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Transfer and Oxygen Atom Transfer Reactions in Model Systems 

By Justin M. Hodgkiss 

Submitted to the Department of Chemistry 
on October 4, 2006 in partial fulfillment of 

the requirements for the degree of 
Doctor of Philosophy in Physical Chemistry 

Abstract 
Time-resolved optical spectroscopy has been employed for mechanistic studies in model 
systems designed to undergo photo-induced proton-coupled electron transfer (PCET) and 
oxygen atom transfer (OAT) reactions, both of which are important to energy conversion 
chemistry (Chapter I). The effect of coupling proton transfer (PT) to electron transfer 
(ET) depends on their spatial configuration, thus model PCET systems must control both. 
Noncovalent amidinium-carboxylate PT interfaces are used assemble an electron D/A 
pairs (D = donor, A = acceptor), establishing uni-directional ET and PT coordinates. A 
highly conjugated porphyrin-amidinium derivative bears optical signatures that report on 
the structure of PT interfaces formed upon association with carboxylate acceptors 
(Chapter II). PT is supported within the interface and the mediating proton’s position is 
sensitive to the peripheral electronic structure. Transient absorption (TA) spectroscopy is 
applied to a related porphyrin D---[H+]---A assembly, where ---[H+]--- = amidine-
carboxylic acid (Chapter III). Specific probe wavelengths are targeted in order to amplify 
the optical signatures of PCET over those of competing quenching mechanisms. The 
observed PCET rates are strongly attenuated compared with comparable covalently-
bridged analogues, indicating that the PT interface reduces electronic coupling. 
Temperature-isotope dependence of the PCET rates reveals an unusual inverse isotope 
effect at low temperature, which is interpreted in a model of vibrationally-assisted PCET 
(chapter IV). Hangman porphyrin dyads have been developed to study bi-directional 
PCET in relation to oxygen activation. ET and PT coordinates are orthogonalized at fixed 
distances about a FeIII–OH center (Chapters V and VI). TA spectroscopy and electronic 
structure calculations reveal that the structural reorganization attendant to metal-centered 
PCET imposes a severe kinetic cost and alternative quenching pathways prevail. Finally, 
TA spectroscopy has been used to elucidate the mechanism of photocatalytic OAT for 
bridged diiron µ-oxo bisporphyrins (Chapter VII). The µ-oxo bond is photo-cleaved to 
generate a terminal iron(IV) oxo, which undergoes OAT to nucleophilic substrates. OAT 
rates are maximized when the bridge actively splays the porphyrin subunits apart to 
present the oxo before reclamping can occur. 
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Chapter I 
Fundamental reactions beyond electron transfer: Proton-coupled electron transfer 
and oxygen atom transfer  

Fundamental chemical reactions beyond ET are introduced in the context of their 
significance to energy conversion chemistry, particularly in Nature. PCET can both assist 
and impede charge transport, depending on how ET and PT coordinates are managed. 
Fixed-distance PCET model systems are developed along similar lines as those 
successfully employed in photo-initiated ET studies, with the addition of PT interfaces 
along uni- and bi-directional coordinates. Specifically oriented PT networks also hold the 
key to substrate activation at redox-active metal centers. PCET can deliver high-valent 
terminal transition metal oxo’s from aquo species in preparation for oxygen OAT to 
nucleophilic substrates including hydroxide. Alternate methods can be used to generate 
terminal transition metal oxo’s for OAT reactivity studies, provided that oxo formation is 
fast relative to the ensuing OAT. Each of the reactivities discussed involve critical 
nuclear degrees of freedom (proton and oxygen motion) coupled to ET (or two ETs in the 
case of OAT), and each can be captured for mechanistic interrogation in well-designed 
excited-state platforms. 

Chapter II 
A structurally homologous pair of porphyrin amidinium PCET donors: modulating 
the electronic coupling between ET and PT sites 

A purpurin bearing an amidinium functionality has been used to examine PCET through 
well characterized amidine-carboxylic acid interfaces. The highly conjugated purpurin-
amidinium affords distinct spectral signatures related to the protonation state of the 
amidinium, permitting the measurement of its acidity constant (pKa = 9.6(1) in CH3CN), 
and direct evaluation of the protons’ position within interfaces formed by association 
with various carboxylic acid electron acceptors including dinitrobenzenes and 
naphthalene diimide (NI). An amidine-carboxylic acid is observed for electron rich 
acceptors whereas the ionized amidinium-carboxylate interface is observed for electron 
poor acceptors, highlighting the sensitivity of the mediating protons’ position to the 
peripheral electronic structure. Photo-induced PCET kinetics for purpurin associated to 
NI (kPCET = 9.8 × 108 s−1) are consistent with an amidine-carboxylic acid interface, which 
is also verified spectrally. Coupling between the ET site (the macrocycle) and PT site (the 
amidinium functionality) of the donor can be turned off by selective reduction to yield 
chlorin-amidinium, as evinced by the loss of spectral signatures of proton motion. The 
chlorin undergoes PCET to NI with a surprisingly similar rate (kPCET = 9.5 × 108 s−1) as 
the purpurin congener, which is justified according to the balance of opposing electronic 
and thermodynamic contributions to the PCET rate. 
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Chapter III 
Direct measurement of uni-directional PCET in a hydrogen-bonded, porphyrin 
D−A assembly 

Uni-directional PCET kinetics of a Zn(II) porphyrin-amidinium donor non-covalently 
bound to a NI acceptor through an amidine-carboxylic acid interface have been 
investigated by time-resolved spectroscopy. The S1 singlet excited-state of the donor is 
sufficiently energetic (2.04 eV) to reduce the NI acceptor (∆Go = –0.61 V, THF). 
Transient emission measurements reveal more than three-fold reduction in the S1 lifetime 
of the porphyrin upon association with NI, and permit quantification of the association 
constant (Kassoc = 2.4 × 104 M−1, THF, 298 K). Transient absorption (TA) spectroscopy is 
employed to directly resolve PCET intermediates, with specific probe wavelengths 
targeted in order to amplify the optical signatures of PCET over those of intersystem 
crossing. An excited-state isosbestic point between the S1 and T1 states at λprobe = 650 nm 
provides an effective ‘zero-kinetics’ background on which to observe the formation of 
PCET photoproducts. Distinct rise and decay kinetics are attributed to the build-up and 
subsequent loss of PCET intermediates (kPCET(fwd) = 9 × 108 s–1 and kPCET(rev) = 14 × 
108 s–1). The forward rate constant is attenuated by two orders of magnitude compared 
with a dyad comprised of nearly identical donor and acceptor moieties positioned in the 
same geometry but via a covalent bridge, indicating that the PT interface is the bottleneck 
of electronic coupling. 

Chapter IV 
Temperature−isotope dependence: ET driven by proton fluctuations in a hydrogen-
bonded D−A assembly 

The temperature-isotope dependence of PCET rates for the amidine-carboxylic acid dyad 
of Chapter III is reported. Temperature dependence is employed to separate nuclear and 
electronic degrees of freedom, confirming that electronic coupling in the hydrogen-
bonded dyad is modest (Vel ~ 2.4 cm−1). Isotope effects reveal the extent of proton motion 
that is coupled to charge separation across the interface. Two different isotope effects are 
observed for variant temperature regimes. A reverse isotope effect is observed as T 
approaches 120 K (kH/kD = 0.9, 120 K) whereas a normal isotope effect is recovered as 
the temperature is increased (kH/kD = 1.2, 300 K). The transition between these limits is 
smooth, with a crossover temperature of T ~ 160 K. These observations are in accordance 
with charge-transfer dynamics that are susceptible to bath-induced thermal fluctuations in 
the proton coordinate. 

Chapter V 
Hangman porphyrin dyads for studying metal-centered bi-directional PCET 

A new architecture for the mechanistic investigation of metal-centered PCET has been 
developed. The system consists three essential features; i) a (P)FeIII–OH subunit (P = 
porphyrin) to act as both an electron and a proton acceptor, ii) a (P)ZnII photo-reductant 
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linked to (P)FeIII–OH via a phenylene or biphenylene spacer, and iii) a proton-donating 
carboxylic acid group positioned over (P)FeIII–OH via a rigid xanthene pillar. This design 
captures independent control over ET and PT coordinates about a metal center poised to 
undergo ligand activation by PCET. TA spectroscopy and electronic structure 
calculations reveal that the structural reorganization attendant to reductive PCET at the 
FeIII–OH center imposes a severe kinetic cost, to the extent that PCET is not competitive 
with the alternative energy transfer and intersystem crossing quenching pathways. 

Chapter VI 
Metal-centered PCET dyads employing MLCT excited states 

Two new molecular dyads have been assessed as platforms for studying metal-centered 
PCET in (P)FeIII−OH species. Both incorporate sensitizers with triplet metal-to-ligand 
charge transfer (MLCT) excited states, employed for their long lifetimes and their ability 
to induce charge transfer both to and from the M−OH core. In the case of the dyad 
containing an Os(bpy)3 derivative (bpy = 2,2’-bipyridine), the lack of observed photo-
induced PCET intermediates indicates that triplet energy transfer between the two 
subunits is operable. TA dynamics for the Re(bpy)(CO)3(CN) derivative are obscured by 
an excited state decomposition pathway involving ligand loss from both subunits. 

Chapter VII 
OAT from photochemically generated terminal iron(IV) oxo’s in cofacial 
bisporphyrins 

The photophysical and chemical properties of a range of bridged diiron(III) µ-oxo 
bisporphyrins have been studied and compared with unbridged analogues. Photon 
absorption by the diiron(III) µ-oxo chromophore prompts Fe–O–Fe photocleavage to 
present a (P)FeIV=O/(P)FeII pair. Net photo-oxidation is observed when OAT occurs 
from the terminal oxo to an electron-rich substrate before the bisporphyrin reclamps to 
form the chemically inert µ-oxo species. TA spectroscopy reveals that reclamping occurs 
on a timescale of τ = 1-2 ns, and is remarkably insensitive to structural differences 
induced by tensely clamped bridges in Pacman porphyrins. When combined with photo-
oxidation quantum yields measured in steady state photolysis experiments, the 
reclamping rates are used to evaluate of rates of OAT to various nucleophilic substrates 
and establish an overall photocatalytic cycle. OAT rates are four orders of magnitude 
greater for the bisporphyrin featuring a tensely sprung dibenzofuran bridge than for the 
xanthene-bridged system, owing to the ability of the former to accommodate substrate in 
the Pacman cleft. The kinetics studies are extended to bisporphyrins bearing electron-
withdrawing perfluorophenyl substituents. The enhanced oxidizing potential of the ferryl 
intermediate in these systems enables OAT rate correlations to be carried out over a 
broad scope of hydrocarbon substrates. 
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Chapter I 

Fundamental reactions beyond electron 
transfer: Proton-coupled electron 
transfer and oxygen atom transfer 
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I.1.  Energy conversion in Nature 

The underlying theme of research presented in this Thesis is the mechanistic 

investigation of fundamental chemical reactions with significance to energy conversion, 

particularly those that underpin solar water-splitting. Several key frontiers of chemical 

reactivity can be identified upon considering the emerging picture of how Nature carries 

out solar water-splitting in the Oxygen-Evolving Complex (OEC) of Photosystem II 

(PSII).1,2 Figure I.1 shows an adapted version of the recently reported X-ray crystal 

structure of the OEC.3 The appended numbers highlight three fundamental mechanistic 

issues exhibited in PSII (among other enzymes) that motivate the research presented in 

this Thesis; 1) Electron transfer (ET) is coupled to proton motion, in what is termed 

proton-coupled electron transfer (PCET) − an apparently pervasive apparatus of charge-

transport in biology;4-6 2) Proton-coupled interconversions between H2O and O2 involve 

bond-making and -breaking reactions orchestrated at a metal center with orthogonalized 

ET and proton transfer (PT) coordinates;4 3) The key O−O coupling step in the OEC is 

characterized by a two-electron oxygen atom transfer (OAT) reaction from a terminal 

 
Figure I.1. Structure of the OEC (3.4 Å resolution) adapted from reference 3, along with a 
proposed model for O−O bond coupling. The numbers highlight three key types of reactivity (see
text) that are the focus of investigation in this Thesis. 
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transition metal oxo species. Each of the three reaction-types highlighted extends beyond 

single ET in their complexity −  the remainder of this Chapter introduces them further in 

the context of biological and chemical significance, and efforts to unravel mechanistic 

details through the use of model molecular systems. 

I.2. PCET and charge transport 

I.2.1. Single ET: A solved problem 

To comprehend the challenge of understanding PCET, it is instructive to first 

review the theoretical and experimental breakthroughs that have made single ET one of 

the most well understood of chemical reactions. The classical theory of ET was first 

elucidated by Marcus7-10 and Hush,11,12 and later extended by others to include quantum 

mechanical corrections.13-16 Marcus’ Nobel Prize worthy contribution was to recognize 

that ET between an electron donor (De) and acceptor (Ae) is primarily driven by coupling 

to a collective solvent coordinate (Q(solvent)) that describes the solvent polarization as it 

accommodates the developing charge separation between solute molecules, as illustrated 

in Figure I.2a.7 Treating the solvent with linear response theory leads to the parabolic 

curves (Figure I.2b) that greatly simplify an Arrhenius expression for the rate of crossing 

from reactant to product surfaces. The key parameters in the semi-classical Marcus-

Levich expression (equation I.1)7,10,17 for the rate of non-adiabatic ET (kET), which are 

also labeled in Figure I.2b, are i) the thermodynamic driving force (∆Go) available for the 

redox reaction, ii) the reorganization energy (λ) required to reconfigure the nuclear 

(including solvent) coordinates of the reactants to the products, and iii) the electronic 

coupling matrix element (Vel) between reactant and product surfaces at the crossing point. 

Vel has an exponential decay with distance for a given De/Ae pair, reflecting the decaying 

tails of the interacting De and Ae electronic wavefunctions. 
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This elegant theoretical framework has withstood decades of confrontation with 

experimental measurements of ET rates. Perhaps the most surprising prediction of 

equation I.1 is the so-called Marcus inverted region, where kET decreases with increasing 

exothermicity for the region where −∆Go > λ. However, this prediction could only be 

experimentally verified several decades later,18-22 particularly with the development of 

new tools that enabled ET kinetics to be isolated from the diffusion kinetics attendant to 

reactant and product encounters. One key strategy, pioneered by Gray and co-workers as 

laser technology infiltrated chemistry laboratories, was the use of excited-state redox 

reagents.23-25 The extra energy stored in an electronic excited state can be sufficient to 

make an ET reaction thermodynamically accessible (as formalized in Chapter II), perhaps 

via interception with a sacrificial quencher (in the ‘flash-quench’ method). In any case, 

this method permits the ground state De and Ae precursors to be pre-assembled in a 

fixed-geometry dyad that undergoes intramolecular ET upon the absorption of a photon, 

as illustrated in Scheme I.1. Laser pulses are used to trigger the ET reaction (which can 

Figure I.2. a) Reorganization of solvent polarization to support ET between De and Ae. b) 
Marcus parabolas allowing an ET reaction rate to be cast in terms of simple thermodynamic 
parameters (Equation I.1) based on the intersection of reactant and product surfaces. 
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occur on a sub-diffusional timescale) and kinetically resolve it via transient absorption 

(TA) spectroscopy, and/or transient emission (TE) spectroscopy. These methods have 

contributed immensely to the unprecedented level of understanding of fundamental ET 

processes in molecular,26 supramolecular,27-30 material,31,32 and biological systems,33-36 to 

the point where ET theory provides a reliable guiding framework for developments in 

many areas (e.g., photovoltaics,31,37 batteries,37 molecular electronics,38 waste 

remediation,37 chemosensing,39,40 medical therapy41). Notwithstanding, the current 

theoretical and experimental understanding is far less comprehensive for ET reactions 

that are coupled to proton motion and bond-making /-breaking, and for multi-electron and 

atom transfer reactions, all of which are frontiers of energy conversion chemistry. 

I.2.2. The increased complexity of PCET 

Compared with an ET reaction, a description of PCET requires two additional 

transfer components, namely the proton donor and acceptor (Dp and Ap, respectively), as 

denoted in Figure I.3. A geometric aspect to PCET arises when considering the different 

possible spatial configurations of the four transfer sites;4,5 Figure I.3 shows uni-

directional PCET, where the ET and PT coordinates are co-linear (Section I.2.3), 

however, PCET can also employ bi-directional ET and PT pathways (Scheme I.4, Section 

I.2.4). The difficulty of predicting PCET rates can be gauged by considering the effect of 

coupled proton motion on the three Marcus ET parameters;42,43 ∆Go for ET from De to 

Ae now depends on the protonation states of Dp and Ap, the magnitude of Vel has a 

 
Scheme I.1. Fixed distance photo-induced ET involving an electronic excited state of the donor 
(shown) or acceptor. The fact that ET does not occur in the ground state permits De and Ae to be 
pre-assembled at a fixed distance. 
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parametric dependence on the protons coordinate, and the proton also couples to the 

solvent polarization and solute nuclear modes to affect λ. To complicate matters, the 

protons’ position in turn depends on the oxidation states of De and Ae, as well as the 

solvent polarization. The PCET reaction space is best formulated with reaction 

coordinates for both the proton and electron, as shown in Figure I.3. Accordingly, the 

most prominent theoretical treatments of PCET, by Cukier,42,44-50 Hammes-Schiffer43,51-55 

and their co-workers, are essentially two-dimensional quantum mechanical adaptations of 

Marcus Theory of ET, including explicit proton contributions to the determination of λ 

and ∆Go, and a vibronic coupling term which is a sum of Franck-Condon (FC) overlaps 

involving proton donor and acceptor vibrational states. The larger parameter space 

inherent to PCET reactions is predicted to produce a more complicated set of rate 

correlations compared with simple ET reactions. For example, kPCET should depend on 

the pKa values of Dp/Ap in addition to the oxidation potentials of De/Ae, the Dp−Ap 

 
Figure I.3. Schematic of a two-dimensional PCET reaction surface. The edges correspond to 
stepwise ET and PT reactions between De/Ae and Dp/Ap pairs (which are arranged in a uni-
directional configuration in this case). A concerted PCET reaction traverses the interior space, for
example by the zig-zag trajectory shown − accounting for the timescale separation between 
electron and proton motion). 
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distance becomes at least as important as the De−Ae distance, and λ can be strongly 

dependent on the spatial configuration of De, Dp, Ae, and Ap elements, in addition to 

specific vibrational modes within the PT interface. 

The challenge remains for experimentalists to subject theoretical predictions to 

systematic tests by developing new model systems and spectroscopic techniques pertinent 

to the PCET problem, with independent control and measurement ability for both ET and 

PT coordinates. 

I.2.3. Uni-directional PCET 

In uni-directional PCET, ET and PT sites are co-linearly configured as in Figure 

I.3; while the PT coordinate is constrained to a hydrogen bond length scale, the ET 

coordinate can span an extended distance.35,36,56 One limiting case of uni-directional 

PCET is where the proton and electron traverse coincidental coordinates, as a hydrogen 

atom radical and the fundamental PT distance limitation constrains the overall radical 

transfer distance.4,5 Class I E. coli ribonucleotide reductase (RNR) transports a radical 

over 35 Å (based on a docking model composed of two subunits that were independently 

crystallographically characterized)57-59 in order to catalyze the reduction of nucleoside 

diphosphates in the active site.5,60,61 The current model of radical transport in RNR 

identifies a chain of (mostly aromatic) amino acid residues through which the radical is 

thought to hop in a total of five steps.5,60,62 Notwithstanding, only the closest pairs of 

these amino acid radical relays (Y731/Y730 and Y730/C439, Y = tyrosine, C = cysteine) are 

believed to be close enough to support uni-directional PCET.5,62 This predicament is 

resolved by employing bi-directional PCET (Section I.2.4). 

On the other hand, uni-directional PCET becomes reminiscent of non-adiabatic 

ET through a hydrogen-bonded bridge as the site-differentiation between ET and PT sites 

becomes more pronounced.4 In this description, the proton occupies a position in the 

electron tunneling pathway and the electronic coupling term becomes parametric in the 

coordinate of the proton.42,63 This means that ET through the hydrogen-bonding bridge 

can depend on proton fluctuations, regardless of whether or not the proton is formally 

transferred. Such reactions are especially important in biology since ET in many proteins 
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and enzymes is supported along pathways exhibiting hydrogen bond contacts between 

amino acid residues and polypeptide chains.64-66 

PCET was launched as a mechanistic field of study with the uni-directional PCET 

model system of Turrό and Nocera shown in Scheme I.2a.67 The strategy is based on that 

of previously established fixed-distance photo-induced ET studies (Scheme I.1), with the 

installation of a PT interface (carboxylic acid dimer) to juxtapose the (P)ZnII (P = 

porphyrin) electron donor and 3,4-dinitrobenzene acceptor. Photo-induced PCET was 

triggered from the localized porphyrin S1 π−π* excited state, and the ensuing kinetics 

were ascertained using TA and TE spectroscopy in non-polar, non-hydrogen bonding 

 
Scheme I.2. Uni-directional PCET model systems comprised of various PT interfaces mediating
ET between an excited-state De and Ae from References 67 (a), and 71 (b and c, tmbpy = 
4,4’,5,5’-tetramethyl-2,2’-bipyridine). 
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solvents that permitted formation of the supramolecular De---[H+]---Ae assembly; 

kPCET(fwd) = 5.0 × 1010 s−1, kPCET(rev) = 1.0 × 1010 s−1. As theoretically 

elaborated,44,46,55,63 coupling between the electron and proton can be quantified by 

measuring the kinetic isotope effect for charge transfer upon deuterating the PT interface 

because the deuteron, having lower vibrational zero point energy, deviates less from its 

equilibrium position to potentially maximize electronic coupling. In this case, e−/H+ 

coupling is evinced by isotope effects of  kH / kD = 1.7 and 1.6 for the forward and reverse 

PCET rates, respectively, however the symmetric nature of the PT interface limits the 

degree of coupling because proton displacement on one side of the interface is 

compensated by concomitant displacement of the second interfacial proton. The only 

available mechanism for PCET arises from the dependence of the electronic coupling 

matrix element on the position of the protons within the interface.44,46,63 Similar results 

have been obtained for donors and acceptors separated by guanine-cytosine base 

pairs29,30,68 and related interfaces69,70 where net proton motion within the interface is 

minimal because the pKas of Dp and Ap do not support PT. 

A more pronounced role of the proton on the photo-induced PCET event can be 

imposed in model systems that contain a PT interface composed of asymmetric Dp and 

Ap pairs possessing pKas that can support the transfer of a proton.42,47 To this end, Kirby 

and Nocera developed the uni-directional PCET systems shown in Scheme I.2b and c, 

featuring amidinium-carboxylate salt bridges between the De* (the triplet metal-to-ligand 

excited state (3MLCT) of a [Ru(bpy)3]2+ derivative, bpy = 2,2’-bipyridine) and Ae (3,5-

dinitrobenzene).71,72 The amidinium-carboxylate salt bridge interaction is similar to the 

arginine-aspartane (Arg-Asp) salt bridge, which is an important structural element in 

biological systems including dihydrofolate reductases,73 cytochrome c oxidase74-78 and 

nitric oxide synthase79-81 but is more amenable to PCET studies and as a synthon for 

other supramolecular assemblies82-85 because it supports one specific binding mode. The 

systems in Scheme I.2b and c differ from each other only in the directionality of the PT 

interface relative to De and Ae, allowing its effect on PCET kinetics to be isolated. 

