used rather than an excess.
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2

but a

6.5.2.4 Preparationof Ru Polypyridyl | Peroxide Salts
[K 2(DMF) 5 ][(0 2)cmBDCA-5t-H6 ] was prepared by previously published procedures.' 4 1
equiv of the [K2(DMF) 5 ][(0 2)cmBDCA-5t-H6 ] and 1 equiv of the corresponding ruthenium(II)
bipyridyl chloride or hexafluorophosphate salt were placed as solids into a 20 mL scintillation vial
equipped with a Teflon stir bar. The solids were dissolved in DMF (2 mL). This dark red solution
was allowed to stir at room temperature for -5 min, after which it was passed through a 200 nm
Teflon membrane syringe filter to remove KCl. To the filtrate, diethyl ether (15 mL) was added to
induce precipitation. The resulting slurry was allowed to stir at room temperature for 10 min to
ensure complete precipitation of the product. The resulting dark red solid was collected on a
medium sintered glass frit, washed with diethyl ether (3 x 5 mL) and dried under dynamic vacuum
for 3 h. The 'H NMR spectrum indicates a 1:1 integration of the Ru complex cation to peroxide
adduct dianion.

6.5.2.5 Preparationof [Ru(bpy)3][(02)cmBDCA-5t-H6]
[K 2(DMF) 5 ][(0 2 )cmBDCA-5t-H 6] (260 mg, 0.196 mmol) and [Ru(bpy) 3]C

2

(126 mg,

0.196 mmol) were employed in the aforementioned procedure to furnish 270 mg (95%) of product.
H NMR (400 MHz, DMSO-d 6 , 6): [(0 2)cmBDCA-5t-H 6]2-: 14.62 (s, 6 H), 10.14 (s, 3 H), 8.13
(s, 6 H), 3.37 (br, 6 H), 2.59 (br d, 6 H), 2.34 (br d, 12 H), 1.29 (s, 27 H). Ru(bpy) 32+: 8.76 (d, 6
H), 8.06 (t, 6 H), 7.71 (d, 6 H), 7.50 (t, 6 H). 13C NMR (100 MHz, DMSO-d6 , 6): [(0 2)cMBDCA5t-H 6]2-: 165.58, 148.99, 135.00, 126.74, 124.21, 59.93, 40.83, 34.38, 31.16. [Ru(bpy) 3 ]2+: 156.44,
151.17, 137.81, 127.83, 124.37. Anal. Calcd (Found) for [Ru(bpy) 3][(02) )cmBDCA-5tH6 ]-6DMF, C 96 H 136N 2001 4 Ru: C, 60.97 (60.44); H, 7.03 (7.01); N, 14.81 (14.44).
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6.5.2.6

[Ru(bpy)2 (dmbpy)][(02)cmBDCA-5t-H6]
[K 2 (DMF)5 ][(0 2)cmBDCA-5t-H6 ] (164 mg, 0.124 mmol) and [Ru(bpy) 2(dmbpy)]C

2

(85

mg, 0.127 mmol) were employed in the aforementioned procedure to furnish 162 mg (89%) of
product. 'H NMR (400 MHz, DMSO-d,

8):

[(0 2 )cmBDCA-5t-H 6]2-: 14.59 (s, 6 H), 10.10 (s, 3

H), 8.14 (s, 6 H), 3.37 (br, 6 H), 2.59 (br d, 6 H), 2.33 (br d, 12 H), 1.30 (s, 27 H).
[Ru(bpy) 2 (dmbpy)]2+: 8.80 (d, 4 H), 8.71 (s, 2 H), 8.10 (t, 4 H), 7.73 (t, 4 H), 7.53 (q, 6 H), 7.36
(d, 2 H), 2.52 (s, 6 H).

6.5.2.7 [Ru(bpy) 2 (dOMebpy)][(02)cmBDCA-5t-H6]
[K 2(DMF) 5 ][(0 2)cmBDCA-5t-H 6 ] (112 mg, 0.084 mmol) and [Ru(bpy) 2 (dOMebpy)]Cl 2
(60.6 mg, 0.086 mmol) were employed in the aforementioned procedure to furnish 110 mg (86%)
of product. IH NMR (400 MHz, DMSO-d6 , 6): [(0 2)cmBDCA-5t-H6 ]2-: 14.59 (s, 6 H), 10.10 (s,
3 H), 8.15 (s, 6 H), 3.37 (br, 6 H), 2.59 (br d, 6 H), 2.33 (br d, 12 H), 1.30 (s, 27 H).
Ru(bpy) 2 (dOMebpy)2+ : 8.78 (d, 4 H), 8.48 (s, 2 H), 8.10 (q, 4 H), 7.82 (d, 2 H), 7.72 (d, 2 H), 7.51
(m, 4H), 7.41 (d, 2H), 7.15 (d, 2H), 3.98 (s, 6H).