Accordingly, TE experiments revealed that the rate constant for photo-induced PCET in 

the De---[amidinium-carboxylate]---Ae system (Scheme I.2b) is ~40 times slower than 

that for the De---[carboxylate-amidinium]---Ae complex (Scheme I.2c).71 The disparate 

charge distributions within the PT interfaces in these systems are found to affect the 
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driving force and reorganization energy for PCET; the salt bridge orientation difference 

contributes favorably to the ET driving force for 1.2c and unfavorably for 1.2b. 

Additionally, differences in hydrogen bond strengths for 1.2b and 1.2c may also play a 

role in the disparate kinetics data since these bonds modulate the electronic coupling 

through the salt bridge.71,42 

The experiments described above provided the first kinetics benchmarks for uni-

directional PCET reactions. Nevertheless, a deeper understanding of the microscopic role 

of the PT interface could not be obtained with those systems. Chapters II-IV present 

kinetics studies on uni-directional PCET systems that reveal details about the static and 

dynamic nature of PT interfaces undergoing PCET by using spectral signatures that were 

engineered specifically to probe both ET and PT coordinates, as well as a combination of 

temperature and isotope dependence studies to asses the role of dynamic proton 

fluctuations. 

I.2.4. Bi-directional PCET 

PCET provides the thermodynamic and kinetic control that is necessary to 

transport radicals and perform redox catalysis under mild physiological conditions, with 

minimal thermodynamic driving force, with low over-potentials, and with specificity. 

The caveat to PCET, as alluded to above for RNR, is that when PT is employed for 

thermodynamic advantage, it introduces a fundamental distance constraint.4,5 Only when 

transport distances are short, can the electron and proton transfer together in a uni-

directional fashion − in RNR this only appears to apply to the three transfer steps 

(including substrate oxidation) of less than 3.5 Å (within hydrogen bonding 

distance).5,60,62 When they are long, however, the predicament of disparate electron and 

proton transfer distances is resolved by orthogonalizing the PT and ET coordinates. As 

illustrated in Scheme I.3, the electron can tunnel over a long distance and be coupled to a 

specific short-distance PT event that involves an additional acid or base group positioned 

nearby. The theoretical treatments of PCET confirm that proton motion can affect ET 

even when the electron and proton do not move along a uni-directional path.42-55 All that 

is required for direct coupling is that the kinetics (and thermodynamics) of electron 

transport depend on the position of a specific proton or set of protons at any given time. 



 

35 

This has the profound implication that the thermodynamics associated with a PT reaction 

can exert control over the rate and even direction of an ET reaction along a spatially 

distinct coordinate.4 

As noted above, bi-directional PCET appears to complement uni-directional 

PCET steps in constituting the 35-Å radical transport pathway in RNR, with bi-

directional PCET exploited for longer distance steps (~7 Å). PT takes place either to and 

from the external solvent (in the case of Y356 - which occupies the junction between to the 

two enzyme subunits, and for Y122 which resides at the terminus of the transfer path), or 

with a specific off-pathway amino acid.5,60,62 pH-dependent dipeptide W–Y studies (W = 

tryptophan) suggest that the direction of ET between W48 and Y356 residues along the 

pathway may be controlled by an off-pathway PT step between W48 and D236 (D = 

aspartic acid).86 

Another excellent example of how charge transport is controlled by bi-directional 

PCET is in PSII (Figure I.1),87-94 where the tyrosine residue (YZ) has long been 

known95-97 to relay holes between the oxidized porphyrin (P680
•+) and the [Mn]4 cluster of 

the OEC, driving the proton-coupled water oxidation reaction. Oxidation of YZ requires 

H+ dissociation from the phenolic oxygen (pKa (Ar−OH) = 10, pKa (Ar•+−OH) = −2),98,99 

however, the recently obtained crystal structures3,100 shows the YZ-H190 pair (H = 

histidine) to be relatively isolated by α-helices and not within PT distance of the [Mn]4 

cluster or a water channel through which protons must ultimately be removed from the 

Mn-bound water substrate. The structure supports a ‘rocking model’, where the phenolic 

 
Scheme I.3. A bi-directional PCET reaction, whereby the nexus of the reaction (De/Dp) transfers 
an electron to Ae and a proton to Ap along distinct coordinates. This permits the disparate length-
scales of ET and PT to be accommodated, and causes the separation of spin and charge. Bi-
directional PCET also encompasses the microscopic reverse of the reaction shown. 
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H+ rocks back and forth between YZ and H190 concomitantly with the cycling of the YZ 

oxidation state as it relays electrons along an orthogonal pathway as depicted in Scheme 

I.4.93,94 The function of H190 is to modulate reversibly the oxidation potential of YZ and to 

relieve the activation energy associated with the PCET reaction by establishing a well-

defined PT coordinate through the hydrogen bonding interaction. It is crucial that H190 is 

positioned close enough to YZ to be effective in this role. The crystal structure of the 

OEC (Figure I.1) indicates that the substrate derived protons liberated with proton-

coupled oxidation of the Mn-bound water are removed along yet another bi-directional 

PCET pathway; they are shuttled to the lumen via a proton exit channel, the headwater of 

which appears to be the D61 residue hydrogen bonded to Mn-bound water.101 

The consistent implication of tyrosine residues along biological PCET pathways 

has motivated the development of a number of model systems to isolate the inherent 

PCET of tyrosine oxidation (and oxidation other phenol derivatives). Hammarström and 

co-workers have conducted a series of penetrating studies using a photo-generated 

Ru(bpy)3
3+ oxidant attached to tyrosine.102-104 The PT coordinate is ostensibly undirected 

(being lost to the bulk solvent), however the simplicity of these systems enabled them to 

 
Scheme I.4. Bi-directional PCET in PSII; YZ undergoes reversible PT (proton rocking) with the 
off-pathway H190 residue as it relays electrons from the [Mn]4 cluster to the photo-oxidized 
porphyrin P680

•+. Metal-centered PCET is invoked as the [Mn]4 cluster is oxidized and protons 
from substrate water are removed along an orthogonal pathway originating at D61. 
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carry out a series of rate correlations with solvent pH, temperature, and deuterium isotope 

substitution. The key finding from this work and subsequent theoretical analysis105 was 

that stepwise and concerted PCET mechanisms are in kinetic competition; concerted 

PCET gains advantage from the cumulative thermodynamics of ET and PT, however, in 

order to prevail over the stepwise mechanism, the coupled PT must contribute sufficient 

driving force to overcome the larger activation barrier and attenuated coupling that is 

observed for concerted PCET. Linschitz and co-workers pioneered bi-directional PCET 

investigations with photo-induced phenol oxidation reactions that are coupled with PT to 

a specific extrinsic base.106,107 The studies revealed that the pKa of the extrinsic base (a 

substituted pyridine) modulates the rate of ET to the photo-oxidant (3C60
*), highlighting 

the utility of bi-directional PCET in tuning charge-transport kinetics. However, being tri-

molecular, the phenol model system fails to capture the control over ET and PT distances 

that are essential in charge-transport pathways in biology, where control is exerted via 

secondary and tertiary structure about redox cofactors. Such principles need to be 

incorporated into models designed to probe the mechanistic details of PCET. 

Additionally, it would be advantageous to eliminate the diffusional component of the 

reaction in order to permit application of more sophisticated spectroscopic techniques to 

the bi-directional PCET event itself. 

I.3. PCET and catalysis: Metal-centered PCET 

The preceding section identified a bi-directional PCET network in the OEC that 

removes liberated protons from the [Mn]4 cluster as it is sequentially oxidized by the 

tyrosyl radical (YZ
•) along a spatially distinct coordinate. One distinguishing feature of 

this reaction, in contrast to the reversible bi-directional PCET reaction that controls 

transport through YZ itself, is the active participation of a metal center. The role of metal-

centered PCET reactions goes beyond controlling charge transport, and into the realm of 

substrate activation and catalysis.1,6,108 Managing proton-coupled substrate activation 

requires the coordinative flexibility and oxidation state availability that only transition 

metals can provide. Whereas the bi-directional PCET reaction centered at YZ is 

characterized by reversible proton rocking and oxidation state changes of one, the 
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manganese-centered PCET system is characterized by irreversible proton and electron 

losses in order to expose an activated terminal manganese oxo for O2 coupling.109,110,92 

The stoichiometry of water-splitting (equation I.2) and its reverse immediately 

implicates PCET to carry out the reaction, while the need to avoid toxic peroxide and 

hydroxyl radical intermediates demands the inclusion of a metal. Scheme I.5 shows a 

general scheme for proton-coupled interconversion between metal-bound forms of water 

and oxygen. There are several notable features of each step; i) O−H bond-making or -

breaking, ii) changes in the charge of the ligand (H2O / OH− / O2−), iii) changes in the 

oxidation state of the metal center, iv) changes in the M−O bond order, which arises as a 

consequence points i) to iii). Additionally, changes in the metal’s d-electron count and 

bonding mode inevitably have stereo-electronic consequences affecting the rest of the 

coordination sphere. 

 2H2O → O2 + 4e− + 4H+ (I.2) 

The [Mn]4 cluster of the OEC adopts a so-called 3+1 configuration,110,111 where 

the single Mn center that primarily orchestrates the interconversion shown in Scheme I.4 

is external to the cubane core of the cluster.3,100,110,111 In this case, the Mn atom is thought 

to be in a +2 resting oxidation state when it binds substrate water in the S0 state of the 

Kok cycle.110,92 Three oxidation steps (including two proton-coupled oxidations) yield a 

MnV=O species, while the fourth oxidizing equivalent is stored in a second Mn atom in 

the cluster in preparation for OAT to a second water molecule (or hydroxide ion), as 

discussed in the following section. 

 
Scheme I.5. Metal-centered PCET of water and oxygen. Oxidation (or reduction) is coupled to 
loss (or gain) of a proton and an increase (or decrease) in the M–O bond order. 
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The microscopic reverse of equation I.2 is catalyzed in cytochrome c oxidase and 

the energy released is used to pump protons across a membrane and drive adenosine 

triphosphate synthesis.112 Its mechanism bears a striking resemblance to water oxidation 

in that metal-centered PCET (in this case at heme a3) is employed to cycle the enzyme 

through metal oxo ↔ hydroxo ↔ aquo species in the course of substrate activation.113 In 

cytochrome c oxidase, the four electrons required for dioxygen reduction are relayed to 

the heme a3 / CuB / tyrosine active site from water soluble cytochrome c via CuA and 

heme a, 113,114,115 whereas the four protons required to constitute the two water molecules 

are delivered across the 30-Å membrane via two distinct proton channels that contain 

aspartatic acid and glutamic acid residues (‘D-pathway’), and lysine and threonine 

residues (‘K-pathway’), respectively.116,117 

Interest in artificial photosynthesis has spawned a number of metal complexes 

that support the PCET reactivity shown in Scheme I.5. One prominent compound, 

originally studied by Meyer and co-workers, is RuII−OH2(tpy)(bpy) (tpy = 2,2’,2”-

terpyridine) and its PCET products, namely the RuIII−OH and RuIV=O adducts.118 A 

Pourbaix diagram (Figure I.4) reveals the Nernstian pH-dependent oxidation potentials 

for both redox couples, with regions of stability for each species required for metal-

 
Figure I.4. Pourbaix diagram from Reference 118 showing regions of stability for [Ru] species 
undergoing metal-centered PCET as per scheme I.5 ([Ru] = Ru(tpy)(bpy)). 
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centered PCET according to Scheme I.5. 

Other oxidases also derive function from bi-directional PCET steps at M–OH 

centers. The active heme-oxo intermediates of cytochrome P450 and cyctochrome c 

peroxidase, Compound I ((P•+)FeIV=O, P = porphyrin) and compound II ((P)FeIV=O), 

respectively, can be photogenerated in modified microperoxidases upon oxidation of 

ferric hydroxy species ((P)FeIII–OH) coupled to deprotonation,119,120 or by protonation of 

a ferric peroxy species followed by loss of water.121,122 The structures of heme 

enzymes121-125 establish that electrons can transfer into and out of active sites over long 

distances in concert with protons that hop to or from the active site along amino acid side 

chains or along structured water channels (Figure I.5a).121 

 
Figure I.5. a) Crystal structure of cytochrome P450, displaying a PT network orthogonal to the 
Fe center (adapted from Reference 121). b) Crystal structure of a biomimetic iron Hangman 
porphyrin with an orthogonal PT network (water channel) connecting the hanging carboxylic acid 
and axial hydroxide ligand (adapted from Reference 129). 
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Bi-directional PCET is also prevalent in reductases. The crystal structures of 

hydrogenases126-128 strongly suggest that protons are brought into the active site along 

channels and acidic/basic residues that are distinct from the electron transport chain 

comprised of [FeS] clusters. 

Hangman porphyrin models were developed in the Nocera group as a simplified 

construct of the bi-directional PCET networks of heme enzymes.108,129,130 Figure I.5b 

shows an X-ray crystal structure of a Hangman porphyrin that suspends a pendant 

carboxylic acid group from a xanthene spacer at a fixed distance from the 

metalloporphyrin platform. As in mono-oxygenases, PT from the acid hanging group to a 

ferric peroxy yields a (P•+)FeIV=O oxidant.2 In the presence of olefins, epoxidation occurs 

at high turnover.108 In the absence of substrate, the Compound I-type intermediate reacts 

with peroxide to generate oxygen and water in a catalase-like reaction, also at high 

turnover.130 However, mono-oxygenase and catalase activities are lost when the 

Hangman pillar (i.e., PT distance) is extended,108 or when the pKa of the hanging acid-

base group is increased.130 The studies on Hangman porphyrins and other macrocyclic 

Hangman model systems131 clearly demonstrate that exceptional catalysis may be 

achieved when redox-active metal centers are augmented with specifically-engineered PT 

coordinates. A key requirement is that the PT distance is kept short, which may be 

accomplished by orthogonalizing ET and PT coordinates. The X-ray crystal structure in 

Figure I.5b also exhibits a water molecule suspended between the carboxylic acid 

hanging group and the hydroxide ligand axially bound to the Fe(III) center,129 which is 

the first synthetic redox-active site displaying an assembled water molecule as part of a 

structurally well-defined PT network. Notwithstanding, metal-centered PCET reactions 

have not yet been subject to thorough kinetics measurements that independently probe ET 

and PT components and with independent control over each set of parameters. 
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I.4. OAT 

The preceding section described the metal-centered PCET apparatus that is 

believed to deliver a MnV=O species in the OEC. The key O2 coupling step then involves 

OAT from the oxo to an oxygen nucleophile92,109,110 (probably OH−) bound to the Ca2+ 

ion,132-134 as indicated in Figure I.1 (point 3). Similarly, the PCET steps described for 

heme enzymes in the preceding section prepare a reactive terminal iron oxo species for 

OAT to a nucleophilic substrate – an olefin in the case of cytochrome P450, or peroxide 

in the case of catalase. The importance of OAT in such biological transformations,135-137 

as well as organic138-140 and inorganic141,142 synthesis and oxidation catalysis have made 

OAT from terminal transition metal oxo’s the target mechanistic investigations.143-149  

The mechanistic complexity of transition metal mediated OAT reactions (Scheme 

I.6) arises because it demands; i) the transfer of the heavy oxygen atom from the metal to 

the substrate; ii) the transfer of two electrons from the substrate to the metal-oxo – while 

single ET is a well-understood and ubiquitous process, two-electron transformations 

constitute an emerging mechanistic field requiring selective two electron reagents;150-153 

iii) consideration of the stereoelectronic requirements of the metal as it undergoes two 

electron reduction and loss of an oxo ligand – this inevitably concerns the entire 

coordination sphere; iv) accommodation of an oxygen atom at the substrate via bonding 

rearrangement and two-electron oxidation. 

Mechanistic investigations of OAT must begin with reliable methods of 

generating of transition metal oxo reactants, however, few well-characterized cases have 

been reported. Que and co-workers crystallographically and spectroscopically 

characterized a non-heme FeIV=O species using a cyclam-based ligand.154,155 The FeIV=O 

adduct was generated and isolated at –40oC upon oxidation of the FeII species with 

 
Scheme I.6. OAT from a terminal transition metal oxo to a nucleophilic substrate. 
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iodosylbenzene, a two-electron oxidant that also provides an oxygen atom, essentially the 

microscopic reverse of the OAT reaction shown in Scheme I.6. The FeIV=O intermediate 

undergoes OAT to triphenylphosphine (Ph3P) to yield triphenylphosphine oxide (Ph3PO). 

In biomimetic heme systems, terminal (P)FeIV=O108,156,157 and 

(P•+)FeIV=O 108,158,159 species (Compound I and II analogues, respectively) have been 

spectroscopically detected at low temperatures upon oxidation of Fe(III) porphyrins with 

m-chloroperoxybenzoic acid or iodosylbenzene respectively. Additionally, the 

Compound II analogues are found to undergo OAT to Ph3P,160 and the Compound I 

analogues have sufficient oxidation potential to epoxidize olefins161,162 as in cytochrome 

P450 mono-oxygenases. 

While spectroscopic characterization of terminal metal oxo’s and OAT reaction 

products is valuable, mechanistic insights into OAT reactions are best obtained with 

direct rate measurements applied to reactions with a broad scope of substrates and over a 

range of conditions.4 It is therefore imperative that the kinetics associated with metal oxo 

generation does not convolute the kinetics of the subsequent OAT reaction, in other 

words, the kinetics of metal oxo generation must be fast relative to OAT. This is a 

challenging proposition due to the inherent thermodynamic instability of high-valent 

transition metal oxo’s; they are difficult to generate, yet they are rapidly consumed. The 

iron oxo species described above were generated with highly oxidizing external oxygen 

atom sources, therefore kinetic resolution of the ensuing OAT reactivity is limited by the 

preceding bimolecular reactions. Even rapid-mixing stopped-flow spectrophotometric 

methods have only been successful in limited cases involving MnV=O porphyrins.163,164 

Additionally, introducing the requisite thermodynamic driving force and oxygen atom 

with an external oxidant opens the possibility of direct substrate oxidation without the 

intermediacy of the terminal metal oxo.161 The challenge of rapidly generating highly 

reactive transition metal oxo’s (and monitoring the subsequent reactivity) can be 

confronted using photochemical methods, which is the topic of Chapter VII. 
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I.5. Thesis outline 

Chapters II-IV explore uni-directional PCET in model systems; Chapter II 

introduces a porphyrin-amidinium PCET donor that includes visible spectroscopic 

signatures to report the structure of PT interfaces formed upon association with various 

PCET acceptors. Chapter III reports the direct detection of photo-induced PCET 

intermediates using TA spectroscopy applied at specific probe wavelengths. Chapter IV 

extends those studies to the temperature-isotope dependence of uni-directional PCET 

rates, uncovering the role of thermal fluctuations within the PT interface mediating 

electronic coupling. Chapters V and VI are focused on metal-centered bi-directional 

PCET model systems, whereby ET and PT coordinates are orthogonalized about a 

M−OH center; in Chapter V, Hangman bisporphyrin dyads are shown to capture the 

desired topological control, and TA studies point to the specific demands of photo-

inducing PCET at metal centers. Chapter VI explores alternative excited-state redox 

platforms for application to metal-centered PCET model systems. Finally, photo-induced 

OAT from diiron µ-oxo bisporphyrin platforms is the subject of Chapter VII. 
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Chapter II 

A structurally homologous pair of 
porphyrin amidinium PCET donors: 
modulating the electronic coupling 

between ET and PT sites 
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II.1.  Introduction 

The donor-acceptor (D–A) pairs assembled by hydrogen-bonding interfaces 

([H+]),1,2 as described in Chapter I, establish uni-directional ET and PT coordinates. 

Initial D---[H+]---A assemblies employed dicarboxylic acid dimers,3,4 Watson-Crick base 

pairs5,6 and related [H+] interfaces.7 Because charge redistribution within these interfaces 

is negligible, the presence of the proton network has little effect on the ET rate; the only 

available mechanism for PCET arises from the dependence of the electronic coupling on 

the proton coordinate within the interface.8 Yet such cases are unusual in Nature because 

proton displacement within a proximal network often strongly influences ET.2,9-11 The 

proximal [H+] interface exerts its greatest influence on the PCET event when it is 

asymmetric and capable of supporting PT. Proton motion induces polarization of 

surrounding medium, coupling to the charge shift of the ET, in addition to varying the 

electronic coupling and redox potentials for ET.2,11-21 

Of the various hydrogen bond contacts in biology, guanidinium-carboxylate salt-

bridges derived from arginine-aspartate interactions (Scheme II.1) are common owing to 

their role as stabilizing structural elements.22,23 They are found in natural systems which 

include RNA stem loops,24 zinc finger/DNA complexes,25,26 and the active sites of 

dihydrofolate reductase,27 cytochrome c oxidase,28, 29 and siroheme sulfite reductase.30 

While the overall structure of a guanidinium-carboxylate interface is ideal for supporting 

PT along an ET pathway, the interface muddles PCET investigations because 

guanidinium presents multiple binding modes to carboxylate as shown in Scheme II.1; 

kinetics measurements of D−A pairs bridged by guanidinium-carboxylate can be 

complicated by multiple equilibria. The complexity arising due to several binding modes 

may be circumvented by employing an amidinium-carboxylate salt-bridge. This retains 

the two N—H bonds of the guanidinium-carboxylate salt-bridge while preserving only 

one specific binding mode for carboxylate. Importantly, the amidinium-carboxylate 

interface supports PT to yield the non-ionized amidine-carboxylic acid tautomer (Scheme 

II.1). 
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Nocera and co-workers have exploited the amidinium-carboxylate salt-bridge to 

examine uni-directional PCET reactions.1,2,31-33 The pronounced effect of the proton on 

the ET rate is immediately evident from a comparative kinetics study of a D---

[amidinium-carboxylate]---A complex and its inverted interfacial D---[carboxylate-

amidinium]---A counterpart (D = Ru(bpy)3
2+, A = dinitrobenzene); the former exhibiting 

a ~40-fold rate-attenuation of charge-separation.31,32 PCET kinetics were inferred from 

the excited state decay of the photo-excited donor of D---[salt-bridge]---A assemblies. 

Notwithstanding, given that the PCET kinetics depend on the static and dynamic 

structure of the [H+] interface, it is desirable to determine the location of the interfacial 

protons using direct spectroscopic signatures, which has thus far been elusive. 

 
Scheme II.1. The amidinium-carboxylate [H+] interface as derived from the guanidinium-
carboxylate interface which displays two binding modes. PT within the interface yields the non-
ionized amidine-carboxylic acid tautomer. 
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This focus of this Chapter is the PCET reactivity of the Zn(II) purpurin and 

chloron photo-reductants shown in Chart II.1. The purpurin bears an amidinium 

functionality (D1, Chart II.1), whereby conjugation between the macrocyclic 

chromophore and the amidinium group permits the protonation state of the amidinium to 

be directly determined by monitoring spectral shifts of the Soret and Q-bands of the 

purpurin. When D1 is associated with carboxylate-bearing electron acceptors such as 

naphthalene diimide and dinitrobenzene, spectroscopic interrogation reveals the structure 

of [H+] interfaces that support uni-directional PCET. Additionally, the conjugation can be 

disrupted upon reduction of the five-membered ring bridging the amidinium and the 

macrocycle to yield Zn(II) chlorin D2 (Chart II.1). Unlike D1, the absorption spectrum of 

D2 is insensitive to the protonation state of the amidinium. Accordingly, homologous 

derivatives D1 and D2 permit PCET kinetics to be compared for a D---[H+]---A assembly 

in which electronic communication between the [H+] interface and electron D−A sites is 

turned on and off. Both D1 and D2 were synthesized by Joel Rosenthal. 

II.2. Electronic structure of purpurin D1 

Figure II.1 shows the electronic absorption spectrum of the Ni(II) derivative of 

D1 (solid) in CH2Cl2. The Ni(II) derivative is used for absorption studies because unlike 

Zn(II), it does not have the propensity to bind axial ligands such as amidines and other 

nitrogen bases (vida infra), which would lead to multiple equilibria and concomitant 

spectral shifts. The absorption spectrum consists of two distinct peaks; a Soret band at 

λabs,max = 436 nm and a sharp Q0,0-band at λabs,max = 665 nm with a weak vibronic 

Chart II.1. 
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progression to the blue, leading to an emerald green colored solution. The strong 

electronic communication between the purpurin chromophore and the amidinium 

functionality is demonstrated by monitoring the distinct spectral shifts that accompany 

deprotonation with a base to generate the amidine form of the Ni(II) derivative of D1 

(Figure II.1, dashed line). Hypsochromic shifts are observed for the Soret band (λabs,max 

(amidinium) = 436 nm; λabs,max (amidine) = 424 nm), and the Q-band (λabs,max 

(amidinium) = 665 nm; λabs,max (amidine) = 649 nm). Well-anchored isosbestic points are 

maintained at λ = 434, 621 and 657 nm upon titration of the base diaza-(1,3)-

bicyclo(5,4,0)undecane (DBU), attesting to a clean, two-state equilibrium for 

deprotonation. Similar spectral changes have been observed for porphyrin Schiff base 

complexes, which exhibit 30-nm spectral shifts of both the Soret and Q-bands upon 

protonation.34-36 The red-shift of the absorption maxima observed for both Schiff base 

porphyrins and the amidinium purpurin described here is ascribed to the resonance effect 

of the protonic electron-withdrawing group.37 Previous studies of porphyrin-amidinium 

conjugates have shown that when π-electron communication between chromophore and 

protonic group is interrupted, either by the presence of a saturated bridge or by canting of 

 
Figure II.1. Electronic absorption spectra of the Ni(II) derivative of D1 (solid line), and the 
amidine form of (dashed line) which was generated in situ by addition of 2.4 molar equivalents of 
DBU in CH2Cl2. 
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the amidinium out of the plane of the porphyrin π-system, absorbance shifts are 

negligible upon amidinium deprotonation.38,39 No discernable spectral shifts accompany 

the interconversion of amidinium and amidine forms of the Ni(II) derivative of chlorin 

D2 (see II.5.1), highlighting the importance of conjugation in maintaining strong 

electronic coupling between the [H+] interface and macrocycle chromophore. 

Consistent with this spectroscopy, Figure II.2 shows the results of electronic 

structure calculations of D1 using density functional theory (DFT). In the Gouterman 

 
Figure II.2. Frontier molecular orbitals resulting from energy-optimized structure of D1. The 
four orbitals that are most directly responsible for the electronic absorption spectrum are those 
associated with the porphyrin macrocycle, namely the HOMO–1, HOMO, LUMO+1 and 
LUMO+2 orbitals, while the LUMO orbital is associated with the positive charge of the 
amidinium group. Note that ethyl substituents of D1 were replaced with methyl groups for 
computational expediency. 
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model of porphyrin spectroscopy,40 the electronic absorption spectra of porphyrin-based 

macrocycles are described by transitions between states derived from the four frontier 

orbitals of macrocycle parentage. Figure II.2 shows that these orbitals (corners of the 

Figure) are significantly delocalized between the purpurin macrocycle and the amidinium 

functionality, validating the origin of the observed spectral shifts. Similarly, the 

amidinium functionality is able to relieve its positive charge through conjugation with the 

macrocycle (center orbital). 

The spectral shift associated with deprotonation can also be used to determine the 

change in pKa upon excitation of purpurin amidinium D1;41-44 the 370-cm−1 increase in 

E0-0 energy upon deprotonation (as estimated by the 6-nm blue-shift in the Q0,0-bands) 

corresponds to an increase of nearly 1 pKa unit in the excited state at 298 K. Conversely, 

the homologous electronically decoupled chlorin amidinium D2, undergoes virtually no 

change in acidity upon electronic excitation, as reflected by the invariance of the chlorin 

absorption energy as a function of protonation state. 

II.3. Structure of amidinium-carboxylate interfaces 

II.3.1. Thermodynamics of tautomerization 

Whether the [H+] interface exists as an amidinium-carboxylate or an amidine-

carboxylic acid tautomer (see Scheme II.1) has generally remained ill-defined. One way 

to predict which side of the interface the proton prefers to reside is to consider the pKas of 

the constituent acids. Aqueous pKa values of typical amidinium salts (pKa ~ 11-12)45 and 

carboxylic acids (pKa ~ 5-6)45 suggest that an amidinium-carboxylate salt-bridge is 

favored. However, the low-dielectric media in which PCET reactions frequently take 

place (in solution and in proteins) tend to disfavor ionization, requiring pKas to be re-

examined in non-aqueous solvents. Non-aqueous pKa measurements typically cannot be 

undertaken via standard electrochemical techniques, however, the pH-sensitivity of the 

electronic absorption spectrum of D1 allows its pKa to be determined by 

spectrophotometric titration with a base. The measured pKa of the Ni(II) derivative of the 
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amidinium purpurin (pKa = 9.6(1) in CH3CN, measured by Elizabeth Young and 

described in the publication that forms the basis of this Chapter) reveals that the 

amidinium is considerably more acidic than carboxylic acids such as benzoic acid, acetic 

acid and dinitrobenzoates (2,4- and 3,5-) in organic solvents such as CH3CN (pKa values 

of 20.1, 22.3, and 16.1 in CH3CN, respectively46). 

The pKa values for isolated amidinium and carboxylate do not solely determine 

the structure of the interface. Electrostatic energies that are specific to the interface must 

also be considered. For example, the ∆pKa ~ 10 between amidinium and carboxylate for 

D1:benzoate in CH3CN favors the amidine-carboxylic acid form of the interface by ~0.6 

eV. On the other hand, the Coulombic energy (V) associated with the salt-bridge 

tautomer can be estimated using equation II.1; 

 
π4

q q   V 21

rε
=  (II.1) 

For point charges (q1 and q2 = ± 1.6022×10−19 C) in tetrahydrofuran (THF; 

ε(THF) = 7.5847), at a salt-bridge distance (r = 3.9 Å, measured between the central 

carbon atoms of the amidinium and carboxylate groups from the energy optimized 

structure in reference 48), this translates to a stabilization energy of –0.50 eV, which 

nearly offsets the stabilization of the amidine-carboxylic acid tautomer derived solely 

from consideration of the DpKa. Owing to the difficulty in predicting the net balance of 

these opposing energies, experimental tools that permit the location of the proton in the 

interface are essential. D1 provides such a tool in its association to carboxylate acceptors 

of varying pKas. 

II.3.2. Direct spectroscopic determination of [H+] structure 

The spectra of amidine and amidinium purpurin D1 (Figure II.1) provide 

reference points for the direct evaluation of the nature of the hydrogen bonding interface 

formed from the association of D1 to carboxylate and sulfonate acceptors of varying 

pKas. Elizabeth Young carried these spectrophotometric titrations, which are described in 

the publication that forms the basis of this chapter, and summarized in Table II.1. 



 

63 

II.4.  Photo-induced PCET from Zn(II) purpurin D1 

II.4.1. Thermodynamics of photo-induced PCET 

With the tautomeric structure of various [H+] interfaces established using the 

spectroscopic signatures of D1, photo-induced PCET studies in well-defined D−A 

assemblies were undertaken. Reverting to the closed-shell Zn(II) derivative of D1 enables 

its photo-induced PCET chemistry to be examined since the S1 excited state cannot be 

deactivated via intermediate ligand field and charge transfer (CT) excited states as is the 

case with open-shell metalloporphyrins.49-52 

The thermodynamic driving force (∆Go) for photo-induced charge-separation 

across a D−A pair can be estimated using equation II.2, 

 ∆Go = E1/2(D+/D) − E1/2(A/A−) − E0-0 + ∆G(ε), (II.2) 

Table II.1. Summary of the nature of the [H+] interface 
in dyads of D1 

Binding Moiety Salt-bridge Non-ionized 

2,4-
dinitrobenzoate    

3,5-
dinitrobenzoate    

Phenyl sulfonate    

Benzoate    

A1a    
a The structure of the naphthalene diimide acceptor 
bearing a carboxylate (A1) is given in Chart II.2 



 

64 

where E1/2(D+/D) is the ground state oxidation potential of the electron donor, E1/2(A/A−) 

is the ground state reduction potential of the electron acceptor, E0-0 is the excited state 

energy of the photo-active state of the electron donor or acceptor, and ∆G(ε) is a solvent-

dependent Coulombic term that accounts for the spatial configuration of charges in a 

dielectric medium. ∆G(ε) is quantified by the Born equation; 
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where rD and rA are the radii of the donor and acceptor, respectively, dD−A is the D−A 

center-to-center distance, ε is the dielectric constant of the solvent in which D−A charge-

separation takes place, εref is the dielectric constant of the solvent in which isolated donor 

and acceptor redox potentials were measured, and e0
2 is a normalization constant that is 

equal to 14.4 given that units of Angstroms and Volts are used for lengths and potentials, 

respectively. Note that from equation II.2, a given excited state redox species is 

simultaneously a stronger oxidant and a stronger reductant than in the ground state, 

making photo-induced charge-separation in either direction thermodynamically feasible 

in many cases. 

The S1 excited state energy of D1 is 1.87 eV (298 K, THF), as estimated from the 

midpoint of the Q0,0 absorption and emission peaks; the electronic absorption spectrum of 

the Zn(II) purpurin D1 is nearly identical to that presented for the Ni(II) derivative in 

Figure II.1, except that the Soret and Q-band peaks are slightly shifted in the case of 

Zn(II) (λabs,max (Soret) = 438 nm; λabs,max (Q0,0) = 660 nm). The S1 emission spectrum of 

D1 (Figure II.3) features a sharp peak (λem,max (Q0,0) = 664 nm) with a weaker vibronic 

band to the red (λem,max (Q1,0) = 725 nm). The energetic proximity of the Q0,0 absorption 

and emission peaks, and the strong intensity of the Q0,0 peaks relative to Q1,0 peaks is 

indicative of minimal structural distortion in the S1 excited state of D1. Differential 

pulsed voltammetry (DPV) yields a one-electron oxidation potential for D1 of 

Ep,ox(D12+/+) = 1.02 V vs. Ag/AgCl in THF. 
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Chart II.2 shows the structure of a carboxylate-bearing naphthalene diimide 

acceptor (A1), which is known to bind to D1 via a non-ionized amidine-carboxylic acid 

[H+] interface (vide supra). The one-electron reduction potential for the A1 electron 

acceptor has been measured to be E1/2(A1–/2–) = –0.52 V vs. Ag/AgCl in THF. Using 

equation II.3, the ∆G(ε) term is estimated to contribute an additional 0.14 eV towards the 

driving force for PCET in the D1:A1 dyad in THF, based on a D−A distance of 14 Å, and 

radii of 5 Å and 4 Å for the D and A respectively. Using equation II.2, there is 0.47 V of 

available driving force for photo-induced PCET in dyad D1:A1. The relevant 

thermodynamic and kinetic parameters for the dyads discussed in this Chapter are also 

summarized in Table II.2. 

 

II.4.2. Transient emission measurements of photo-induced PCET 

Having established the thermodynamic feasibility of photo-induced PCET in 

dyads of D1, transient emission (TE) measurements were undertaken to characterize the 

photophysics of the S1 excited state of D1 in the absence and presence of carboxylate-

bearing groups. Figure II.3 shows a TE spectrum of D1 following 660-nm excitation. 

THF was chosen as the solvent due to its ability to support strong amidinium-carboxylate 

association without competitive binding, and due to the propensity of THF to axially bind 

the Zn(II) metal, preventing the formation of aggregates characterized by amidine-zinc 

linkages between different molecules of D1.53 The emission decays monoexponentially 

with a wavelength-independent lifetime of τ = 1.90 ns. 

Chart II.2. 
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The S1 lifetime of D1 is attenuated slightly to τ = 1.80 ns upon addition of three 

equivalents of benzoate – a carboxylate that can bind to the amidinium of D1 but is 

insufficiently oxidizing to participate in photo-induced PCET. This control experiment 

quantifies the effect that forming a hydrogen-bonding interface has on the S1 excited state 

dynamics of D1. One might expect that the S1 lifetime would be extended upon binding, 

since vibrational relaxation channels associated with the amidinium are restricted. On the 

other hand, since the pKa of the purpurin amidinium is known increase upon excitation 

(vide supra), it is likely that excitation induces proton motion within the [H+] interface, 

thus attenuating the S1 lifetime. In addition to nuclear degrees of freedom, benzoate 

strongly perturbs electronic orbitals of the purpurin macrocycle through binding to the 

amidinium group (vide supra), making its effect on the S1 lifetime difficult to predict. 

The emission of D1 is quenched significantly when benzoate is replaced by A1, 

giving rise to biexponential decay kinetics with the minor component from unbound D1 

(which was previously independently characterized), and the major component attributed 

 
Figure II.3. TE spectrum for a solution of D1 in THF (1 × 10−4 M) following 660-nm excitation, 
recorded using a streak camera that simultaneously provides spectral (red trace) and temporal
(blue trace) resolution. The emission decays monoexponentially with a lifetime of τ = 1.90 ns. 
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to PCET in the supramolecular dyad D1:A1 (τ(D1:A1) = 0.65 ns). This assignment is 

supported by the availability of 0.47 V driving force for PCET, and the implausibility of 

excitation energy transfer (EET) as a quenching mechanism; 1A1* is significantly higher 

in energy than the S1 state of D1 (see electronic absorption spectrum of A1 in Figure 

III.4a) and thus EET is energetically unfavorably from the S1 excited state manifold. The 

direct production of the lower-energy 3A1* by EET is a spin-forbidden process. 

Furthermore, in similar studies discussed in Chapter III, the charge-separated state 

involving a Zn(II) porphyrin-amidinium donor and the same A1 acceptor are directly 

observed by TA spectroscopy. Note that such a low concentration of A1 (3 × 10−4 M) is 

insufficient to induce measurable bimolecular quenching, even at diffusion-limited rates. 

The unimolecular rate constant for PCET in D1:A1 is determined to be kPCET = 

9.8 × 108 s–1, where kPCET is determined from the reciprocal lifetimes; kPCET = 1/τ(D1:A1) 

– 1/τ(D1:benzoate). This calculation employs the natural lifetime of D1:benzoate 

instead of D1 alone in order to account for the previously noted perturbation to the S1 

lifetime that is due to hydrogen bond formation, even in the absence of a redox-active 

quencher. 

The TE data can also be used to estimate the D−A association constant. Equation 

II.4 expresses the association constant, Ka, in terms of the ratio of amplitudes (i.e., pre-

exponential factors) of the short/long lifetime components (Q), and the total 

concentrations of donor ([D]0) and acceptor ([A]0). Equation II.4 follows from the 

standard definition of a 1:1 association constant, assuming that the ratio of short/long 

lifetime amplitudes represents the ratio of bound/unbound concentrations in solution. 

 
Q)[D] - 1)(Q([A]

1)Q(Q  
00 +

+=aK  (II.4) 

Application of equation II.4 to the TE data for D1 with A1 yields an association 

constant of Ka(D1:A1) = 9.4 × 103 M–1 in THF, which is of the expected magnitude for a 

two-point amidine-carboxylic acid hydrogen bond, as confirmed in Chapter III. 
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II.4.3. Excited state decomposition of D1 

Further spectroscopic investigations on D1 were impeded by the observation of an 

excited state decomposition pathway in THF. Figure II.4 shows an electronic absorption 

spectrum of D1 in THF (solid line) compared with the product observed after the solution 

was left for 1 h under fluorescent room light (dashed line). Noticeable spectral shifts 

occurred after just a few minutes. The photolysis product features significantly blue-

shifted absorption bands; λabs,max(Soret) = 413 nm, λabs,max(Q0,0) = 632 nm, compared 

with 438 and 660 nm, respectively, for the original Zn(II) purpurin. Similar shifts are 

observed in the emission spectrum of the photolysis product (inset, dashed line); 

λem,max(Q0,0) = 640 nm, compared with 664 for the original Zn(II) purpurin (inset, solid 

line). In addition to the spectral shifts described above, electrochemical experiments 

show that photolysis is also associated with the growth of an oxidation feature at Ep,ox = 

+0.82 V vs. Ag/AgCl, at the expense of the oxidation feature at Ep,ox = +1.02 V vs. 

Ag/AgCl in the original Zn(II) purpurin. 

Considerable decomposition was observed over the course of repeated emission 

 
Figure II.4. Electronic absorption spectrum of D1 in THF (solid line), compared with its 
photolysis product after 1 h in fluorescent room light (dashed line). Inset: Emission spectrum of
D1 in THF (solid line, λexc = 438 nm) compared with its photolysis product (dashed line, λexc = 
413 nm). 
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measurements with excitation wavelengths in the Soret-band region (while shielded from 

room light), however decomposition was not detected with similar exposure to Q-band 

excitation. This observation indicates that an excited state reaction with THF proceeds 

from the S2 excited state of D1. Given that the S1 ← S2 internal conversion takes place on 

a timescale of ~1 ps in Zn(II) porphyrins,54-56 solvent molecules must rapidly intercept 

the S2 excited state, which has precedence for Zn(II) porphyrins in CH2Cl2.56  

While the decomposition product has not been identified, its absorption and 

emission spectra, and oxidation potential are similar (but not identical) to those found for 

the chlorin D2 (vide infra). This suggests that an electronically similar product is formed, 

presumably via addition of THF oxidation products across the C=C double bond that 

distinguishes D1 from D2. THF is known to be decomposed via alpha hydrogen 

abstraction,57 and the S2 excited state of D1 has the potential to facilitate such a reaction. 

The decomposition product was not observed in other solvents such as CH2Cl2 and 

CH3CN, however, these solvents were unsuitable for photo-induced PCET experiments 

because they did not meet the dual requirements of axially binding the Zn(II) center and 

not interfering with hydrogen bonding at the [H+] interface. 

Though the observed decomposition caused considerable difficulty handling D1 

in THF, absorption and emission spectra (including TE) could be reliably measured given 

their short acquisition times, provided that care was taken to exclude room light. 

However, the sample purity was inevitably compromised over the extended acquisition 

times required for TA experiments. The TA experiment is particularly vulnerable to 

misleading results when photolysis occurs, due to the time-separation between the 

acquisition of transient and reference spectra. For these reasons, TA spectroscopy could 

not be undertaken on D1:A1 with sufficient confidence. 
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II.5.  Photo-induced PCET from D2 

II.5.1. Electronic structure of D2 

The electronic absorption spectrum of D2 is shown in Figure II.5. The spectrum 

consists of two sharp absorption bands with maxima at λabs,max = 410 (Soret) and 623 nm 

(Q). The absorption spectrum of the Ni(II) derivative of D2 is nearly identical, and unlike 

purpurin amidinium D1 (vide supra), minimal spectral shifts accompany amidinium 

deprotonation for D2. This observation confirms that electronic coupling between the 

[H+] interface and the macrocycle chromophore is turned off when conjugation between 

them is broken upon conversion to D2. Figure II.6 shows the results of DFT electronic 

structure calculations of D2. In contrast to D1 (Figure II.2), the macrocycle-based orbitals 

that lead to the observed color (corners of the Figure) do not sample the amidinium 

functionality, while the positive charge is confined to the amidinium (center orbital). 

 

 
Figure II.5. Electronic absorption spectrum of D2 in THF. Inset: Emission spectrum of D2 in 
THF (λexc = 410 nm). 
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II.5.2. TE measurements of photo-induced PCET 

The monoexponential decay of the chlorin excited state increases slightly upon 

formation of an [H+] interface incapable of supporting ET (τ(D2) = 1.15 ns, 

τ(D2:benzoate) = 1.20 ns in THF). The lifetime increase is ascribed to the restriction of 

nuclear degrees of freedom that accompanies binding. The electronic decoupling of the 

[H+] interface from the macrocycle chromophore in D2 means that the amidinium 

 
Figure II.6. Frontier molecular orbitals resulting from energy-optimized structure of D2. The 
four orbitals that are most directly responsible for the electronic absorption spectrum are those
associated with the porphyrin macrocycle, namely the HOMO–1, HOMO, LUMO+1 and 
LUMO+2 orbitals, while the LUMO orbital is associated with the positive charge of the 
amidinium group. Note that ethyl substituents of D2 were replaced with methyl groups for 
computational expediency. 
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functionality experiences no change in pKa upon excitation, and binding moieties do not 

perturb its electronic excited states. Indeed, no spectral shifts accompany the binding of 

carboxylates to D2. 

  Addition of A1 to D2 yields a biexponential decay curve as a result of the 

presence of unbound D2 and the dyad D2:A1. Application of equation II.4 to the 

biexponential decay yields Ka = 1.3 × 104 M–1 in THF, which is similar to that obtained 

for the D1:A1 dyad. The fast decay component has a lifetime of τ = 0.56 ns to yield a 

unimolecular quenching rate constant of k = 9.5 × 108 s–1 for D2:A1 from the reciprocal 

lifetimes (k = 1/τ(D2:A1) – 1/τ(D2:benzoate). The observed quenching is ascribed to 

PCET based on the implausibility of EET as an alternative quenching mechanism, and 

the availability of 0.83 V driving force for PCET (applying equation II.2). The S1 excited 

state energy (E0-0) of D2 is 1.98 eV (298 K) from the absorption and emission profiles in 

Figure II.5). The one-electron reduction potential E1/2(D22+/+) = 0.77 V vs. Ag/AgCl in 

THF, and the ∆G(ε) term is estimated to contribute an additional 0.14 eV towards the 

driving force for PCET in the D2:A1 dyad in THF, based on a donor-acceptor distance of 

14 Å, and radii of 5 Å and 4 Å for the donor and acceptor, respectively. The 

thermodynamic and kinetic parameters for the D1:A1 and D2:A1 dyads are summarized 

in Table II.2. 

II.5.3. TA measurements of photo-induced PCET 

Figure II.7 shows the visible TA spectra of D2 (in the absence of A1) collected 30 

ps (solid line) and 1 ns (dashed line) after 403-nm excitation. The 30-ps spectrum broadly 

resembles previously published TA spectra of Zn(II) porphyrins,58 consisting of a strong 

absorption of the S1 chlorin excited state that dominates the visible spectral region 

(λabs,max = 480 nm). Superimposed on this absorption envelope is a prominent bleach 

feature at λ = 625 nm, corresponding to loss of ground state Q-band absorption (note that 

the oscillations at λ > 640 nm are a spectral artifact from the CCD camera, encountered 

only in the long-wavelength region). The 1-ns spectrum is essentially identical to the 30-

ps spectrum, except that the magnitude of the TA features is slightly attenuated. While 

~40 % of the S1 excited state still remains at 1 ns, the remaining contribution to the TA 

spectrum is predominantly from the long-lived (ms)59 T1 excited state, which typically 
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forms with a quantum yield of Φ > 0.9 for Zn(II) porphyrins.59,60 Single wavelength 

kinetics profiles confirm that the spectral evolution in Figure II.7 occurs according to the 

T1 ← S1 intersystem crossing (ISC) timescale (τ = 1.15 ns) in the absence of A1. 