6.5.2.8

[Ru(dmbpy)3][(0 2)cmBDCA-5t-H6]
[K2 (DMF) 5 ][(0 2)cmBDCA-5t-H6 ] (111 mg, 0.084 mmol) and [Ru(dmbpy) 3 ]PF6 (79 mg,

0.084 mmol) were employed in the aforementioned procedure to furnish 123 mg (95%) of product.
H NMR (400 MHz, DMSO-d6 , 6): [(0 2)cmBDCA-5t-H 6 ]2-: 14.60 (s, 6 H), 10.09 (s, 3 H), 8.14
(s, 6 H), 3.37 (br, 6 H), 2.59 (br d, 6 H), 2.31 (br d, 12 H), 1.29 (s, 27 H). [Ru(dmbpy) 3 ] 2+: 8.68 (s,
6 H), 7.49 (d, 6 H), 7.32 (d, 6 H), 2.49 (s, 18 H).
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6.5.3

Crystallography
Structural data were collected as a series of (p scans using 0.41328 A radiation at

temperature of 15 K (Oxford Diffraction Helijet) on a vertical mounted Bruker D8 three-circle
platform goniometer equipped with an Apex II CCD at ChemMatCARS located at the Advanced
Photon Source (APS), Argonne National Laboratory (ANL). Crystals were mounted on a glass
fibre using Paratone N oil. Data were integrated using SAINT 44 and scaled with a multi-scan
absorption correction using SADABS. The structures were solved by direct methods using
SHELXS-97 and refined against F2 on all data by full matrix least squares with SHELXL-97.45 All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed at idealized
positions and refined using a riding model.

6.5.4

Spectroscopic Experiments

6.5.4.1 Steady-state Emission Quenching Experiments
Samples were excited with 400 nm light. Each sample comprised 0.1 mM [Ru(bpy) 3]C

2

and a different concentration of [K(1 8-crown-6)] 2[(0 2 )cmBDCA-5t-H6 ], ranging from 0.0 mM to
0.7 mM. The emission spectrum of [Ru(bpy) 3]Cl 2 was recorded and integrated three times, and the
average integrated emission intensity was used for Stem-Volmer analysis.

6.5.4.2 Time-Resolved Emission QuenchingExperiments
For the time-resolved emission quenching experiments, the excitation source was the same
Ti:sapphire laser system used for TA experiments. Emission data was collected using a
Hamamatsu C4334 Streak Scope camera that has been described previously. 4 6 The laser excitation
source was tuned to 400 nm, and the power was attenuated to 2.5 mW using a neutral density filter
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in front of the sample. A 1 ts or 5 gs time window was used, and 5000 exposures were captured
for each sample. The same samples were used for both the steady-state and time-resolved emission
quenching experiments. The emission decays traces were fit with monoexponential functions to
afford the lifetime of excited [Ru(bpy) 3]C 2 in each sample. The lifetimes were then used for SternVolmer analysis.

6.5.4.3

Nanosecond TransientAbsorption
Experiments were performed using a modified version of a previously-reported home-built

Nd:YAG laser system. 47 In the modified setup, the previously-used Triax 320 spectrometer has
been replaced by a Horiba iHR320 spectrometer. The output of the Xe-arc lamp was set to 2.0 ms
pulses with 30 A current. The reported experiments used a 250 nm blaze grating (300
grooves/mm). The entrance slit for the monochromator was set to 5 nm resolution and the gate
time for the CCD was 40 ns. The power of the pump beam (k = 355 nm) was set to 2 mJ/pulse.
The TA spectra reported are averages of 4 replicates of 5 four-spectrum sequences. Drift in the
baseline of the transient absorption spectra was corrected by setting the AOD value for each
spectrum equal to 0.00 mAU between 575-600 nm, where both Ru(bpy) 3+ and Ru(bpy) 32 +* are
optically silent. Single-wavelength kinetics traces were obtained by averaging 13 nm spectral
windows about the wavelength of interest for each time point. Lifetime measurements were made
using a least-squares fit using the OriginPro 8.5 data analysis software.