Having established the spectral dynamics inherent to D2, TA spectroscopy was 

undertaken on the D2:A1 dyad with the aim of detecting charge-separated PCET 

intermediates. Spectroelectrochemistry on D2 was performed prior to TA in an attempt to 

obtain the optical signature associated with the radical cation of the donor. Bulk 

electrolysis (E = 1.0 V vs. Ag/AgCl) produced red-shifted absorption features (λabs,max 

(Soret) = 437 nm, λabs,max (Q) = 660 nm). However, the fact that the original spectrum 

was not recovered after returning to the resting potential casts doubt on whether the 

spectrum actually corresponds to the radical cation, as opposed to an irreversible 

oxidation product. Nevertheless, a broad absorption feature in the 620-750 nm region is a 

well-documented characteristic of porphyrin cation radical species,61-67 making this a 

reasonable spectral region to probe for PCET intermediates. 

 
Figure II.7. Visible TA spectrum of D2 in THF collected 30 ps (solid line) and 1 ns (dashed line)
after 403-nm excitation. 
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Figure II.8 shows TA kinetics for the D2:A1 dyad with a probe wavelength of 650 

nm (open circles). The negative TA signal rises to a more positive level than that of the 

D2 monomer, and with a time constant commensurate with the rate of loss of S1 in the 

D2:A1 dyad measured by TE. As was observed in TE measurements, a minor component 

from unbound D2 is also expected at spectroscopic concentrations. Single wavelength 

kinetics profiles at redder wavelengths (λprobe = 660, 670, 680, 690, 700 nm) are 

essentially identical to 650 nm. There are two possible scenarios that could account for 

the observed kinetics profiles; i) the growth in ∆OD could correspond to formation of the 

radical cation (note that the signal need not rise above ∆OD = 0 since the S1 and T1 

species that are also present contribute a negative signal), or ii) the growth in ∆OD could 

simply correspond to the loss of the negative S1 signal without additional optical 

contributions from intermediates.  

TA kinetics were also collected for D2:A1 dyad with a probe wavelength of 470 

nm selected to kinetically resolve the growth of the radical anion component of the PCET 

intermediate (λabs,max(A1•−) = 475 nm).68 However, Figure II.8 (solid circles) reveals that 

only a decaying signal is observed. The strong positive signal that appears upon 

excitation is due to the S1 excited state of D2 (λabs,max = 480 nm), and its decay simply 

reflects the quenched S1 lifetime in the dyad D2:A1. The strong remaining signal at 

 
Figure II.8. TA kinetics for D2:A1  probed at λprobe = 650 nm (open circles), and 470 nm (solid 
circles). 
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longer times cannot be unambiguously assigned to A1•− since the chlorin T1 excited state 

also absorbs strongly in this region (Figure II.7). The observed quenching rate 

corresponds to a photoproduct quantum yield of Φ ~ 0.5, while the T1 excited state 

accounts for most of the remainder since ISC is in kinetic competition with PCET from 

the S1 excited state of D2. 

The absence of a discernible growth in the 470-nm TA kinetics does not rule out 

the formation of A1•− since its growth is overwhelmed by the intense optical signatures of 

the chlorin S1 and T1 excited states in this wavelength region. The TA data presented in 

Figure II.8 does not provide unambiguous evidence of PCET intermediates, nor does it 

give reason to doubt that PCET is the S1 quenching mechanism after considering the 

overwhelming spectral dynamics of the chlorin excited states. Similar difficulties are 

encountered studying the porphyrin D−A dyad discussed in Chapter III, yet in that case 

the nature of the porphyrin S1 and T1 spectra in the porphyrin radical cation region 

alleviate the problem to uncover PCET intermediates. 

II.6. Comparative PCET kinetics 

The difference between the dyads D1:A1 and D2:A1 permits comparison of 

PCET kinetics for D---[H+]---A assemblies in which electronic communication between 

the proton interface and electron donor-acceptor sites is turned on and off. The π-

conjugation of the purpurin D1 delocalizes the donor electronic wavefunction more 

substantially onto the proton interface, as reflected by the disparate absorption changes 

observed for D1 as compared to D2 upon amidinium deprotonation. This implies that the 

electronic coupling (Vel) between donor and acceptor for D1:A1 must be stronger than in 

D2:A1. Similar variation in Vel has been observed for a single vs. double bond situated 

one bond remote from a hydrogen-bonded interface.69 

In light of a presumably larger Vel for D1:A1 as compared with D2:A1, it is 

puzzling that the rate for charge separation is virtually the same for both supramolecular 

dyads (kPCET(D1:A1) = 9.8 × 108 s–1 and kPCET(D2:A1) = 9.5 × 108 s–1). However, rates 

should be interpreted using rate expressions that consist of Vel and Franck-Condon (FC) 

terms, 
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 k ~ |Vel|2٠ FC (II.5) 

where FC contains contribution from ∆Go. Specifically, in the Marcus equation,70,71 
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where η is the solvent refractive index and all other terms retain the meanings defined in 

equation II.3. 

The thermodynamics and kinetics for PCET in dyads D1:A1 and D2:A1 are 

summarized in Table II.2. A relatively straightforward explanation of the PCET kinetics 

emerges upon consideration of the thermodynamics for PCET in the two dyads. Although 

D1:A1 and D2:A1 are structurally similar, D2 is more easily oxidized. In addition, the D2 

excited state is higher in energy by ~0.1 V. Taken together, the available driving force for 

PCET in D2:A1 is 0.35 V greater than in D1:A1. The outer-sphere (solvent) 

reorganization energy, is estimated to be 0.85 eV for both dyads (applying equation II.8 

for the dyads in THF, based on a D−A distance of 14 Å, and radii of 5 and 4 Å for the 

donor and acceptor respectively). Combining λouter-sphere with an estimated λinner-sphere 

contribution of 0.25 eV (based on previous reports that use similar electron donors and 

acceptors),72 and substituting into equation II.6 along with ∆Go for both dyads leads to a 

17-fold smaller FC term for D1:A1 compared with D2:A1 at 298 K. equation II.5 

suggests that the difference in the FC rate contributions could be cancelled by ~4-fold 

more favorable electronic coupling in D1:A1 compared with D2:A1, which seems 

reasonable on account of the pronounced differences in electronic delocalization 

exhibited for D1 and D2. Thus, the difference in electronic coupling is mitigated by 
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thermodynamics of the PCET leading to a situation in which the PCET kinetics for both 

supramolecular dyads are similar. 

II.7. Concluding Remarks 

In summary, a pair of homologous purpurin and chlorin derivatives appended 

with an amidinium functionality have been studied. Electronic communication between 

the π-chromophore and appended amidinium in the purpurin has allowed for the structure 

of a [H+] interface in a D---[H+]---A assembly to be probed for the first time. For acidic 

Table II.2. Thermodynamics and kinetics of PCET for purpurin and chlorin D−A complexes. 

PCET Dyads a Ep,ox(D) b,c E0,0 
b ∆GPCET 

d kPCET
 b 

 

1.02 V 1.87 eV –0.47 V 9.8 × 108 s–1 

 

0.77 V 1.98 eV –0.83 V 9.5 × 108 s–1 

aAr represents 2,5-di-tertbutylphenyl. bAll data recorded in THF at 298 K. cEp,ox(D) are the 
Ep,ox(D12+/+) and Ep,ox(D22+/+) redox couples, which are referenced to Ag/AgCl. dDGPCET  
calculated using equation II.2, taking DG(ε) = 0.14 eV from equation II.3. E1/2(A1–/2–) = –0.52 V 
vs. Ag/AgCl where A1– is the carboxylate form of A1. 
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acceptors, the amidinium-carboxylate salt-bridge prevails and PCET occurs through an 

ionized D---[amidinium-carboxylate]---A assembly, as was previously inferred from 

directional PCET studies involving dinitrobenzene carboxylic acids as acceptors.32 

However, for acceptors bearing more electron density at the interface, such as the A1 

acceptor used in these studies, proton displacement from the carboxylic acid group is not 

pronounced and the assembly for PCET is better described as the non-ionized D---

[amidine-carboxylic acid]---A configuration. This comparison confirms that the 

amidinium-carboxylate interface is ideal for PCET studies because it supports PT across 

the interface in response to changes in the peripheral electronic structure at electron D/A 

sites. Conjugation between the macrocyclic chromophore and the amidinium interface is 

broken in the case of the D2. This modification allows the effect of electronic 

communication between the proton interface and electron D/A sites upon PCET rates to 

be measured in D−A dyads. TE and TA measurements reveal that the photo-induced 

PCET rates are surprisingly similar for both D1:A1 and D2:A1 due to the cancellation of 

contributions from Vel and FC terms. 

II.8. Experimental Section 

II.8.1. Materials 

Zn(II) and Ni(II) derivatives of purpurin amidinium D1 and chlorin amidinium 

D2 were synthesized by Joel Rosenthal according to the procedure described in the 

publication that forms the basis of this Chapter. The A1 acceptor was synthesized by Joel 

Rosenthal according to the publication that forms the basis of Chapter III.48 The 

compounds gave satisfactory mass and 1H NMR spectra. Spectroscopic grade solvents 

were employed, which were dried using standard methods and stored under high-

vacuum.73 
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II.8.2. Electrochemistry 

Electrochemical experiments were carried out using a Bioanalytical Systems 

(BAS) Model CV-50W potentiostat/galvanostat. Cyclic voltammetry (CV) and DPV 

measurements were performed in a two-compartment cell using a platinum disk as the 

working electrode, a Ag/AgCl reference electrode, and a platinum wire auxiliary 

electrode. The supporting electrolyte used for electrochemistry experiments was 0.1 M of 

either the PF6
− or the ClO4

− salt of n-tetrabutylammonium (TBA). The solution in the 

working compartment of the cell was de-aerated by a nitrogen or argon stream. 

Background cyclic voltammograms of the electrolyte solution were recorded prior to 

addition of the solid sample. Redox couples were referenced to Ag/AgCl by using a 

ferricenium-ferrocene internal standard of 0.357 V vs. Ag/AgCl.74 

Spectroelectrochemical studies were performed in an optically transparent 1-mm 

thin-layer cell using a platinum mesh working electrode, a Ag/AgCl reference electrode, 

and a platinum wire auxiliary electrode. The supporting electrolyte used was 0.1 M 

TBAPF6 in THF. Oxidation of D2 was carried out at E = +1.0 V vs. the Ag/AgCl and 

absorption spectra were recorded at selected time intervals. 

II.8.3. Spectroscopy 

Samples for spectroscopic measurements were contained within high-vacuum 

cells consisting of a 2-mm pathlength clear fused-quartz cell (or 1-cm pathlength for 

steady-state experiments), which was connected to a 10-cm3 solvent reservoir via a 

graded seal. The two chambers were isolated from the environment and from each other 

by high-vacuum Teflon valves. An aliquot of D1 or D2 (~6 × 10–8 mol) was added to the 

cell, and in experiments employing carboxylates such as A1 and benzoate, the required 

equivalents were initially added to the solvent reservoir. The transferring solvent was 

removed from both compartments on a high-vacuum manifold (10–5 torr). Dry THF was 

subject to at least three freeze-pump-thaw cycles (10–5 torr) and added to the cell by 

vacuum transfer to make a 60-µM solution of the purpurin or chlorin (or 15 µM in the 

steady-state measurements), with an optical density of OD ~ 0.3 at the Q0,0 absorption 

band. In this configuration, the spectroscopy on the D1 or D2 was examined initially. By 
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opening the valve between the two compartments, the spectroscopy of associated 

complexes could be performed while maintaining high vacuum and exactly the same 

amount of compound and solvent.  

Steady-state absorption spectra were obtained using a Spectral Instruments 440 

Model spectrophotometer. Steady-state fluorescence spectra were recorded on an 

automated Photon Technology International Inc. QM 2001-4 fluorimeter that is equipped 

with a 150-W Xe arc lamp and a Hamamatsu R928 photomultiplier tube. In this 

experiment the excitation wavelength was 560 nm and emission was collected from 580-

720 nm. 

Picosecond TE and TA measurements were performed at 298 K on a chirped 

pulse amplified Ti:sapphire laser system that is described in Appendix A.1. In the TE 

experiment, the 100-fs, 800-nm output of the regenerative amplifier was frequency-

upconverted in a visible optical parametric amplifier (OPA; B.M. Industrie Alpha-1000) 

to produce excitation pulses at 660 nm for resonant excitation of the Q-band of purpurin 

D1, or 620 nm for resonant excitation of chlorin D2. The excitation was vertically 

polarized and attenuated to 100-200 nJ/pulse. Luminescence lifetime kinetics were 

measured on a Hamamatsu C4334 Streak Scope streak camera. The emission was 

collected at the magic angle (θm = 54.7o) over a 140-nm window centered on the emission 

peak. 

In the TA experiment, the output beam was split, with the majority component 

frequency-doubled in a β-barium borate (BBO) crystal to produce 405 nm excitation 

pulses for resonant excitation of the Soret band. The excitation power was typically 

attenuated to 4 µJ/pulse a, and another 2 µJ/pulse of the 810 nm beam was focused into a 

sapphire substrate. Time resolution was achieved by propagating the excitation beam 

along the computer-controlled optical delay line. The probe pulse carried a chirp of ~1 ps 

over the wavelength range studied (450-680 nm), which was characterized by cross-

correlation of the pump and probe in a 5% solution of benzene in methanol. The 

polarization of pump and probe pulses were set at the magic angle and focused co-

linearly in the sample, which was stirred in the axis of beam propagation using a mini-

magnetic stirbar. This procedure was implemented to prevent thermal lensing. TA spectra 

were recorded at discrete times after excitation over the wavelength range λ = 450-680 
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nm. The probe beam exiting the sample was coupled into a liquid light guide to spatially 

homogenize the beam. The spectrum was then resolved in the monochromator and 

recorded on a CCD camera. The reference spectrum was taken at negative time. 

Typically, 2000 shots were accumulated per exposure and each time point was visited 40 

times. Spectra taken from forward and reverse scans were averaged. For single 

wavelength TA kinetics measurements, the pump beam was mechanically chopped at ω = 

500 Hz. The probe beam was spectrally resolved in the monochromator, a single 

wavelength selected, and the signal measured on a photodiode and amplified with a lock-

in amplifier, which was locked to the 500-Hz excitation frequency. The cross correlation 

of the excitation beam with a single wavelength of the probe beam has a FWHM = 300 fs 

for the employed monochromator configuration. Typically, the time range sampled was 

divided into 70 steps, including several steps at negative time. Five forward and reverse 

scans were averaged.  

II.8.4. Computational methods 

DFT calculations were performed using the Amsterdam Density Functional 

(ADF2002.02) program75,76 on a home-built Linux cluster comprising sixty Intel 

processors organized in groups of twelve running in parallel. The generalized gradient 

approximation was used as implemented in ADF by the Becke-88 functional for 

exchange,77 and the Perdew-Wang-91 functional for correlation.78 A basis set of triple-ζ 

Slater-type functions augmented by a polarization set (TZP) was used for Zn and N atoms 

and double-ζ with polarization (DZP) for other atoms, with the frozen core 

approximation. Orbitals were visualized using the Molekel v.4.2 Linux-mesa 

software.79,80 The input coordinates for the purpurin D1 and chlorin D2 were obtained 

from a Chem3D model. The input files, geometry-optimized coordinates, and frontier 

molecular orbital (MO) energies for the geometry optimizations of D1 and D2 are given 

in Appendices B.1 and B.2, respectively. 
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Chapter III 

Direct measurement of uni-directional 
PCET in a hydrogen-bonded, porphyrin 

D−A assembly 
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III.1.  Introduction 

Chapter II establishes the value of the amidinium-carboxylate [H+] interface to 

uni-directional PCET studies owing to its ability to support PT across the interface in 

response to changes in the peripheral electronic structure. Additionally, since amidinium-

carboxylate interfaces are asymmetric, they are inherently useful supramolecular 

synthons1-7 because hetero-dimers between complementary components (i.e., D and A) 

may be assembled without the interference of statistical distributions of homo-dimers. 

Finally, the well-defined two-point hydrogen bond of the amidinium-carboxylate salt-

bridge features a favorable electrostatic interaction augmented by two favorable 

secondary electrostatic interactions,8 engendering significant stability on supramolecular 

complexes. Strong binding constants are desirable in order to ensure sufficient 

association at the spectroscopic concentrations of photo-induced PCET experiments. 

In the PCET studies of Chapter II and for previous amidinium-carboxylate 

assemblies,1,3 ET rates were inferred from luminescence decay of the photo-excited 

donor. However, this approach can be problematic because the dynamics of luminescence 

decay are not necessarily always specific to charge transport and PCET does not always 

proceed from the emitting state. With regard to this latter issue, transient EPR 

experiments of PCET assemblies involving porphyrins have established the viability of 

the excited state donor to be T1 as opposed to S1.9,10 This result has important 

ramifications for PCET investigations because the driving force of the charge transfer 

event will be lowered significantly from the triplet excited state. Moreover, owing to the 

long lifetime of the triplet excited state, PCET kinetics may be complicated by 

contributions from bimolecular charge transfer. Additionally, the increased mechanistic 

complexity of PCET reactions (i.e., the variety of pathways potentially available), 

suggests that rate constants for the process are best measured directly using time-resolved 

methods that are capable of detecting intermediates. TA spectroscopy has been employed 

to resolve PCET kinetics in D---[H+]---A systems assembled via dicarboxylic acid 

dimers,11 and Watson-Crick base pairs,9,10 however, in no case have reaction kinetics 

been ascertained directly from observed intermediates in tightly coupled PCET 

assemblies built around amidinium-carboxylate interfaces. Indeed, the TA measurements 
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on assembly D2:A1 (Chapter II) did not yield conclusive spectroscopic evidence of 

PCET intermediates. 

The challenge to directly measuring PCET kinetics by TA spectroscopy arises as 

a direct consequence of the presence of a PT network proximal to the ET network. In 

tightly coupled networks, the proton significantly retards the ET rate so that charge 

transport is slow with respect to the competing photophysical dynamics of a photo-

excited donor. Most notably for porphyrin donors, significant optical intensities 

associated with S1 and T1 excited state interconversions overwhelm the optical signatures 

of PCET intermediates. Accordingly, measurement of charge transport in tightly coupled 

PCET networks has been confined to monitoring the disappearance of the S1 excited state 

by TE or TA spectroscopy. In light of these complications specific to studies of tightly 

coupled PCET networks, it is desirable to develop approaches that enable PCET kinetics 

to be determined from directly observed charge transport intermediates. This Chapter 

describes such an approach for a PCET network composed of a porphyrin donor bridged 

to a diimide acceptor via an amidinium-carboxylate interface. 

III.2. An amidinium-bearing Zn(II) porphyrin donor and 

carboxylate-bearing naphthalene diimide acceptors 

Our efforts to directly observe uni-directional PCET via amidinium-carboxylate 

interfaces has focused on a Zn(II) porphyrin bearing an amidinium directly fused to the 

β position of the macrocycle.12 In the supramolecular D---[H+]---A systems shown in 

Scheme III.1, the photo-excitable Zn(II) porphyrin donor (D3) is placed proximal to a 

naphthalene diimide carboxylate acceptor (A1 or A2) via the well defined two-point 

hydrogen bond of the amidine-carboxylic acid interface. Note that the interface is drawn 

in its neutral tautomeric form in consideration of the direct spectroscopic evidence 

presented in Chapter II establishing the prevalence of the neutral tautomer for amidinium 

binding to benzoate in low-polarity solvents. 
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III.2.1. Characterization of the hydrogen bonding interaction 

A signature of complexation is the downfield shift of amidinium protons involved 

in hydrogen bonding (NHax) and an insensitivity of the chemical shift for the amidinium 

protons external to the salt-bridge (NHeq). The chemical shift of the NHax protons 

(measured by Joel Rosenthal) moves downfield by nearly 1.8 ppm upon their hydrogen 

bonding association to the carboxylate, whereas the chemical shift of the NHeq protons 

changes by < 0.05 ppm. In principle, the shift of the NHax protons permits the association 

constant (Ka) of the supramolecular complex to be determined. However, the stability of 

the supramolecular complex in THF is so high that association constants from binding 

isotherms cannot be reliably determined by NMR spectroscopy. To assert the existence of 

a chemical equilibrium, the analytical response must be a nonlinear function of the ligand 

concentration.13 This is most prominent when the equilibrium concentration of the bound 

complex is on the same order of magnitude as the concentration of the more dilute of the 

two unbound components. However, the high concentration conditions required for NMR 

spectroscopy on D3:A1 mean that over 99% of D3 is bound, and the nonlinear region of 

the binding isotherm cannot be observed with any fidelity. Under such high binding 

conditions, Ka is better determined from steady-state and time-resolved luminescence 

measurements (vide infra). As with the photo-induced PCET studies described in Chapter 

II, THF was chosen as the solvent due to its ability to support strong amidine-carboxylic 

acid association without competitive binding, and due to the propensity of THF to axially 

 
Scheme III.1. Zn(II) porphyrin electron donor and naphthalene diimide acceptor assembled via
the amidine-carboxylic acid [H+] interface. 
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bind the Zn(II) metal, preventing the formation of aggregates characterized by amidine-

zinc linkages between different molecules of D3.5 In non-coordinating solvents of 

comparable dielectric constant, such as CH2Cl2, aggregation is indicated by the 

appearance of a green solution, resulting from a shift in the Q-bands from λabs,max = 556 

and 592 nm to 573 and 612 nm, respectively. 

The NMR results also establish that π-stacking between the amidinium porphyrin 

and diimide acceptor is not an important association mechanism. The chemical shift of 

the β-proton adjacent to the amidinium group at 8.85 ppm, and the broad multiplet 

resulting from the remaining seven β-protons (8.5-8.7 ppm) are virtually invariant with 

the addition of A1. The slight upfield shift of ~0.04 ppm of all eight β-protons upon 

carboxylate binding is presumably due to an increase in electron density within the 

porphyrin π-system. As the β-protons are a sensitive measure of π-stacking in porphyrin 

systems,14 the constancy of their chemical shift with supramolecular formation indicates 

that that π-stacking is not an important association mechanism. DFT calculations of the 

supramolecular complex D3:A1 support this contention. Energy-optimized geometry 

calculations confirm association via the two-point hydrogen bond (Figure III.1); a π-

stacked complex is not energetically stable. Moreover, geometry optimization shows that 

Figure III.1. Energy-optimized geometry of the D3:A1 complex (where the aryl substituent of 
the diimide has been replaced by a methyl group) determined using DFT. Details of the
calculation are provided in the experimental section and Appendix B.3. 
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there is no opportunity for the acceptor to achieve face-to-face contact with the donor 

while maintaining the two-point hydrogen bond in D3:A1, and even less so in D3:A2 

with the more rigid phenylene spacer separating the donor and acceptor. 

The electronic absorption spectrum of D3 in THF (Figure III.2), typical of a 

standard Zn(II) porphyrin four-orbital model (λabs,max(Soret) = 428 nm (ε = 4.0 × 105 M–1 

cm–1); λabs,max(Q1,0) = 562 nm (ε = 1.4 × 104 M–1 cm–1);  λabs,max(Q0,0) = 601 nm (ε = 6.8 × 

103 M–1 cm–1)), is not perturbed upon association of the amidinium to the carboxylate 

acceptors. The geometry-optimized structure indicates why this is the case - the 

amidinium is rotated by 76° with respect to the porphyrin macrocycle, electronically 

decoupling the amidinium functionality from the porphyrin chromophore. This spectral 

insensitivity is in direct contrast to the Zn(II) purpurin amidinium (D1) described in 

Chapter II, where the fused ring ensures co-planarity and electronic delocalization 

between the porphyrin macrocycle and the amidinium functionality. The insensitivity of 

the electronic absorption spectrum of D3 to the protonation state of the amidinium means 

that we are only afforded optical signatures pertinent to the ET component of the PCET 

reaction.  

 
Figure III.2. Electronic absorption spectrum of Zn(II) porphyrin amidinium D3 in THF. 
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III.2.2. Thermodynamic driving force for PCET 

The S1 excited state energy of D3 is ascertained from the overlap of Q0,0 bands in 

the absorption and emission spectra, yielding E0-0 = 2.04 eV (THF, 298 K). CV yields the 

one-electron oxidation potential for amidinium porphyrin donor D3 (E1/2(D32+/+) = 1.06 

V vs. Ag/AgCl in THF), and the one-electron reduction potentials of naphthalene diimide 

carboxylate acceptors A1 and A2 (E1/2(A1–/2–) = –0.52 V and E1/2(A2–/2–) = –0.48 V vs. 

Ag/AgCl in THF, respectively, provided by Joel Rosenthal). Consideration of the 

solvent-dependent Coulombic term specific to the charge-separation geometries 

contributes an additional ∆G(ε) = −0.15 V towards the estimated driving force for ET in 

D3:A1, and an additional ∆G(ε) = −0.10 V in D3:A2 in THF, respectively. These 

estimates apply equation II.3, taking radii of r = 5 Å and 4 Å for the D and A 

respectively, and D−A distances of dD-A = 13 Å for D3:A1, and 18.5 Å for D3:A2. These 

values lead to nearly identical estimated driving forces of ∆Go = –0.61 V and –0.60 V for 

ET from the S1 state of Zn(II) porphyrin amidinium D3 to the carboxylate diimide 

acceptors A1 and A2, respectively. 

III.3.  Photo-induced PCET 

III.3.1. TE and TA studies on supramolecular complex D3:A2 

Our efforts to kinetically resolve photo-induced PCET began with Dr. Niels 

Damrauers’ TE measurements on complex D3:A2, for which there is a –0.60 V driving 

force for PCET from the emissive S1 state of the porphyrin. Nonetheless, PCET is not 

observed in D3:A2. Electronic excitation of D3 affords S1 luminescence (λem,max(Q0,0) = 

612 nm and λem,max(Q1,0) = 665 nm), which is not quenched upon titration of 0-12 

equivalents of A1 per equivalent of D3. Conversely, TE experiments show that the S1 

lifetime monotonically increases from 2.19 ns (THF, 298 K) for unbound D3 to 2.3 ns for 

the complex D3:A2. This result is comparable to the lifetime increase observed when D3 

is titrated with benzoate, a base that binds but cannot be reduced. The maximum 

concentration of acceptor A2 added in these experiments (~7 × 10−4 M) ensures that 
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nearly all of D3 is bound to A2, but is insufficient to induce measurable bimolecular ET. 

Bimolecular ET would be undesirable due to the loss of control over the encounter 

complex geometry and ET pathway. 

TA measurements of the D3:A2 complex reveal that the S1 excited state relaxes to 

the triplet excited state (T1) with the normal ISC rate of kISC = 4.6 × 108 s–1. A 0.45-V 

decrease in reducing power accompanies this relaxation to T1 (as estimated based on 

shifts in phosphorescence spectra compared with fluorescence spectra for related Zn(II) 

porphyrins),15 thereby diminishing the available driving force for PCET. Thus, PCET 

from S1 is too slow to compete with T1 ← S1 ISC. The proton network retards charge 

transport to such a degree that it cannot effectively compete with the internal relaxation 

dynamics of the electronically excited porphyrin donor. 

III.3.2. TE studies on supramolecular complex D3:A1 

Replacement of the phenylene spacer in naphthalene diimide A2 with a methylene 

group (as in A1) results in a considerable shortening of the edge-to-edge through bond 

distance for complexes with D3, while maintaining a comparable driving force for a 

 
Figure III.3. S1 emission kinetics for a 6 × 10−5 M solution of D3 in THF (solid) and in the 
presence of two equivalents of A1 (dashed). The inset shows steady-state emission quenching of 
D3 (solid, 2.5 × 10−5 M) upon addition of three equivalents of A1 (dashed). 
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PCET reaction (∆Go = –0.61 V). Under these conditions, the S1 emission of porphyrin D3 

in THF is quenched upon its association to A1; the steady-state fluorescence of D3 is 

quenched by ~40 % in the limit of complexation with A1 (Figure III.3 inset). The Ka for 

the D3:A1 complex was determined by Joel Rosenthal from the concentration-

dependence of this luminescence quenching. A Benesi-Hildebrand fit of the intensity of 

the S1 luminescence band with added carboxylate yields Ka(D3:A1) = 2.4(6) × 104 M–1. 

A time-resolved fluorescence decay trace of the quenching process is shown in 

Figure III.3. D3 exhibits single exponential decay kinetics with an observed lifetime of 

τobs(D3) = 2.19(7) ns (298 K, THF), corresponding directly to the lifetime of the S1 state. 

A marked decrease in lifetime of the S1 state is observed and decay traces become 

biexponential upon D3:A1 formation. The minor decay component corresponds to the 

excited state relaxation of unbound species D3 and the major decay component is 

attributed to a quenched S1 excited state of D3 associated to A1 (τobs(D3:A1) = 0.72(3). 

This result is obtained regardless of whether 560-nm (Q-band) or 405-nm (Soret band) 

excitation is used, confirming that only the S1 state is quenched. A quantitative analysis 

of the ratio of the long and short components using equation II.4 leads to an alternative 

measure of Ka(D3:A1) = 2.8(6) × 104 M–1, which is consistent with the results of the 

steady-state titration described above. The quenching rate is found to be 9.5(6) × 108 s–1 (k 

= 1/τobs(D3:A1) – 1/τobs(D3:benzoate)). This calculation employs the natural lifetime of 

D3 bound to benzoate (τo = 2.3 ns) in order to account for the previously noted 

perturbation of the S1 lifetime due to hydrogen bond formation. Again, the concentrations 

of acceptor A1 added are insufficient to induce bimolecular ET. 

III.3.3. TA studies on supramolecular complex D3:A1 

TA spectroscopy was undertaken (in collaboration with Dr. Niels Damrauer) with 

the aim of detecting photo-induced PCET intermediates within the D3:A1 complex. The 

optical signatures associated with the PCET intermediates were obtained prior to TA 

measurements by using spectroelectrochemistry to independently probe the radical cation 

and anion of the constituent donor and acceptor species, respectively. The electronic 

absorption spectrum of the radical anion of acceptor A1 (Figure III.4a) exhibits 

prominent visible absorption features at λ = 475 and 610 nm, consistent with previous 
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reports of naphthalene diimide radical anions.16 The electronic absorption spectrum of the 

radical cation of donor D3 (Figure III.4b) exhibits a distinctive visible absorption feature 

at λ = 620-750 nm, which is a well-documented characteristic of porphyrin cation radical 

species.17-23  

TA kinetics were collected for complex D3:A1 with a probe wavelength of λprobe 

= 475 nm selected to kinetically resolve the growth of the radical anion component of the 

 
Figure III.4. Electronic absorption spectra of (a) naphthalene diimide acceptor A1 (solid) and its 
electrochemically generated reduced radical anion (dashed), and (b) Zn(II) porphyrin D3 (solid) 
and its electrochemically generated oxidized radical (dashed).  



 

97 

PCET intermediate. However, Figure III.5a (open circles) reveals that only a decaying 

signal is observed. The strong positive signal that appears upon excitation is attributed to 

the S1 excited state of D3, and its decay simply reflects the quenched S1 lifetime in the 

dyad D3:A1. 

The TA signal does not decay to zero due to the positive contribution of the T1 

excited state, which is formed to a large extent even in dyad D3:A1 (and formed 

predominantly in the unbound fraction of D3). The TA kinetics for D3 alone (Figure 

 
Figure III.5. TA kinetics for D3 (solid circles) and D3:A1 (open circles) probed at (a) 475 nm, 
and (b) 610 nm. 
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III.5a, solid circles) exhibits a strong positive TA signal from the S1 state that decays to 

the T1 signal according to the emissive lifetime determined largely by the ISC rate, 

consistent with previous TA investigations of Zn(II) porphyrins.24 Yet, the absence of a 

discernible growth in the 475-nm TA kinetics of dyad D3:A1 does not rule out PCET. 

 
Figure III.6. Visible TA spectrum of D3 in THF collected (a) t = 20 ps after excitation, and (b) t
= 500 ps, 1 ns, and 2 ns after excitation in the Q-band region.  
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Figure III.6a shows the visible TA spectrum of D3 collected t = 20 ps after excitation. 

The spectrum closely resembles previously published TA spectra of Zn(II) porphyrins,24 

consisting of broad absorption of the S1 porphyrin excited state that dominates the visible 

spectral region. Superimposed on this absorption envelope are two prominent bleach 

features at λ = 562 and 602 nm, corresponding to loss of ground state Q-band 

absorptions. The remarkable intensity of the peak at λ = 470 nm explains why PCET 

intermediates were not directly resolved in the λprobe = 475-nm kinetics shown in Figure 

III.5a.; because the quenching process is in kinetic competition with ISC and the optical 

signatures for the S1 and T1 excited states are so strong, the transient signals of the PCET 

intermediates are simply overwhelmed by porphyrin excited state dynamics in this 

wavelength region. 

The TA spectrum in Figure III.6a suggests that 610 nm is a more reasonable 

wavelength at which to probe for the growth of the radical anion of A1. Despite the 

weaker intensity of the 610-nm radical anion absorption peak (Figure III.4a), the 

porphyrin excited state contributions are considerably diminished at longer wavelengths. 

Accordingly, Figure III.5b shows the TA kinetics collected for dyad D3:A1 with a probe 

wavelength of 610 nm (open circles). At this wavelength, the rise and decay of the TA 

signal is clearly discernable − presenting direct spectroscopic evidence of the formation 

and depletion of the PCET charge-separated state. However, the analysis is complicated 

by the superposition of the TA signals for the forward and reverse charge transfer events 

within the D3:A1 complex on the decaying TA signal of D3 (also presented in Figure 

III.5b, solid circles). In the absence of PCET, the negative signal of the T1 state is formed 

according to the normal ISC rate (kISC ~ 4.6 × 108 s–1). 

Having uncovered spectral evidence for the formation of the radical anion of A1, 

we turned our attention to its PCET complement; the signature of the radical cation of D3 

that appears in the long-wavelength region (Figure III.4b). However, the transient 

spectrum of D3 at λ > 650 nm is complicated by S1 stimulated emission. S1 stimulated 

emission leads to an increased photon flux at the detector; this is manifested in an 

apparent decrease in the absorption of the S1. Consequently, as shown in Figure III.7a 

(solid circles), a rise in ∆OD at λprobe = 660 nm is observed as S1 is lost and T1 is formed. 

Note that the intensity of the stimulated emission is governed by the S1 population, hence 
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the growth of the TA signal in Figure III.6a occurs with the usual ISC kinetics. Owing to 

the smaller absorbance of the S1 and T1 excited states in this redder spectral region, 

transient signals of the Zn(II) porphyrin cation radical (ε660 = 2750 M–1 cm–1) are more 

pronounced upon the formation of the D3:A1 complex. A rise and decay of the transient 

signal (open circles) is now clearly observed. However, similar to the radical anion 

kinetics described above, analysis is complicated by the superposition of the TA signals 

for the forward and reverse charge transfer events within the D3:A1 complex on the 

 
Figure III.7. TA kinetics for D3 (solid circles) and D3:A1 (open circles) probed at (a) 660 nm, 
and (b) The S1–T1 isosbestic point at λ = 650 nm. 
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rising TA signal of D3. 

The PCET dynamics of D3:A1 are greatly simplified when they are probed at the 

specific wavelength of λprobe = 650 nm. The combination of rise and decay of ∆OD at the 

same rate results in an isosbestic point at λ = 650 nm. This is clearly revealed in the 

evolution of the TA spectra presented in Figure III.6b. Because the TA spectrum of D3 at 

λprobe = 650 nm does not change as a function of time, kinetics collected on D3 at this 

wavelength appear as a step function as shown in Figure III.7b (solid circles). For our 

purposes, this step function-like behavior of the TA profile of D3 is extremely useful for 

two reasons. First, it provides a kinetics-free or flat background on which to examine 

PCET product formation in D3:A1, in the absence of dynamic contributions from D3. 

Second, we are afforded the fortunate situation that the porphyrin cation radical – formed 

as a result of PCET – has significant intensity at this wavelength (∆ε650 ~ 3000 M–1cm–1, 

Figure III.4b).  

TA kinetics collected for D3:A1 at λprobe = 650 nm are shown in Figure III.7b 

(open circles). In contrast to the featureless transient collected for D3, the TA profile of 

D3:A1 shows a prominent rise in ∆OD followed by subsequent decay corresponding to 

the appearance and disappearance, respectively, of the porphyrin cation radical. This 

assignment is unambiguous; EET from the porphyrin S1 excited state to A1 is not a 

plausible quenching mechanism because 1A1* is energetically uphill (see electronic 

absorption spectrum of A1 in Figure III.4a) and the production of 3A1* is a spin-

forbidden process. Additionally, TA measurements on A1 alone show that 1A1* does not 

exhibit absorption at λ = 650 nm, nor do triplet excited states of naphthalene diimides.68 

PCET rate constants can be determined from a model that accounts for the kinetics of S1, 

T1, and the PCET photoproduct. The trace in Figure III.7b was fit (solid line) by a sum of 

two variable exponentials with rate constants (kISC + kPCET(fwd)) and kPCET(rev) (where 

kPCET(rev) refers to the rate constant with which ground state is reformed as a result of 

back PCET, possibly via intermediates involving triplet excited states of D3 or A1); 

importantly, ISC dynamics for unbound porphyrin species in the sample cell can be 

ignored as they do not contribute to the temporal change of ∆OD at this wavelength. This 

analysis yields forward and reverse PCET rates constants of 9(1) × 108 s–1 and 14(1) × 108 

s–1, respectively. It is noted that the forward PCET rate constant obtained from TA 
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measurements is in excellent agreement with quenching rate constant measured by time-

resolved fluorescence (vide supra). This result establishes that PCET occurs exclusively 

from the S1 porphyrin excited state.  

III.3.4. Comparative PCET kinetics 

It is noteworthy that the forward PCET rate constant is attenuated by over two 

orders of magnitude when compared with ET measured for a dyad consisting of nearly 

identical donor and acceptor moieties positioned in a comparable geometry, but via 

covalent bonds rather than hydrogen bonds (Scheme III.2).25 Moreover, the charge 

recombination rate is faster in the hydrogen-bonded system. The significant disparity 

 
Scheme III.2. Dyad D3:A2 (top), compared an analogous covalently-bridged Zn(II) porphyrin −
naphthalene diimide D−A dyad from reference 25 (bottom), highlighting the bridge differences. 
The photo-induced charge separation rate is over two orders of magnitude slower in the
hydrogen-bonded dyad, while its charge recombination rate is faster.  
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between the D–A kinetics of covalent and hydrogen-bonded networks speaks directly to 

the pronounced effect a proximal PT network can have in mediating ET events, and 

hence the challenge of detecting charge-separation across hydrogen bonds. Since the 

thermodynamic driving force and solvent reorganization energies for ET in these two 

systems are comparable, the large reduction in rate implies that hydrogen bonds in our 

model system attenuate the electronic coupling between the electron donor and acceptor, 

in line with theoretical predictions.26-29 In other words, the two-point hydrogen bond is a 

bottleneck for electronic coupling between the donor and acceptor. 

III.4.  Concluding remarks 

The propensity of PT networks to retard charge transfer rates has practical 

consequences for mechanistic studies of PCET reactions. Attenuated rates, and in this 

case accelerated reverse rates, translate to low yields of PCET intermediates. For this 

reason, it has been difficult to measure PCET reaction kinetics directly by time-resolved 

methods. Charge transfer has only been observed across hydrogen-bonded interfaces in 

which charge redistribution is negligible.3,30 For the systems described here, the PT 

network strongly perturbs charge transport, apparently via the electronic coupling term. 

In D3:A2, PCET is not observed; in D3:A1, PCET intermediates are spectrally uncovered 

only when the transient difference signal between S1 and T1 excited states is minimized. 

This procedure, which is similar to one previously exploited in studies of D–A dyads31 

and heme protein-protein complexes,32 provides an excellent strategy to directly monitor 

rates of ET that are strongly coupled to proton motion. However, the wavelength-

specificity of this approach generally prevents full TA spectra of charge-separated 

intermediates to be obtained since most wavelengths correspond to signatures of other 

excited state dynamics. The importance of a proton network in controlling ET rates is 

becoming more apparent as the structural details of biological systems are revealed.33-46 

The foregoing results establish that this emerging principle in biological charge transport 

can be modeled and studied directly in D---[H+]---A systems featuring asymmetric PT 

networks. 
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III.5.  Experimental Section 

III.5.1. Materials 

Zn(II) Porphyrin D3 was prepared according to previously published 

procedures,12 and naphthalene diimide acceptors A1 and A2 were synthesized by Joel 

Rosenthal according to the procedure described in the publication that forms the basis of 

this chapter. The compounds gave satisfactory mass and 1H NMR spectra. Spectroscopic 

grade solvents were employed, which were dried using standard methods and stored 

under high-vacuum.47 

III.5.2. Electrochemistry 

Electrochemical and spectroelectrochemical experiments were carried out in 

essentially the same manner as described in Chapter II (Section II.8.2.), where the dry 

THF solution in the working compartment of the cell was de-aerated by a nitrogen or 

argon stream. Redox couples were referenced to the Ag/AgCl electrode by using a 

ferricenium-ferrocene internal standard of 0.357 V vs. Ag/AgCl.48 

Spectroelectrochemical studies were performed by Joel Rosenthal, whereby oxidation of 

D3 was carried out at 1.20 V vs. Ag/AgCl and absorption spectra were recorded at 

selected time intervals. Extinction coefficients for the oxidized porphyrin (D3+) were 

calculated based on the disappearance of initial porphyrin absorbance. Comparison of the 

spectra for D3 before and after the oxidation process showed that virtually no porphyrin 

had decomposed during the experiment. Spectra of the reduced acceptor (A1−) were 

obtained in the same manner, with the potential set to −0.65 V vs. Ag/AgCl. 

III.5.3. Spectroscopy 

Steady-state spectroscopy 

Samples for steady-state spectroscopic measurements were contained within high-

vacuum cells consisting of a 1-cm pathlength clear fused-quartz cell, which was 

connected to a 10-cm3 solvent reservoir via a graded seal. The two chambers were 
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isolated from the environment and from each other by high-vacuum Teflon valves. A 25-

µM aliquot of D3 was added to the high-vacuum cell and an initial aliquot of diimide 

acceptor were added to the solvent reservoir. The transferring solvent was removed from 

both compartments on a high-vacuum manifold (< 10–5 torr). Dry THF was added to the 

cell by vacuum transfer to make a 100-µM solution of D3. In this configuration, 

spectroscopy on D3 was examined initially. Then, by opening the valve between the two 

compartments, D3 was mixed with the diimide acceptor to form the associated complex 

while maintaining high vacuum and exactly the same amount of solvent and compound. 

After each measurement, the solution was vacuum transferred to the high-vacuum cell 

and isolated from the solvent reservoir by closing the high-vacuum Teflon valve. The 

solvent reservoir was then opened and charged with an additional aliquot of the diimide; 

each time the transferring solvent was removed under high vacuum, after which it was 

mixed with the solution contained in the high-vacuum cell. All spectroscopy was 

performed at 298 K. 

Steady-state absorption spectra were obtained using a Cary-17 spectrophotometer 

modified by OLIS to include computer control or a Spectral Instruments 440 Model 

spectrophotometer. 

In the case of assembly D3:A1, Ka was determined from luminescence quenching 

of the S1 exited state as A1 was added to solution. Steady-state fluorescence spectra were 

recorded on an automated Photon Technology International Inc. QM 2001-4 fluorimeter 

that is equipped with a 150-W Xe arc lamp and a Hamamatsu R928 photomultiplier tube. 

In this experiment the excitation wavelength was 560 nm and emission was collected 

from λ = 580-720 nm. Association constants (Ka) were determined by Joel Rosenthal 

from Benesi-Hildebrand plots of the luminescence intensity as a function of carboxylate 

concentration.49 

 

Transient spectroscopy 

Picosecond TE and TA measurements were performed (in collaboration with Dr. 

Niels Damrauer) at 298 K on a chirped pulse amplified Ti:sapphire laser system that is 

described in Appendix A.1. TE kinetics were measured on a Hamamatsu C4334 Streak 
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Scope streak camera that is also described in Appendix A.1. In this experiment the 

excitation power was attenuated to ~200 nJ/pulse, and the emission was collected from λ 

= 580-720 nm with a 20-ns timebase. The Q0,0 emission peak in the λ = 610-620 nm 

range was integrated for fitting. Samples were prepared in an identical way to those 

prepared in steady-state spectroscopic experiments except that the cells had a 2-mm 

pathlength and solutions of D3 were 100 µM. 

The TA experiments were carried out in essentially the same manner as described 

in Chapter II (Section II.8.3). In this case, the excitation source was frequency-doubled 

405-nm light ( ~2 µJ/pulse), and the probe light (λprobe = 450-680 nm) was generated in a 

sapphire substrate. The polarization of pump and probe pulses were set at the magic angle 

and focused co-linearly in the sample, which was stirred in the axis of beam propagation 

using a mini-magnetic stirbar. TA spectra were recorded on a CCD camera over the 

wavelength range λ = 450-680 nm at discrete times after excitation. The reference 

spectrum was taken at negative time. Typically, 3000 shots were accumulated per 

exposure and each time point was visited 30 times. Spectra taken from forward and 

reverse scans were averaged. Single wavelength TA kinetics were measured with a lock-

in amplifier as described in Section II.8.3, where the time range sampled was divided into 

80 steps, including several steps at negative time. Ten forward and reverse scans were 

averaged. 

III.5.4. Computational methods 

DFT calculations were performed using the ADF2002.02 program50,51 in the same 

manner as described in Chapter II (Section II.8.4). A basis set of TZP was used for Zn 

and N atoms and DZP for other atoms, with the frozen core approximation. The geometry 

optimization of the D3:A2 dyad was carried out with restricted spin-orbitals and an 

unassigned spin-state to yield the final electronic structure. The input coordinates for 

geometry optimization of the D3:A2 dyad were obtained from independently geometry-

optimized calculations of the constituent monomers that were a positioned together 

according to the geometry of an amidinium-carboxylate interface using Chem3D. The 

input files, geometry-optimized coordinates, and frontier MO energies for the geometry 

optimization assembly D3:A1 are given in Appendix B.3. 
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Chapter IV 

Temperature-isotope dependence:  

ET driven by proton fluctuations in a 
hydrogen-bonded D−A assembly 

 

 

 

 

 

 

 

 

 

Parts of this Chapter have been published: 

Hodgkiss, J. M.; Damrauer, N. H.; Pressé, S.; Rosenthal, J.; Nocera, D. G. J. Phys. Chem. 

B 2006, ASAP article. 