6.5.4.4 Picosecond TransientAbsorption
Experiments were performed using a previously-reported home-built Ti:sapphire laser
system.48 The excitation wavelength was set to 325 nm with a power kept between 10-20 pJ/pulse

243

at the sample. The continuum for the probe pulses was generated by focusing an 800 nm beam
through a CaF 2 substrate. The reported experiments used a 500 nm blaze grating (300 grooves/mm)
and the entrance slit for the monochromator was set to 4 nm. The TA spectra reported are averages
of 4-6 replicates of 500 four-spectrum sequences. Drift in the baseline of TA spectra was corrected
by setting the AOD value for each spectrum equal to 0.00 mAU between 575-585 nm. The spectra
were also corrected by subtracting an average of 3 spectra taken at negative delays, i.e. time points
at which the probe pulse arrives at the sample before the pump pulse. Single-wavelength kinetics
traces were obtained by averaging 10 nm spectral windows about the wavelength of interest for
each time point. The reported time constants and rate constants are the average of 3-5 samples.
Lifetime measurements were made using a least-squares fit using the OriginPro 8.5 data analysis
software. The uncertainty in the values is reported as a 95% confidence interval.

6.5.5

Computational Methods
Density functional theory (DFT) calculations were performed using ORCA version 3.0.49

Structure optimizations were performed using the BP 50 functional and polarized Ahlrichs TZV
Single point energies were computed using the

B3LYP hybrid functional and foregoing basis sets as implemented in ORCA 3 .0.

6.5.6

-

basis sets: H: TZV(p); main-group: TZV(2d)).'

Electron Transfer Analysis
The high temperature classical expression for an outer sphere electron transfer rate constant

in the Marcus theory model is given by,2 3

21
kET

1+1)

h IV1 2 V41{k
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e

4AkBT

(6.7)

where IV, is the magnitude of the electronic coupling matrix element, AG"' is the work-corrected
free energy of reaction, A the is reorganization energy of the cross reaction, and kB is Boltzmann's
constant. The expression for AG"' is provided for the case of [Ru(bpy) 3 ][(0 2)cmBDCA-5t-H 6 ].
Note: E(Lo

o2-)

-0.85 V vs. Fc+/Fc."

AG 0' = -e (E(Ru(bpy)2+/Ru(bpy)+)

-

o2-) + E*U(bpy)+) + WP - Wr

E

(6.8)

The excited state energy E* used in Eq. 6.8 is taken as the measured value of Eoo obtained
by fitting emission spectra at 77 K (vide supra).
The work terms for bringing the reactants or products to their separation distance, r = 11.5

A using the

23 38
hard sphere model (vide infra), can be approximated using Debye-Huckel theory ,

as,

w i(r) =

D,(1 + Kr)

(6.9)

where zi and z are the charges of the species (+2/-2 for the reactants; +1/-1 for the products), D,
is the dielectric constant of the medium (36.7 for DMF), and K, for a solution of ionic strength p,
is given by,

( 1000DSkB)
8rNAvp

1/2

(6.10)

where NAv is Avogadro's number. In evaluating the work terms, a concentration of 1.0 mM was
used for the [Ru(II) polypyridyl complex][(0 2)cmBDCA-5t-H 6], and the temperature, T, was 295
K.
A quantum mechanical treatment of electron transfer for the case of a single high energy
vibrational mode is give by Eq. 6.11,26
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0
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2 2ox 2
red
=WO

+

1/2

(6.1 id)

r~edJ

where A1 and A, are the inner and outer sphere reorganization energies, respectively, and A0 was
calculated to be 0.60 eV using the dielectric continuum model. Wox and Wred were taken to be
1145 cm- (superoxide) and 770 cm-1 (peroxide), respectively.2 9 28

6.5.7

Debye-Huckel Treatment for Estimation of Kip
The equilibrium constant for the formation of an ion pair between two spherical molecules

due to coulombic attraction can be estimated using the Debye-Huckel theory,
-w(r)

K

-

4rNAVr2 6re kBT
D,(1 + Kr)

(6.12)

where 8r is estimated to be 0.8 A.

6.6
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