 

112 

IV.1.  Introduction 

When ET is coupled to proton motion, the electron and proton influence each 

other thermodynamically and kinetically.1,2 The driving force, reorganization energy and 

the electronic coupling depend parametrically on the coordinate of the coupled proton.3-6 

Experimental7-9 and theoretical3-6,10,11 investigations designed to explore how this 

coupling manifests itself in systems that undergo formal proton transfer in concert with 

electron transfer conclude, not surprisingly, that X–H bond breaking motion is a critical 

degree of freedom in the transition state for ET. The proton coordinate is additionally 

modulated by vibrations and bath-induced fluctuations not involved in X–H bond 

breaking. To date, no measurements or theories have been able to assess directly the 

microscopic nature of proton-coupling in PCET reactions in which the proton is 

incompletely transferred. Such reactions are especially important in biology since ET in 

many proteins and enzymes is supported along pathways exhibiting hydrogen bond 

contacts between amino acid residues and polypeptide chains.12,13 

In Chapter III, TA spectroscopy was employed to directly resolve charge-

separation across an amidine-carboxylic acid interface in a molecular dyad consisting of a 

Zn(II) porphyrin donor and a naphthalene diimide acceptor.14 The resulting uni-

directional PCET kinetics exhibit two orders of magnitude rate-attenuation when 

compared with the charge-separation rate in a dyad consisting of nearly identical donor 

and acceptor moieties positioned in a comparable geometry, but via covalent bonds rather 

than hydrogen bonds.15 Since the thermodynamic driving force and solvent 

reorganization energies for ET in these two systems are comparable, the large decrease in 

rate implies that hydrogen bonds in our model system attenuate the electronic coupling 

between the electron donor and acceptor, consistent with theoretical predications.12,16,17 

Therefore this system (renamed D3-[H]:A1 in this chapter in order to specify the isotopic 

form of the interface), shown in Chart IV.1, may be a ideal for elucidating PCET 

mechanisms in well-defined model systems that do not involve X–H bond breaking, i.e., 

non-radical PCET pathways. 

Measuring the temperature-dependence of reaction rates allows nuclear (thermally 

activated) and electronic (non-activated) contributions to the overall rate to be decoupled, 
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thus providing a direct measure of electronic coupling in a hydrogen-bonded D−A 

assembly when applied to D3-[H]:A1. Additionally, the implied attenuation of electronic 

coupling in D3-[H]:A1 suggests that ET through the hydrogen bond is potentially very 

sensitive to the protons’ positions, thus motivating the measurement of deuterium kinetic 

isotope effects (kH / kD). In our studies kH refers to the rate of ET observed through a 

protonated interface (D3-[H]:A1) while kD is the corresponding rate through a deuterated 

interface (D3-[D]:A1). In general, kH / kD measured for PCET reactions will depend on 

the sensitivity of the electronic coupling to the proton’s position.3,5 Accordingly, this 

Chapter describes the measurement of isotope effects on the PCET rate constant as a 

function of temperature. These experiments were undertaken in collaboration with Dr. 

Niels Damrauer, and they begin interrogating the microscopic role of proton fluctuations 

in governing PCET reactions through biologically relevant hydrogen-bonded interfaces. 

IV.2. Temperature- and isotope-dependent photophysics 

of D3 

The TA and TE experiments described in Chapter III established that PCET 

occurs from the S1 excited state of D3-[H] in the D3-[H]:A1 assembly. Accordingly, 

characterization of the temperature- and isotope-dependence of the photophysical 

properties of the S1 state was warranted prior to undertaking temperature- and isotope-

dependent PCET measurements. 2-Methyltetrahydrofuran (2-MeTHF) was chosen as the 

Chart IV.1. 
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solvent for our studies for several reasons. First, 2-MeTHF retains the favorable 

properties of THF, which was used in the studies of Chapter III; both solvents support the 

formation of PCET assemblies via the [H+] interface and both axially bind the Zn(II) 

porphyrin to prevent the formation of aggregates characterized by amidine-zinc linkages 

between different molecules of D3.18 Secondly, 2-MeTHF remains optically transparent 

at low temperature. 

The S1 excited states of the porphyrins were generated by resonant excitation of 

the Q1,0 absorption band of D3 using 560-nm laser pulse excitation. The maxima of Q0,0 

and Q1,0 fluorescence bands at 612 and 660 nm, respectively, are slightly red-shifted from 

the same bands of ZnTMP (TMP = tetramesityl porphyrin; λem,max = 595 and 645 nm), 

which does not bear the amidinium functionality. Porphyrin D3 and ZnTMP exhibited 

minimal fluorescence spectral shifts over 120-300 K. 

IV.2.1.  Unbound D3-[H(D)] 

Figure IV.1 shows the temperature-dependent fluorescence lifetimes of porphyrin 

D3-[H], D3-[D], and ZnTMP in the absence of quencher. Measurements were limited to 

temperatures above 120 K to ensure that dynamics associated with the glass-to-solvent 

transition (Tg = 86 K) or rate-limiting solvent dynamics were not complicating our 

 
Figure IV.1. Temperature-dependent fluorescence lifetimes of D3-[H] (open circles), D3-[D]
(solid circles), and ZnTMP (crosses) in the solvent 2-MeTHF. 
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observed kinetics. The fluorescence lifetimes inherent to Zn porphyrins (without 

introducing additional quenching processes such as ET or EET) are dominated by 

radiative rates plus non-radiative rates of ISC (kISC) to form the triplet excited states. 

Typically the T1 state is formed with a quantum yield in excess of 0.9.19,20 As seen in 

Figure IV.1, the three systems show the same functional dependence of lifetime versus 

temperature, consistent with previous temperature dependence studies of Zn porphyrins 

in 2-MeTHF.21 This indicates that the ISC process itself is thermally activated. The 

fluorescence lifetimes of D3-[H] and D3-[D] are significantly shorter than the reference 

molecule, ZnTMP. This result reflects electronic perturbations to the porphyrin 

macrocycle in D3-[H] and D3-[D] by the amidinium functionality, as indicated by the 

small shifts in the energies of the absorption and emission maxima for these compounds 

relative to ZnTMP. In addition, the fluorescence lifetime for the D3-[D] is always longer 

than that of D3-[H], corresponding to a modest but statistically significant isotope effect 

of ~1.03 (τobs(D3-[D])/ τobs(D3-[H])) throughout the temperature range studied. The 

observed isotope effect is ascribed to the coupling of nuclear degrees of freedom 

involving the amidinium protons to the S1 excited state of the Zn porphyrin chromophore. 

That the D3-[H] and D3-[D] lifetimes are shorter than ZnTMP suggests that coupling of 

the amidinium functionality to the porphyrin system accelerates the ISC process in D3. 

IV.2.2.  D3-[H(D)]:benzoate complexes 

Figure IV.2 shows the temperature-dependent fluorescence lifetimes of D3-

[H]:benzoate and D3-[D]:benzoate, respectively, in 2-MeTHF. Because the benzoate is 

not capable of quenching the S1 excited state via the typical mechanisms of ET, PT, or 

EET, these experiments probe the ISC dynamics for systems exhibiting a hydrogen-

bonded amidine. Accordingly, these systems provide an excellent reference rate (k0) for 

S1 deactivation in the absence of actual PCET. For both protonated and deuterated 

analogs, the lifetimes are found to increase upon addition of benzoate. This is consistent 

with previous work at room temperature described in Chapter III. The lifetime increase is 

ascribed to the restricted motion of the amidinium protons when they participate in a 

hydrogen bonding interaction. This reduces their contributions to non-radiative 

deactivation pathways of the S1 excited state. Unlike cases where PCET is involved (vide 
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infra), the difference between the S1 excited state lifetimes for bound and unbound forms 

is modest. It is difficult to resolve an isotope effect (τobs(D3-[D]:benzoate)/ τobs(D3-

[H]:benzoate)) with reasonable fidelity because the apparent similarity between bound 

and unbound lifetimes means that the D3-[H(D)]:benzoate data cannot be reliably fit to a 

biexponential decay function, despite there being a good physical basis for doing so since 

equilibrium concentrations of both are present. There are several other noteworthy points 

regarding the D3-[H(D)]:benzoate lifetime measurements. The slopes of the curves in 

Figures IV.1 and IV.2 are the same, indicating that formation of the salt-bridge does not 

perturb the activation barrier for ISC. Also, no significant spectral shifts for absorption or 

emission are observed following association with the benzoate. This attests to the weak 

 
Figure IV.2. Temperature-dependent fluorescence lifetimes of (a) D3-[H] (open circles), 
compared with D3-[H]:benzoate (open triangles), and (b) D3-[D] (solid circles), compared with 
D3-[D]:benzoate (solid triangles) in the solvent 2-MeTHF. 
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electronic coupling between the porphyrin chromophore and the amidinium functionality 

due to rotation of the amidinium group out of plane with respect to the conjugated π-

system of the porphyrin macrocycle. Steric clashing between the external hydrogens of 

the amidinium group and the mesityl group at the adjacent meso position of the porphyrin 

ring cause the amidinium to cant by ~76o, as noted in the description of the DFT 

calculation in Chapter III (Figure III.1). 

IV.3. Temperature and isotope dependence of PCET in 

D3-[H(D)]:A1 

The above results establish the underlying temperature-dependent behavior of the 

S1 excited state of D3-[H(D)], against which the PCET kinetics of the hydrogen-bonded 

assemblies, D3-[H(D)]:A1 may be compared. With PCET established to proceed from 

the S1 excited state of D3-[H] upon association with A1 in Chapter III, TE was preferred 

to study the isotope and temperature dependence of PCET because fluorescence is more 

easily detected and PCET rates can be measured with reduced experimental error. At 

room temperature, the association constant for the formation of D3-[H]:A1 (Kassoc ~ 2.4 × 

104 M–1, THF, 298 K) corresponds to approximately 85 % bound and 15 % unbound at 

the concentrations employed in these experiments. The presence of two species in 

equilibrium results in a biexponential fluorescence decay because the lifetime of D3-

[H(D)]:A1 is significantly shorter that that of D3-[H(D)] over the entire temperature 

range studied. As noted in Chapter III, the ratio of short:long lifetime components is 

related to the association constant. The observed ratio of short:long lifetime components 

at room temperature in these experiments corresponds to that expected from the known 

association constant, reassuring us that water has been successfully excluded during 

sample preparation. As expected, the ratio of short:long lifetime components increases as 

temperature is decreased, reflecting the temperature dependence of the association 

constant. In order to reduce the number of variables for data analysis, the longer decay 

component was fixed to the lifetime measured for the free porphyrin, D3-[H(D)] at each 

value of temperature. The extracted shorter lifetime (at each value of temperature) 

corresponds to association pairs, D3-[H(D)]:A1 where PCET is occurring. Note that 
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since the loss of the S1 state in D3-[H(D)]:A1 is time-resolved, PCET rates can be 

obtained with a high degree of accuracy despite variation in the absolute fluorescence 

intensity as well as the ratio of the two lifetime components. With S1 lifetimes in hand, 

the rate of PCET at each temperature may be determined from the difference between the 

reciprocal lifetimes of D3-[H(D)] bound to benzoate and A1 (i.e., kPCET = kobs – k0 = 

1/τ(D3-[H(D)]:A1) – 1/τ(D3-[H(D)]:benzoate)). In this treatment, the quenching rate is compared 

against the lifetime of the D3-[H(D)]:benzoate complex as opposed to the lifetime of 

unbound D3-[H(D)] in order to account for the perturbation of the S1 lifetime due to 

hydrogen bond formation, as noted in Chapters II and III. 

Figure IV.3 presents the temperature-dependent PCET rates for D3-[H(D)]:A1 in 

the form of a modified Arrhenius plot (ln(kPCET•T1/2) vs. 1/T). That kH is not equal to kD 

over most of the temperature range studied is consistent with the contention that the 

PCET rate is sensitive to the position and/or motion of the intervening protons of the 

hydrogen bonding interface. Surprisingly, the ratio kH  / kD also varies over the 

temperature range examined. In the high-temperature limit, the rate of PCET in D3-

[H]:A1 is faster than in D3-[D]:A1 (kH  /  kD ~ 1.2 (300 K)). With decreasing temperature, 

the rate of PCET for D3-[H]:A1 drops more rapidly than that for D3-[D]:A1. This leads 

to the unusual situation of a deuterium kinetic isotope effect that diminishes and inverts 

 
Figure IV.3. Temperature dependence of PCET rates in D3-[H]:A1 (open circles) and D3-
[D]:A1 (solid circles) in the solvent 2-MeTHF. Data is presented in a modified Arrhenius form
with linear fits. 
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with decreasing temperature. PCET through D3-[H]:A1 is actually slower than for D3-

[D]:A1 at low temperature (kH  /  kD ~ 0.9 (120 K)). Both protonated and deuterated data-

sets show a linear dependence of ln(kPCET•T1/2) vs. 1/T. 

IV.3.1. Marcus analysis 

The data presented in Figure IV.3 may be initially analyzed with the semi-

classical Marcus equation (equation I.1).22,23 The slope of the linear fits reveals the 

activation energy of the PCET reactions. The driving force for PCET in this system is 

known (∆Go = –0.58 eV). This value differs slightly from the value given in Chapter III 

(∆Go = –0.61 eV) on account of the solvent-dependent Coulombic term (∆G(ε)) for 2-

MeTHF (ε = 6.97, 298 K) vs. THF (ε = 7.58, 298 K). Additionally, a small temperature 

dependence in the Coulombic term should arise due to the temperature dependence of the 

solvent dielectric constant, however this minor effect in the fitting of reorganization 

energies is neglected. This issue is addressed at another point in this Chapter. 

Given that the activation energy and driving force is known, the nuclear 

reorganization energy λ can be determined. The thermodynamic parameters for these 

PCET reactions are provided in Table IV.1. The observed activation energies of Eact = 

2.08(8) × 10–2 eV and 1.54(7) × 10–2 eV for D3-[H]:A1 and D3-[D]:A1, respectively, are 

small when compared to the overall thermodynamic driving force of the reaction. The 

fitted reorganization energies of λH = 0.85(1) eV and λD = 0.80(1) eV are relatively close 

to a ballpark estimate that combines a Marcus outer-sphere reorganization energy of 

λouter-sphere ~ 0.7 eV (calculated using the Marcus dielectric continuum model (equation 

II.8) for 2-MeTHF, based on a donor-acceptor distance of 13 Å, and radii of 5 Å and 4 Å 

for the donor and acceptor, respectively) and an additional contribution of λinner-sphere ~ 

0.2-0.3 eV.24,25 Using ∆Go and λH(D), the electronic coupling term (Vel, or VH(D) with the 

nature of the [H+] interface specified) may be determined from the y-intercept of the plot 

per equation I.1. The values of VH = 2.4(1) cm–1 and VD = 1.9(1) cm–1 for D3-[H]:A1 and 

D3-[D]:A1, respectively, are small when compared to the coupling constants (Vel ~ 10’s 

of cm–1s) measured for covalently linked systems that place similar electron donors and 

acceptors in a comparable geometry as D3-[H]:A1.21,26,27 The ~100-fold attenuation in 

the rate of D3-[H]:A1 compared with the previously published covalently-bonded 
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analogue25 is largely attributed to the bottleneck of electronic coupling associated with 

the hydrogen-bonded interface. 

Despite predicting the general magnitude of fitted parameters, semi-classical 

Marcus treatments of ET rates cannot account for the observed kH / kD crossover. 

Admittedly, our calculations of λouter-sphere and Coulombic corrections to the driving force 

neglected the temperature dependence of the solvent dielectric constant, even though the 

dielectric constant and refractive index of 2-MeTHF are known to increase with 

decreasing temperature.28 Reconsideration of this simplifying assumption allows 

perturbations of the barrier height with decreasing temperature,29,30 which in turn could 

cause deviation from linearity in the Arrhenius plots of both D3-[H]:A1 and D3-[D]:A1. 

However, it cannot account for a difference between the two isotopic forms. Other 

explanations of anomalous temperature dependences in ET reactions are dynamic solvent 

parameters such as viscosity and longitudinal relaxation time,27,31,32 as well as 

conformational changes within D−A systems that occur with changes in temperature.26,33 

Likewise, these effects do not discriminate between the isotopic forms of the bridge and 

consequently do not account for the observed kH / kD crossover in the temperature 

dependence measurements of the PCET reactions of D3-[H]:A1 versus D3-[D]:A1. 

Table IV.1. Thermodynamic and kinetic parameters measured for PCET in D3-[H(D)]:A1 
assemblies. 

Assembly ∆Go / eV Eact(obs)a / eV λobs
a / eV |Vel|a / cm–1 

D3-H:A1 –0.56 2.08(8) ×10–2 0.85(1) 2.4(1) 

D3-D:A1 –0.56 1.54(7) ×10–2 0.80(1) 1.9(1) 

a Obtained from fitting to Equation IV.1, assuming ∆Go is temperature independent. 
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IV.4.  Accounting for the kH / kD crossover 

IV.4.1. Existing PCET theories 

PCET theories step beyond conventional ET theories in their explicit treatment of 

PT.3-6,34-36 Formulations of PCET obtain rate expressions that resemble a Marcus 

treatment of ET (equation I.1) with the following notable exceptions: (i) the transferring 

proton (or deuteron) contributes to the determination of λ and ∆Go, and (ii) the rate is 

obtained from a weighted sum over all possible proton (deuteron) donor vibrational states 

and a sum over Franck-Condon overlaps involving each possible combination of proton 

(deuteron) D and A vibrational states. In most cases, the sum in (ii) is over high-

frequency two-atom vibrations of the transferring proton (deuteron). 

The PCET problem is simplified by considering a proton (deuteron) tunneling 

from its ground vibrational donor state to one of its vibrational acceptor states. In this 

case V, in addition to λ and ∆Go, includes contributions from the transferring proton 

(deuteron). Strictly speaking, the entirety of the isotopic dependence of these PCET 

models is recovered in their temperature-independent V, which now includes a Franck-

Condon overlap term for the transferring proton (deuteron). The resulting kH  /  kD is thus 

temperature-independent in this limit. Hammes-Schiffer and co-workers have attributed 

the system-specific nature of the isotopic dependence in V to factors including PT 

distance, endothermicity of the reaction, and solvent polarity.37 On the other hand, a 

temperature dependence in kH  /  kD emerges if the total rate expression is written as a sum 

over many independent rates, i.e., rates originating from multiple channels available for 

PCET as a function of increasing temperature through, for example, excited vibrational 

state contribution. It is unclear, however, why this would lead to crossover in kH / kD with 

changing temperature. 
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IV.4.2.  Vibrationally-assisted PCET model 

Features of a new model of vibrationally-assisted PCET (involving incomplete 

PT) by Pressé and Silbey38 are described in order to provide a simple explanation for the 

temperature dependence of kH  /  kD. Briefly, in this model the electron tunneling barrier is 

made susceptible to fluctuations in a vibrational mode localized to the hydrogen-bonding 

bridge linking the electron D and A. These fluctuations result in a shift in the proton 

(deuteron) coordinate. The importance of the electronic coupling term is emphasized, 

because in D3-[H]:A1, the hydrogen bond is the bottleneck for electronic coupling. A 

physical model that explains this PCET reaction without transferring a proton is depicted 

in Figure IV.4. The electronic coupling term (and consequently the PCET rate) is 

maximized when a fluctuation displaces the proton coordinate to a position not too far 

from its equilibrium coordinate, which is labeled QM. The isotope effect observed is then 

related to the ratio of proton and deuteron probability density at QM. Note that for 

simplicity, QM is modeled as a discrete position and it is always a fraction of an 

Angstrom even in the large QM limit. It would be physically reasonable to introduce some 

dispersion to this function, though it is not necessary to account for the temperature 

dependence of kH / kD. The model leads to the following rate expression:38 
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In this expression, Ο(exp[–ħω /2kBT]) denotes all higher order terms which 

become important as exp(–ħω /2kBT) ~ 1, ω is a low-frequency vibration localized to the 

hydrogen bond involving mostly motion of the proton (deuteron), and V´ is the 

renormalized electronic coupling constant, 
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where A is a quantum factor obtained through thermal averaging and it is larger for the 

proton than the deuteron. 

 
Figure IV.4. Cartoon depiction of the essential features of the model proposed to account for the
observed temperature dependence of the isotope effect. The ET rate is related to the vibrational
wavefunction probability density at the point QM (long-dashed line), where electronic coupling is 
maximized. Q is the coordinate in the vibrational mode of the hydrogen bonding interface that has
particular significance in promoting ET. The ω of this mode is low enough that thermally 
populated vibrational excited states can contribute to overlap at QM. In addition, ω is decreased 
upon deuteration, leading to differentiation between ET rates mediated by protons (black
probability densities) and deuterons (dashed probability densities), depending on the magnitudes
of QM, ω, and kBT. 
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At very low temperature when none of the vibrational states in the hydrogen bond 

are excited, only the lowest order term in the model survives and kH  /  kD is either normal 

or reversed, based on the magnitude of QM. For large QM, i.e., when the proton coordinate 

must deviate substantially from its equilibrium position to maximize the electronic 

coupling term, the isotope effect is normal because the quantum factor, A, is larger for the 

proton. This result is reasonable because the proton wavefunction is more diffuse and 

better samples the region near QM. The opposite holds true for small QM at low 

temperature where the deuteron wavefunction better samples the region. 

The behavior in the high-temperature regime is also simple to understand. 

Provided the frequency of the mode in the bridge undergoing the relevant fluctuations is 

not too high, we can think of several excited vibrational states of this mode contributing 

to the dynamics of ET. If enough states are populated, the resulting thermally-weighted 

displacement in the proton coordinate leads to a larger electronic coupling for large QM, 

and the resulting isotope effect is normal. The opposite holds for small QM. 

Given the model for intermediate temperature (which applies to the lowest 

temperatures in our experimental data), with large QM it is possible to find a temperature 

where the thermally-induced shift in the deuteron probability density for a deuterated 

interface begins contributing to the PCET rate. However, in the case of the protonated 

interface, such contributions to the PCET rate are relevant only at higher temperatures 

owing to the higher frequency of proton vibrations. This means that one can obtain a 

reverse isotope effect, even for large QM, in the intermediate temperature regime by 

considering vibrations localized to a bridge. The normal isotope effect is recovered with 

increasing temperature as the lowest lying excited states of the hydrogen bond vibration 

of interest begin contributing to the PCET rate. Of course, this contribution is amplified if 

the vibrational frequency of the mode involving the proton (deuteron), undergoing the 

relevant fluctuations, is low enough that thermally populated vibrational states comprise 

an important contribution to the PCET rate. 

Thermal population of vibrational states is the most likely cause of the reverse 

isotope effect in D3-[H]:A1 / D3-[D]:A1, where the low-frequency mode is a localized 

vibration in the hydrogen-bonded interface. Finally, we now see that empirical fits of 

PCET data with Marcus theory should invoke an effective temperature dependence in the 



 

125 

electronic coupling, as the hydrogen-bonded interface makes this term susceptible to 

fluctuations. More generally, this observation provides experimental support for 

predictions that in proteins, low-energy modes on the super-exchange pathway bridging a 

donor and acceptor could be manifest in the temperature dependence of the ET rate.12 

IV.4.3. Conditions for temperature-dependent kH / kD crossover 

The unusual temperature dependence of kH / kD uncovers charge transfer physics 

that may have considerable generality in biology. However temperature-dependent 

crossover in kH / kD only arises in this case under the combination of some specific 

conditions: (1) the hydrogen-bonding bridge is the bottleneck for electronic coupling; (2) 

the mediating protons must deviate from their equilibrium positions in order to optimize 

electronic coupling for ET; (3) the coordinate of the proton is susceptible to temperature-

dependent fluctuations; and (4) the activation energy inherent to the ET process is low. 

While this work focuses on the dynamic variation of electronic coupling through proton 

motion, the driving force and reorganization energy for ET could potentially dominate 

the temperature dependence of ET. However, we are able to learn about the nature of the 

proton-mediated electronic coupling in the assemblies described because the magnitude 

of the driving force and reorganization energy are similar enough that the resulting 

activation energy (per equation I.1) is low enough that thermally activated proton 

dynamics are not obscured. This is analogous to studies on the distance dependence of 

ET rates in modified proteins.39 There, electron donors and acceptors are selected to 

minimize the activation energy for ET, highlighting the variation of the electronic 

coupling term with D−A distance. 

Recent experiments by Young et. al. have interrogated PCET in assemblies that 

are identical to D3-[H(D)]:A1, except that the carboxylate of A1 is replaced with a 

sulfonate functionality that is also able to associate with the amidinium appended to D3.40 

The effect of substituting the carboxylate for the more acidic sulfonate is to rearrange the 

structure of the interface to an ionized salt-bridge, as spectroscopically elucidated in 

Chapter II. This transformation is expected to affect the mechanism by which the [H+] 

interface mediates charge-separation, motivating the measurement of the temperature 

dependence of kH / kD in the sulfonate systems. The absence of an isotope effect 
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throughout the entire temperature range studied in 2-MeTHF contrasts markedly with the 

D3-[H(D)]:A1 system described in this Chapter, attesting to the effect of the structural 

perturbation at the [H+] interface. However, temperature-dependent rate measurements on 

the salt-bridged assembly in THF (for T > 150 K) reveal a remarkable increase in the 

activation energy from Eact(2-MeTHF) = 1.4(1) × 10−2 eV to Eact(THF) = 3.0(2) × 10−2 eV 

for both isotopic forms of the interface, concomitant with the emergence of an isotope 

effect in THF (kH / kD = 1.2 over the entire temperature range). The nature of this solvent 

effect, which did not arise for the non-ionized amidine-carboxylic acid interface, is 

attributed to the strong coupling between the ionized [H+] interface and the surrounding 

solvent polarization. 

IV.5. Concluding Remarks 

Protons that mediate electronic coupling between an electron D and A, but do not 

transfer, result in an attenuation of the rate of ET. This type of PCET reaction is 

important for charge transport through proteins and enzymes since the tertiary structure is 

often established by extensive hydrogen bond networks. Co-linear PCET assemblies of 

the type described here, D3-[H(D)]:A1, allow this biologically important PCET reaction 

to be probed by analysis of the temperature dependence of kH  /  kD. Microscopic insight is 

gained when well-defined model systems are subjected to direct spectroscopic rate 

measurements, rather than indirect probes of, for example, enzyme turnover numbers, or 

reaction yields. A signature of this type of PCET reaction is dependence of the ratio kH  /  

kD on temperature, which leads to a crossover in this case. 

The model developed by Pressé and Silbey38 suggests that soft vibrations in the 

hydrogen bond bridging the electron D and A account for the unusual crossover 

temperature dependence of kH  /  kD. These results motivate the application of transient 

infrared (IR) and two dimensional infrared (2D-IR) methods to directly probe the nuclear 

degrees of freedom of PCET reactions. 
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IV.6.  Experimental Section 

IV.6.1. Materials 

Previously reported procedures were used for the preparation and characterization 

of porphyrin D3-[H],41 naphthalene diimide A1,14 and (TMP)ZnII.41 2-MeTHF 

(Spectroscopic grade, Aldrich) was dried using standard methods and stored under 

vacuum. Individual ampoules of D2O (Cambridge Isotope Laboratories) were used for 

isotopic exchange experiments. D3-[H] was converted to D3-[D] by rapid mixing with 

D2O. The reaction is facile because the four amidinium protons are the only kinetically 

labile protons on the porphyrin.  

IV.6.2. Spectroscopy 

Sample preparation 

Samples for variable temperature TE experiments were prepared according to the 

following procedure: An aliquot (10–7 mol) of dry porphyrin D3-[H] was dissolved in a 

minimal volume of THF and added to a 1.0-mL borosilicate short-stem glass ampule 

(Kimble-Kontes), which was attached to a high-vacuum adaptor. The neck of the ampule 

had previously been stretched in a flame to facilitate easy sealing in the final stage of 

sample preparation. In the quenching experiments, 4 equivalents of dry naphthalene 

diimide A1 were also added, and 4 equivalents of benzoate were added in the case of the 

benzoate control experiments. For the experiments requiring deuterium isotope exchange, 

a few drops of D2O were added to the solution before closing the ampule to the 

atmosphere, shaking and leaving for about 15 min. Following this time the transferring 

solvent and D2O was removed under vacuum, and the sample was heated on a high-

vacuum manifold for at least 2 h to remove any residual water. 1.0 mL of dry 2-MeTHF 

was added to the ampule by vacuum transfer. Under the pressure (< 10−6 Torr) of the 

high-vacuum manifold, the neck of the ampule was then flame-sealed with the solution 

frozen during the sealing process. These high-vacuum manipulations ensured that that 

samples remained isolated from the environment and free of water, which otherwise 

disrupts hydrogen bonding between the donor and acceptor. 
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Temperature control 

Variable temperature experiments employed a modular cryogenic refrigeration 

system (Air Products and Chemicals). The system consists of a single stage helium 

compressor (Model 1RO2A) connected via hoses to an expander module (Model DE-

202) with a heating element and temperature controller (Scientific Instruments, 9600-5). 

The instrument is interfaced with a custom-made computer program in order to automate 

the temperature sequencing. The expander module is fitted with a laboratory interface 

(Model DMX-1) that consists of a vacuum shroud and glass windows for fluorescence 

spectroscopy in a right-angled configuration. The chamber is continuously pumped to 

maintain vacuum (~10–4 Torr) and the sample is mounted on a copper block inside. The 

thermocouple was calibrated with three temperatures achieved by immersing the sample-

holder in liquid nitrogen (T = 77 K), an ice bath (T = 273 K), and leaving it at ambient 

laboratory temperature (T = 293 K). 

 

Transient Emission 

The excitation source for the TA experiments was a chirped-pulse amplified 

Ti:sapphire laser system that has been described in Appendix A.1. In this experiment the 

100-fs, 800-nm output of the regenerative amplifier was frequency-upconverted in the 

visible OPA to produce 560-nm excitation pulses for resonant excitation of the Q1,0-band 

of porphyrin D3. The excitation was vertically polarized and attenuated to 50-250 

nJ/pulse. TE kinetics were measured using a Hamamatsu C4334 Streak Scope streak 

camera that is also described in Appendix A.1. The emission spectra (from λ = 580 to 

720 nm) were collected at the magic angle relative to the vertical polarization of the 

excitation source. A 10-ns or a 20-ns timebase was used. 

 

Data collection and fitting protocol 

The temperature controller and streak camera were computer controlled and 

synchronized so that the entire temperature range (T = 120-300 K) could be sampled in 

an automated fashion. In a typical experiment, the sample was left to equilibrate in the 
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dark to a given temperature set-point for ~17 min. This was followed by ~13 min of 

fluorescence data collection before moving to the next temperature set-point (typically 10 

K away) where equilibration followed by fluorescence measurement was repeated. 

Different temperature sequences and larger temperature increments (30 K) were also used 

with longer equilibration times (~23 min). The data were found to be independent of the 

sequence employed, confirming that ample time was given for sample temperature 

equilibration prior to data collection. In the cases where an experiment was started in the 

low-temperature range it was left for approximately two hours to ensure that it had 

reached the temperature set-point. 

Temperature-dependent lifetimes of D3-[H(D)], and D3-[H(D)]:benzoate were 

measured over the 120-300-K temperature range 3-4 times (each with freshly made 

samples). The emission lifetimes for these compounds were extracted from the TE data 

by integrating 15-nm and 40-nm slices of the emission peaks centered at 612 and 665 nm 

respectively, and fitting to a mono-exponential decay function. Temperature-dependent 

lifetimes of D3-[H(D)]:A1 were measured over the same temperature range 5 times (each 

with freshly made samples). This data was analyzed in the same way as described above, 

except that it was fit to a biexponential decay function, with the longer lifetime 

component fixed to the time-constant measured for D3-[H(D)] for each temperature. 

Lifetimes from repeated experiments were averaged in all cases. 
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Chapter V 

Hangman porphyrin dyads for studying 
Metal-centered bi-directional PCET 
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V.1.  Introduction 

Bi-directional PCET orthogonalizes ET and PT coordinates. In biology, bi-

directional PCET allows the disparate length-scales for ET and PT to be satisfied so that 

the electron and proton can be coupled for the transport of radicals and for the catalytic 

activation of substrates.1,2 The former is best exemplified by the 35-Å radical transport 

pathway spanning the two subunits RNR.3 Radical transport in the R2 subunit of RNR 

appears to be effected by a long distance ET coupled to orthogonal proton transfers at the 

termini of the ET pathway.2-4 When bi-directional PCET is employed to facilitate 

chemical transformations at enzyme active sites, it typically involves metallo-cofactors 

and often oxygen as a substrate.1,2,5 Interconversions between H2O and O2 in the OEC of 

PSII6,7 and cytochrome c oxidase8,9 are cycled through metal aquo ↔ hydroxo ↔ oxo 

species (Scheme I.5), in which the redox changes at the metal are managed along ET 

pathways that are distinct from the proton. For instance, the recent crystal structures of 

PSII10-12 suggest that protons are removed from the [Mn]4 cluster via an exit channel 

originating at a hydrogen-bonded aspartane residue, D61. The proton exit channel is 

opposite to YZ, which has long been known to be the electron relay between the oxidized 

P680
•+ chromophore and the [Mn]4 cluster.13-15 In cytochrome c oxidase, the four electrons 

required for dioxygen reduction are relayed to the heme a3 / CuB / tyrosine active site 

from water soluble cytochrome c via CuA and heme a,8,16,17 whereas the four protons 

required to constitute the two water molecules are delivered across the 30-Å membrane 

via two distinct proton channels that contain aspartatic acid and glutamic acid residues 

(‘D-pathway’), and lysine and threonine residues (‘K-pathway’), respectively.18,19Other 

oxidases also derive function from bi-directional PCET steps at M–OH centers. The 

active heme-oxo intermediates of cytochrome P450 and cyctochrome c peroxidase, 

Compound I ((P•+)FeIV=O, P = porphyrin) and compound II ((P)FeIV=O), respectively, 

can be generated upon oxidation of ferric hydroxy species ((P)FeIII–OH) coupled to 

deprotonation,20,21 or by protonation of a ferric peroxy species followed by loss of 

water.22,23 The structures of heme enzymes22-26 establish that electrons can transfer into 

and out of active sites over long distances in concert with protons that hop to or from the 

active site along amino acid side chains or along structured water channels (Figure I.5).22 
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Previous PCET model systems developed in our group5,27-34 and others35-38 have 

focused on uni-directional PCET using fixed-distance systems that juxtapose an electron 

D and A by a hydrogen-bonded PT interface, as elucidated in the previous three Chapters. 

Linschitz and co-workers pioneered bi-directional PCET investigations with photo-

induced phenol oxidation reactions that couple PT to an extrinsic base.39,40 These studies 

revealed that the pKa of the extrinsic base modulates the ET rate, highlighting the utility 

of bi-directional PCET in tuning charge-transport kinetics. However, the tri-molecular, 

design of the system (phenol donor, ET acceptor, and extrinsic base) fails to control ET 

and PT distances, as is essential to the charge-transport pathways in biology. 

We sought to design systems where the PT and ET distances of a bi-directional 

PCET event could precisely be controlled about a central metal center. The salient 

features of a new model system are illustrated in Scheme V.1. The system consists of a 

FeIII−OH Hangman porphyrin attached via a variable spacer to a photo-reductant. The PT 

distance is established by the rigid pillar that poises an acid group above the (P)FeIII−OH 

platform. In this design, electron delivery from the photo-reductant may be accompanied 

by PT from the hanging acid group to effect the overall PCET reaction (P)FeIII−OH + e– 

+ H+ → (P)FeII−OH2. Tuning the length of the Hangman pillar allows the role of proton 

tunneling in PCET to be incisively investigated, and theoretical predictions to be 

tested.41,42 Validity of the Hangman as a model for PCET has been established previously 

by reactivity studies from Nocera and co-workers. They have shown that the monomeric 

Hangman porphyrins are minimalistic models for both catalases and mono-oxygenases – 

 
Scheme V.1. Bi-directional PCET model system based on a Hangman porphyrin bearing a
hanging acid group (A−H) and a photo-reductant positioned about the FeIII−OH center via a 
variable-length pillar and spacer. 
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enzymes that couple ET and PT in the course of substrate activation.43-46 Catalytic 

activity of the Hangman model indeed correlates with the length of the Hangman pillar43 

(i.e., the PT distance), and with the pKa of the pendant acid group.44 This highlights the 

ET/PT coupling that is captured in the Hangman system, suggesting its suitability as a 

platform for bi-directional PCET studies. This Chapter now presents the first transient 

kinetics studies on the Hangman platform. 

V.2. Hangman bisporphyrin dyads 

The two Hangman bisporphyrin dyads synthesized by Dr. Alexander Krivokapić 

Chart V.1. 
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for these studies (DA1 and DA2) are shown in Chart V.1. They each feature an identical 

(E-P)ZnII photo-reductant (E-P = Etio-I porphyrin) linked to the (HPX)FeIII−OH subunit 

(HPX = Hangman porphyrin xanthene with carboxylic acid hanging group) via a 

biphenylene (DA1) or phenylene spacer (DA2). The choice of photo-reductant and 

spacers were based primarily on the precedence of photo-induced ET from (P)ZnII donors 

to (P)FeIII acceptors in several fixed-distance ET studies that superficially resemble our 

model systems, except that they lack the Hangman functionality.47-54 (P)ZnII photo-

reductants also present well-defined spectroscopic signatures that can be used to 

kinetically resolve PCET reactions, as discussed in Chapter III. The PT constituents, 

namely the carboxylic acid appended to a xanthene Hangman pillar, were selected based 

on their proven effectiveness at orchestrating PCET reactions in Hangman 

metalloporphyrin monomers.43,44 Additionally, Nocera and co-workers have structurally 

characterized the (HPX)FeIII−OH subunit and shown that a water molecule is suspended 

between the xanthene carboxylic acid hanging group and the hydroxide ligand.45 

Interposing a water molecule near the Hangman xanthene spacer switches from a 

configuration requiring one long distance PT event (d ~ 3.5 Å) coupled to ET, to one 

requiring two short distance PT events (d ~ 1.8 Å, proton hopping along a water chain).  

V.3. Dyad DA1 

V.3.1. Electronic properties of dyad DA1 

PCET from the S1 excited state of the (E-P)ZnII component to the (HPX)FeIII−OH 

is estimated to be thermodynamically favorable by ∆Go ~ −0.8 eV in dyad DA1. This 

estimate employs equation II.2, using the S1 excited state energy of (E-P)ZnII (E0-0 = 2.17 

eV; based on the spectral overlap of Q0,0 absorption and emission bands), the reduction 

potential of the acceptor (E1/2((TMP)FeIII−OH/(TMP)FeII−OH2) = –0.81 V vs. 

Ag/AgCl),55 and a Coulombic energy correction (∆G(ε) = 0.1 V; using equation II.3 for a 

D−A distance of dD-A = 17 Å, D/A radii of r = 5 Å and in the solvent THF), all subtracted 

from the estimated oxidation potential of the donor, based on that of (OEP)ZnII; 

(E1/2((OEP•+)ZnII/(OEP)ZnII) = +0.68 V vs. Ag/AgCl,56 OEP = octaethyl porphyrin). 
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Reduction of (P)FeIII−OH takes place at a metal-based orbital (see Section V.6.4), 

whereas (P)ZnII oxidation is delocalized over the porphyrin macrocycle. 

The electronic absorption spectrum of DA1 is shown in Figure V.1, along with 

spectra of the constituent monomers – (HPX)FeIII−OH and (E-P)ZnII. The absorption 

spectrum of DA1 resembles the sum of the constituent monomers and is dominated by a 

sharp Soret band (λabs,max = 409 nm) and Q-bands (λabs,max = 535 and 571 nm), all 

originating from the π–π* transitions of the (E-P)ZnII component. The (HPX)FeIII−OH 

component contributes broader and weaker features across the spectrum due to the lower 

symmetry and mixing of CT transitions involving the half-filled d-orbital manifold.57,58 

The main difference between the spectrum of dyad DA1 and the sum of the constituent 

monomers is that the Soret band of DA1 is red-shifted by ~4 nm. This is most likely 

because the biphenylene bridge of DA1 electronically perturbs the (E-P)ZnII 

chromophore. Additionally, there could be a weak excitonic interaction between the two 

adjacent porphyrin chromophores.59 

We wish to trigger the PCET reaction by first creating a locally excited state (S1) 

at the (E-P)ZnII component of the dyad (Note that all subsequent references to S1 are in 

 
Figure V.1. Electronic absorption spectrum of dyad DA1 (solid) in toluene, along with the 
constituent monomers (E-P)ZnII (dashed), and (HPX)FeIII−OH (dotted). 
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relation to the (E-P)ZnII, rather than (HPX)FeIII−OH). The spectra in Figure V.1 suggest 

that λexc = 405 nm is a suitable excitation wavelength, with (E-P)ZnII contributing > 85 % 

of the optical density of the dyad, and rapid internal conversion known to deliver the S1 

excited state of (P)ZnII species in ~1 ps.60,61 Alternatively, excitation into the Q0,0 

absorption band at λ = 570 nm, where the (E-P)ZnII contributes > 90 % to the total 

optical density of the dyad, yields the S1 excited state directly. The residual absorbance 

into (HPX)FeIII−OH cannot lead to PCET, but rather to non-radiative relaxation of the 

excited (HPX)FeIII−OH on a ps-timescale as shown in previous reports of (P)FeIII(X) 

photophysics.58,62-65 

V.3.2. TE and TA spectroscopy on DA1 

Given that (E-P)ZnII can be selectively excited, the ensuing photo-reaction can be 

resolved using several observables. The first imperative was to measure the S1 excited 

state lifetime of (E-P)ZnII in the dyad because this determines the formation time for the 

subsequently generated intermediates. Visible excitation of monomeric (E-P)ZnII results 

in fluorescence from the S1 state (λem,max = 572 and 627 nm) with a lifetime of τ = 1.8 ns 

(measured by TE spectroscopy) and a quantum yield of Φ ~ 0.045, (estimated as being 

equal to the fluorescence quantum yield of the similar (OEP)ZnII),66 whereas (P)FeIIIs are 

non-emissive.57 In the absence of S1 quenching, as with the (P)ZnII photo-reductants 

described in Chapters II-IV, its predominant fate is to undergo ISC to form a long-lived 

triplet state (T1), which is ~0.4 V less reducing than S1 and non-emissive at room 

temperature.67 The S1 lifetime in DA1 could not be measured by TE spectroscopy due to 

the inability to reliably detect any fluorescence, even with excitation powers approaching 

5 µJ/pulse (either λexc = 405 or 570 nm). This result suggests that quenching is 

particularly rapid. 

Instead, TA spectroscopy was required to measure the S1 lifetime and to directly 

monitor the signatures of the transient intermediates. The S1 excited state of (P)ZnIIs 

exhibits a characteristically strong TA feature at λ = 430-500 nm (for example, see 

Figure III.6), making this a suitable region to probe the S1 lifetime. Figure V.2 shows the 

TA kinetics obtained for DA1 with λprobe = 460 nm (solid circles) and λexc = 405 nm. The 

data is well fit by a mono-exponential function decaying with a time-constant of τ = 
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25(3) ps. This rapid decay is consistent with the fact that no emission is observed, as this 

S1 lifetime corresponds to a fluorescence quantum yield of Φ < 7 × 10–4. The same result 

is obtained when λexc = 570 nm, confirming that the S1 (rather than the S2) excited state 

of the (E-P)ZnII is being observed. Note that the decay in Figure V.2 does not quite return 

completely to the baseline. This offset (which is constant on the timescale of data 

acquisition) is attributed at least partially to a decomposition product related to OH ligand 

loss from (HPX)FeIII−OH. The magnitude of the offset increases the longer the sample is 

exposed to laser light, and a similar offset is observed upon direct excitation of a 

(TMP)FeIII−OH monomer. (P)FeIII(X) species are well known to undergo axial ligand 

ejection from electronic excited states.58,68-77 This observation could result from the 

inevitable minor amount of direct excitation of the (HPX)FeIII−OH component, and/or 

from sensitization by the (E-P)ZnII. An additional contribution to this long-lived signal 

might be the triplet (T1) excited state of (E-P)ZnII. Both of these possibilities are 

discussed in section V.6. 

Having established the S1 lifetime, the concomitant growth of the expected PCET 

intermediates could be targeted by TA spectroscopy. ET from (E-P)ZnII results in a (E-

 
Figure V.2. TA kinetics for DA1 in toluene with λexc = 405 nm, and λprobe = 460 nm (solid) and 
660 nm (open). Mono-exponential decay fits are also shown. 
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P•+)ZnII species, which has a distinctive absorption feature in the λ = 630-700-nm region 

(as discussed in Chapters II and III).32,50,78-83 A growth in TA signal in this region is 

considered unambiguous evidence for ET, because no other potential transient species is 

expected to contribute significantly to the signal in this wavelength region, nor does the 

ground state have a significant optical density. 

Figure V.2 shows the TA kinetics obtained for dyad DA1 with λprobe = 660 nm 

(open circles) and λexc = 405 nm. An initially rapid decay component (τ ~ 2 ps – 

attributed to vibrational cooling) is followed by a mono-exponential function decaying 

with a time-constant of τ = 25(5) ps. This is consistent with the 25-ps quenching of the S1 

excited state, however the absence of a growth in the TA signal at this wavelength is not 

consistent with PCET being the dominant quenching mechanism. PCET would be 

 
Figure V.3. TA kinetics for DA1 in toluene (λexc = 405 nm) with probe wavelengths indicated. 
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expected to produce a rise concomitant with the growth of the (E-P•+)ZnII intermediate, 

followed by decay to the baseline associated with the reverse PCET reaction, comparable 

to observations in other photo-induced ET reactions employing (P)ZnII species.32,50,63,64,66 

An alternative strategy to uncover PCET intermediates is to search for spectral 

evidence of reduction of (HPX)FeIII−OH. Independently prepared (TPP)FeII (TPP = 

tetraphenyl porphyrin) and (HPX)FeII exhibit a shoulder on the red edge of the Soret band 

(λabs,max = 442 nm), and bleaching of the broad absorbance in the λ = 450-500-nm 

region.84,85 PCET would cause the characteristic S1 spectrum of (E-P)ZnII to be replaced 

by (P)FeII signatures, however probe wavelengths of λ = 435-500 nm are found to 

produce a positive signal that decays with a time-constant of τ ~ 25 ps in DA1, simply 

reflecting the quenching of the S1 state with no observable intermediates. Unfortunately, 

the positive baseline offset means that the lack of observed bleaching associated with 

(HPX)FeII is less conclusive than the lack of observed rise in the (E-P•+)ZnII signature 

region. Kinetic profiles were obtained with selected probe wavelengths extending across 

the visible spectrum, as shown in Figure V.3. Positive signals that decay mono-

exponentially when considered beyond the first few picoseconds of vibrational cooling (τ 

= 25(5) ps) were observed at most wavelengths (λprobe = 435, 445, 460, 470, 480, 500, 

560, 600, 630 and 660 nm), and at the remaining probe wavelengths (λprobe = 425, 530, 

535 and 570 nm) a bleach recovery (τ = 25(5)ps) corresponding to the Soret and Q-bands 

was observed. 

The series of TA experiments on dyad DA1 were repeated in a more polar 

solvent, THF (ε = 7.6), since this would better stabilize any charge-separated 

intermediates. The observed kinetics parallel those measured in toluene (ε = 2.4), 

revealing only the τ = 25-ps decay of the S1 excited state but no intermediates associated 

with PCET. 

V.4. Dyad DA2 

The single phenylene spacer bridging the two porphyrins in DA2 reduces the 

center-to-center distance from dD-A = 17 to 13 Å, offering stronger coupling for electron 

tunneling compared with the biphenylene spacer of DA1. The electronic absorption 
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spectrum of DA2 is nearly identical to that of DA1, and the description of the spectral 

properties and thermodynamic driving force for PCET in DA1 (Section V.3.1) also 

applies to DA2. 

Figure V.4 shows TA kinetics measured for DA2 in toluene with λprobe = 460 nm 

(selected in order to resolve the rate of S1 decay), and 660 nm (where (E-P•+)ZnII would 

be detected to signify PCET). In both cases, mono-exponential decays with particularly 

fast time-constants of τ ~ 4 ps are observed. Clearly, the shortened bridge of DA2 results 

in accelerated S1 quenching relative to DA1, however, the S1 quenching cannot be 

attributed to PCET in either dyad. Additional visible wavelengths were also probed in 

DA2 (λprobe = 425-660 nm). In all cases, a positive signal decaying on a commensurate 

timescale (τ = 6(3) ps) is observed, except in the Soret and Q-band regions where the 

recovery of a bleach signal is observed on a corresponding timescale. 

 
Figure V.4. TA kinetics for DA2 in toluene with λexc = 405 nm and λprobe = 460 nm (solid) and 
660 nm (open). Mono-exponential decay fits are also shown. 
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V.5. Axial ligation of the metal centers 

Having found no evidence of photo-induced PCET in either of dyads DA1 or 

DA2, we contemplated whether providing a strong-field ligand might perturb the 

electronic structure of both Fe and Zn porphyrin subunits sufficiently to facilitate the 

desired PCET reaction. Strong-field nitrogen-donor ligands such as histidine occupy the 

proximal position in many heme enzymes that catalyze redox reactions.86-88 

In order to test this, 1-methyl-imidazole (1-MeIm) was employed as the strong-

field ligand. It is essential that (HPX)FeIII binds only one 1-MeIm, and leaves the Fe–OH 

unit intact to participate in PCET. In most non-biological cases, addition of imidazole 

(Im) species to (P)FeIII(X) species (X = Halide) leads to the displacement of X– in favor 

of a stable bis-Im complex.89,90 A mixed axial coordination species ((P)FeIII(X)(Im)) has 

been prepared by covalently appending a single Im to the porphyrin periphery, yet there 

is still a strong tendency towards a bis-Im species via porphyrin dimerization.91 An 

alternative route to the mixed coordination species is to sterically hinder one face of the 

porphyrin, denying access to the second Im. In this sense, the Hangman ligand 

framework appears ideally suited to support an Im ligand on the proximal side of the 

porphyrin, while protecting the smaller OH– ligand within the sterically-demanding 

Hangman cavity. 3-dimensional modeling and the X-ray crystal structure 

(HPX)FeIII−OH45 suggest that 1-MeIm will not fit inside the Hangman cavity. This 

assertion was tested by titrating 1-MeIm with the monomeric (HPX)FeIII−OH and 

monitoring the shifts in the electronic absorption spectra. Prior to this, spectra 

representative of the bis-Im and mono-Im forms of the (P)FeIII species were obtained. 

Figure V.5a shows the titration of 1-MeIm against (TMP)FeIII−OH. This 

porphyrin lacks the Hangman pillar, but is otherwise identical to (HPX)FeIII−OH. The 

spectral shifts are characterized by a sharpened, intensified and red-shifted Soret band 

(λabs,max = 427 nm), sharpened and blue-shifted Q-bands (λabs,max = 534 and 565 nm), in 

addition to bleaching in the λ = 450-500 nm region. These features are characteristic of a 

low-spin (LS) bis-Im complex, where the OH– has been displaced from the metal to 

produce a more symmetric species.90 
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Figure V.5b shows the spectral changes associated with addition of 1,5-

dicyclohexylimidazole (dch-Im) to (HPX)FeIII−OH in toluene over roughly the same 

concentration range. The bulkiness of dch-Im is sure to exclude it from binding on the 

same side as the Hangman group, therefore the spectral changes represent the formation 

of a species with an Im ligand on the proximal side of the porphyrin, and an OH– ligand 

on the Hangman side. In stark contrast to the bis-Im complex described above, we see 

 
Figure V.5. a) Spectral evolution corresponding to titration of; a) 1-MeIm with (TMP)FeIII−OH, 
b) dch-Im with (HPX)FeIII−OH, and c) 1-MeIm with (HPX)FeIII−OH. The initial spectrum 
(dashed) was recorded in the absence of 1-MeIm, the final spectrum (solid) contains 0.08 M, and 
intermediate spectra (dotted) are also shown. 
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negligible changes in the Soret region, and broad Q-bands (λabs,max ~ 550 and 595 nm). 

Having obtained the necessary reference spectra, Figure V.5c shows the spectral 

changes associated with addition of 1-MeIm to (HPX)FeIII−OH in toluene over the same 

concentration range. The negligible shifts in the Soret region and the broad Q-bands are 

nearly identical to the shifts observed when the bulky dch-Im was the ligand, confirming 

that 1-MeIm is also too bulky to bind to the Hangman side of the porphyrin and displace 

the OH– ligand. The spectra are consistent with the targeted species containing a 1-MeIm 

ligand bound via the more open proximal side, and OH– in the Hangman side. 

The titrations described above also reveal the concentration of 1-MeIm required 

in the TA experiment to ensure that all Hangman porphyrins were bound to one Im. The 

(E-P)ZnII component of the dyad is expected to bind one Im to form a 5-coordinate 

species. Addition of 1-MeIm to a solution of (E-P)ZnII resulted in spectral shifts to 

signify the formation of such a species; the Soret band shifted from λabs,max = 405 nm to 

417 nm, and the Q-bands shifted from λabs,max = 535 and 571 nm to 547 and 580 nm. 1-

MeIm reportedly binds axially to (TPP)ZnII with a binding constant of K ~ 5 × 104 M–1 in 

toluene.92,93 A comparable axial binding constant for (E-P)ZnII would require it to accept 

 
Figure V.6. TA kinetics for DA1 in toluene with 1.0 M 1-MeIm, with λexc = 405 nm and λprobe = 
475 nm (solid) and 675 nm (open). Mono-exponential decay fits are also shown. 
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an axial 1-MeIm ligand at the concentrations required to bind to the Hangman porphyrin 

in the dyads. In order to ensure that the samples used for TA consisted of dyads in the 

same coordination state (one 1-MeIm bound to each of the two porphyrins), 1.0-M 

solutions of 1-MeIm were employed. The electronic absorption spectrum of dyad DA2 in 

toluene with 1.0 M 1-MeIm displays shifts in line with those of the constituent monomers 

(λabs,max(Soret) = 422 nm, λabs,max (Q)= 550 and 585 nm). 

Figure V.6 shows TA kinetics measured for dyad DA2 in a 1.0-M solution of 1-

MeIm in toluene, with λprobe = 475 and 675 nm. The 475-nm data exhibits a mono-

exponential decay (τ = 50(5) ps), meaning that the addition of 1-MeIm actually attenuates 

the rate of S1 quenching (compared with the τ = 25-ps decay observed in the absence of 

1-MeIm). The 675-nm signal also decays on a concomitant timescale (τ = 40(10) ps), and 

importantly the absence of a rising signal associated with a (E-P•+)ZnII species at this 

wavelength excludes the assignment of quenching via PCET. 

V.6. Assignment of photophysics in (P)Zn-(P)Fe Dyads 

V.6.1. Summary of TA spectroscopy 

Considering the TA spectroscopy experiments described above, PCET can be 

excluded as a major quenching mechanism in either of the dyads studied. The most 

compelling evidence excluding PCET is the consistent absence of a rising signal in the 

λprobe = 650-700-nm region. A rise would be unambiguous evidence of a (E-P•+)ZnII 

species formed as a result of PCET. No intermediates would be observed if the reverse 

PCET rate were significantly faster than the rate of intermediate generation, however 

encountering back-reactions that are significantly faster than the rapid S1 quenching 

observed is not considered realistic in this case. In the studies employing a (P)ZnII photo-

reductant in conjunction with a naphthalene diimide acceptor (D3:A1) described in 

Chapter III, a rise in the λ = 650-nm region was still clearly resolved, despite the back-

reaction depleting intermediates at a faster rate than they were formed.32 
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Secondly, no difference in the S1 quenching rate is observed for the non-polar 

solvent toluene (ε = 2.4) and the more polar solvent THF (ε = 7.6). Charge-separation 

rates would be sensitive to the polarity of the surrounding solvent environment, since 

dielectric constant is a measure of how well the solvent is able to screen charge-

separation. 

Thirdly, one might expect the addition of 1-MeIm to favor the charge-separation 

associated with PCET and prolong the lifetime of charge-separated intermediates. While 

proximal histidine ligands are typically associated with stabilizing high-valent heme 

species,86-88 one must also consider that the axially bound 1-MeIm donates electron 

density to stabilize the (E-P•+)ZnII state.94,95 Spectroscopic experiments employed a high 

concentration of 1-MeIm (1.0 M), corresponding to nearly 10 % 1-MeIm in toluene by 

volume. Therefore, another consequence of using such a high concentration of 1-MeIm is 

an increase in the solvent dielectric constant, which should also favor charge-separation. 

No evidence in support of PCET is found when high concentrations of 1-MeIm are 

added. Moreover, the fact that addition of 1-MeIm actually decreases the S1 quenching 

rate is further evidence against a PCET quenching mechanism. 

V.6.2. Excitation energy transfer 

Having ruled out detectable PCET in dyads DA1 and DA2, singlet EET is 

believed to be significant in order to account for such rapid S1 quenching. Both the 

Förster (dipole-dipole) and the Dexter (electron exchange) EET mechanisms could 

potentially apply. Förster EET requires resonant coupling between the emitting dipole of 

the donor and the absorption dipole of the acceptor, therefore the spectral overlap integral 

(J(λ)) is the most important rate-determining parameter. Equation V.1 was used to 

estimate the rate of Förster EET; 
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In equation V.1, ΦD and τD are the emissive quantum yield and lifetime, 

respectively, of the donor, r is the D−A distance, κ2 is a factor that accounts for the 

relative orientation of D and A transition dipole moments (0 <  κ2 < 4), η is the medium 

refractive index, and N is Avogadro’s number. Equation V.II defines the spectral overlap 

integral, J(λ), where FD(λ) is the normalized emission spectrum of the donor and εA(λ) is 

the absorption spectrum of the acceptor (with intensities plotted as molar extinction 

coefficients), both as a function of wavelength (λ). 

The absorption spectrum of (HPX)FeIII−OH, and the normalized emission 

spectrum of (E-P)ZnII (Figure V.7) are used to calculate the spectral overlap integral (J(λ) 

= 3.59 × 1014 M–1 cm–1 nm4). Taking an emission quantum yield of ΦD = 0.045 for (E-

P)ZnII and an unquenched lifetime of τD = 1.8 ns, a D–A center-to-center distance of r = 

17 Å, an angular factor of κ2 = 2/3 (assuming that the absorption/emission dipoles in both 

porphyrins have planar symmetry, and the two porphyrins are freely rotating relative to 

each other), and using a solvent refractive index of η = 1.5 (toluene), a resonant EET rate 

of kEET = 4.3 × 109 s–1 results for DA1. If this were the only additional quenching 

 
Figure V.7. Spectral overlap between the emission of (E-P)ZnII and the electronic absorption of 
(HPX)FeIII−OH (solid) compared with the emission of (E-P)ZnII(1-MeIm) and the absorption of 
(HPX)FeIII−OH(1-MeIm) (dashed).  
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mechanism, it would correspond to S1 lifetime of τ ~ 200 ps, considerably longer the 

observed S1 lifetime of τ = 25 ps, thus resonance EET does not account for all of the 

observed quenching. 

The Förster calculation was repeated for dyad DA1 with 1-MeIm bound, since 

ligation of 1-MeIm was found to significantly perturb the electronic spectra of both 

components of the dyad (Figure V.7). A pronounced red-shift in the emission spectrum of 

(E-P)ZnII(1-MeIm) (λem,max = 584 and 639 nm) combined with an attenuated fluorescence 

quantum yield (ΦD = 0.03; estimated based on quantitative comparison with unbound (E-

P)ZnII, and consistent with that observed for pyridine binding to (OEP)ZnII)66), and 

shorter unquenched lifetime (τD = 1.6 ns) translates to a slower calculated rate of EET 

and longer S1 lifetime (kEET = 3.5 × 109 s–1, τ ~ 250 ps, taking κ2 = 2/3). This parallels the 

observed lifetime increase, albeit only qualitatively. 

The Förster calculation was also repeated for dyad DA2, using the same input 

quantities as for DA1 but with the D–A distance reduced to r = 13 Å. The shorter distance 

corresponds to a faster rate and shorter S1 lifetime (kEET = 2.2 × 1010 s–1, τ ~ 45 ps, taking 

κ2 = 2/3). Again, these calculations do not account for all of the observed quenching (τobs 

~ 6 ps), but comparison with the calculation for DA1 parallels the observed lifetimes. 

The above calculations characterize resonant EET, where the acceptor states are 

those observed in an electronic absorption spectrum of the (HPX)FeIII−OH component. 

However, in a covalently coupled dyad, the electron exchange (Dexter) mechanism of 

EET must also be considered, which essentially corresponds to the transfer of an 

electron-hole pair via through-bond electron exchange, and is independent of the 

acceptors absorption characteristics. With this mechanism, the electrons and holes 

undergoing exchange can use the same orbital pathways that are also required for charge 

transfer, and consequently both rates scale as an exponential decay with D–A distance. 

This correspondence has been demonstrated in bridged porphyrin dyad systems 

employing (P)ZnIIs as donors and free-base porphyrins as acceptors.96,97 EET rates 

through the diarylethyne bridge in those systems approached kEET = 4 × 1010 s–1. This 

shows that energy transfer via the electron exchange mechanism can occur very rapidly 

in porphyrin dyads. Combining this quenching mechanism with the resonant EET rates 
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calculated goes further to account for the rapid quenching observed in dyads DA1 and 

DA2. 

Compared with other porphyrins, (P)FeIIIs have a particularly large density of 

electronic states that could act as energy acceptors. This situation arises because the half-

filled d-orbital manifold participates in CT transitions that are observed throughout the 

spectrum. Some of these CT states are photo-active and their population leads to the loss 

of axial ligands, forming the basis of a large body of photochemistry involving (P)Fe’s, 

for example photo-catalytic oxygen atom transfer which is the topic of Chapter VII.72-77 

This might explain how the photolyzed decomposition of the (E-P)ZnII–(HPX)FeIII−OH 

dyads resemble that of (TMP)FeIII−OH (which we assign to the loss of the OH ligand). In 

other words, while nearly all of the excitation light is absorbed by the (E-P)ZnII 

component, energy transfer to the photo-active (HPX)FeIII−OH states could sensitize the 

observed photolysis of the (HPX)FeIII−OH. 

V.6.3. Comparison with previously published dyads 

The conclusion that charge transfer is not the predominant excited state quenching 

mechanism is at odds with several previous photophysical studies in (P)ZnII–(P)FeIII 

dyads. Several ET studies have been carried out on dyads comprising a (P)ZnII donor and 

a (P)FeIII(Cl) acceptor. (P)FeIII(Cl) species are electronically and spectrally very similar 

to (P)FeIII−OH counterparts discussed in this Chapter. Both Cl– and OH– are weak-field 

ligands that yield the high-spin (HS) forms of the (P)FeIII 98 with similar reduction 

potentials.99,55 Therien and co-workers investigated a series of such dyads that connect 

the porphyrin subunits via saturated, unsaturated, and hydrogen-bonded bridges of similar 

distances in order to study the bridge effects on electron tunneling rates.53 They reported 

that the hydrogen-bonding bridge was just as good a conduit of ET as the unsaturated 

bridge. However, they inferred ET rates from TE rather than directly detecting charge-

separated intermediates by TA spectroscopy. In light of the TA spectroscopy described in 

this chapter, it is unlikely that ET was the predominant quenching mechanism in those 

dyads. Prior to that work, Osuka and co-workers had also assigned rapid fluorescence 

quenching in a dyad to ET between a (P)ZnII donor and a (P)FeIII(Cl) acceptor.49,52 Others 

have applied TA spectroscopy to dyads of this type and not found conclusive evidence of 
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charge-separated intermediates. For example, Harriman and co-workers do not observe a 

signature of the charge-separated state in their TA studies on such a dyad, but they 

believe that ET is probably one of several quenching mechanisms including EET and 

accelerated ISC.47 Mataga and co-workers have attributed a long lived (several ns) TA 

feature at λ = 480-540 nm to a (P)FeII intermediate species that would signify ET.48 

However, this signal could also be accounted for by considering the loss of the axial Cl 

ligand via a (P)Fe excited state. The authors did not report a rise in the λ = 650-700-nm 

region corresponding to a (P•+)ZnII species, which would be unambiguous evidence of 

ET. 

Despite the problems outlined above, others have found unambiguous evidence 

for ET in (P)ZnII–(P)FeIII dyads. McLendon and co-workers observed the distinctive TA 

feature of the (P•+)ZnII species as a result of ET in a (P)ZnII–(P)FeIII dyad bridged by a 

phenylene spacer.50,51 Those experiments were carried out in the presence of Im, meaning 

that the (P)FeIII assumes a bis-Im form, and the (P)ZnII binds one Im. The authors were 

able to vary the bridge to induce different conformations and measure the angular 

dependence of ET in the dyad. 

The experiments described above lead to a conundrum; some unambiguously 

observe photo-induced ET in while others do not observe ET in ostensibly similar 

(P)ZnII–(P)FeIII dyads. Albinsson and co-workers recently resolved this apparent 

contradiction.100 They carried out TA spectroscopy on a series of dyads bearing a (P)ZnII 

donor, a (P)FeIII(Cl) acceptor, and various bridging structures. They observe mono-

exponential decays rather than a rise at λ = 700 nm (in the (P•+)ZnII region), excluding 

the assignment of ET. The S1 quenching of (P)ZnII in the dyad is assigned to EET and 

accelerated ISC (on account of the close proximity of the paramagnetic Fe center).100,101 

The acceleration of ISC in the (P)ZnII by the HS metal center had been invoked 

previously,47,102,103 and is also likely to be an important quenching mechanism operating 

in dyads DA1 and DA2. The resulting long-lived T1 excited state of (E-P)ZnII has a 

strong TA signal in the λ = 470-nm region,100,101 and therefore probably also contributes 

to the non-zero baselines observed in the TA kinetics of dyads DA1 and DA2 (Figures 

V.2, V.3, V.4 and V.6). However, even if the long-lived signal in the dyads is attributed 

entirely to T1 (which is not the case due to the noted (P)FeIII−OH decomposition products 
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that contribute to the signal), the relative signal observed at late times for DA1 (∆OD470 

nm, 300 ps / (∆OD470 nm, 2 ps = 0.10) compared with unquenched (E-P)ZnII where > 90 % of 

T1 is eventually formed (∆OD470 nm, 10 ns / (∆OD470 nm, 2 ps = 0.70) dictates that ISC could 

only be accelerated by up 10-fold in the dyad, which is insufficient to account for most of 

the observed quenching. The S1 lifetimes measured in Albinsson and co-workers dyads 

(τ = 119-486 ps) are longer than the lifetimes observed for DA1 and DA2, which is to be 

expected considering the longer bridges that Albinsson and co-workers systems employ. 

When Albinsson and co-workers add Im to the same dyads to generate 

(P)FeIII(Im)2 and (P)ZnII(Im), a rise and decay at λ = 700 nm is clearly resolved.100 This is 

justifiably attributed to the generation and depletion of the charge-separated state. They 

conclude that ET is facilitated when the Fe center adopts the LS configuration (upon 

binding two strong-field Im ligands), however ET cannot compete with EET and ISC 

when the Fe center is in the HS state (with the weak-field Cl– axially ligating the Fe 

center). A reasonable explanation for the attenuation of ET to the HS form of the (P)FeIII 

relative to the LS form is the geometrical difference between the two spin-states of 

(P)FeIII;54,100,104 the Fe atom lies significantly out of the plane defined by the porphyrin N-

donor atoms in the HS form, whereas the Fe atom lies in-plane in the LS form.89,98,105 The 

(P)FeII that results from reduction also has a planar core.105,106 This means that 

significantly less nuclear reorganization is required in order to prepare the LS form of 

(P)FeIII for ET compared with the HS form. Similarly, the electronic configuration in the 

LS form of the initial (P)FeIII is more similar to the final (P)FeII product, implying 

stronger electronic coupling for ET compared with the HS form of the (P)FeIII. 

V.6.4. Kinetic barriers to PCET at (P)FeIII−OH 

The stereoelectronic demands of the redox-active metal must also be considered 

in metal-centered PCET reactions. Figure V.8 shows the energy-optimized geometries of 

the relevant subunit, (P)FeIII−OH, and its PCET product, (P)FeII−OH2, obtained from 

DFT electronic structure calculations. Details of these calculations are given in 

Appendices B.4 and B.5, respectively. Comparison of the structures highlights the large 

degree of nuclear reorganization associated with PCET in dyads DA1 and DA2; In 

addition to the bond-making and -breaking associated with the PT component of the 
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reaction, the Fe coordination sphere undergoes a significant nuclear rearrangement upon 

reduction. In the case of (P)FeIII−OH, the axial OH− is comparable to the weak-field Cl− 

ligand, inducing modest d-orbital splitting and leading to a HS (S = 5/2) electronic 

configuration.98 Consequently, the electronic absorption spectra of (P)FeIII−OH and 

(P)FeIII(Cl) species are nearly identical. The spherically symmetrical distribution of the 

five d-electrons in HS Fe(III) favors a more spherical distribution of ligands, hence the 

distortion from square-pyramidal geometry. Furthermore, since the +3 charge of the Fe 

atom is not satisfied by the dianionic macrocycle, it is drawn out-of-plane toward the 

anionic OH− ligand; the Fe atom lies 0.538 Å out of the mean plane defined by the 

porphyrin N atoms, with average Fe−N bond lengths of 2.112 Å, and a shorter axial 

Fe−O bond (1.835 Å). PCET yields the d6 FeII species upon population of the dXY orbital. 

In addition to relieving preference for a spherical distribution of ligands, the axial Fe−O 

bond is lengthened as the ionic component is of the bond is diminished, and the Fe atom 

drops into the porphyrin core; the Fe atom is only 0.190 Å out-of-plane in (P)FeII−OH2, 

while the axial Fe−O bond is extended to 2.229 Å, and the average Fe−N bond lengths 

are contracted to 2.065 Å. The nuclear reorganization dictated by the stereochemical 

demands of the Fe center are expected to persist for the Hangman dyads in the presence 

of a strong-field Im ligand on the proximal side of the porphyrin. The HS electronic 

 
Figure V.8. Energy-optmized geometries of (P)FeIII−OH (top, P = unsubstituted porphin) and 
(P)FeII−OH2 (bottom) from DFT calculations. The structural changes highlight the large degree of
nuclear reorganization accompanying PCET at the FeIII−OH center. 
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configuration is retained in (HPX)FeIII−OH(1-MeIm), as reflected in the minimal changes 

to the absorption spectrum compared with (HPX)FeIII−OH (Figure V.5c). NMR 

spectroscopy on the previously reported (P)FeIII(X)(Im) species with tethered Im ligands 

also concluded that the Fe remains in the HS form.91 The structural changes described 

above are a kinetic impediment to PCET, limiting its ability to compete with EET and 

ISC within the S1 excited state lifetime of the (P)ZnII donor in dyads DA1 and DA2. 

V.7. Concluding remarks 

We sought to exploit the structural control of Hangman porphyrins to study PCET 

in (P)FeIII–OH / (P)FeII–OH2 conversion. However, it is now apparent that the OH– 

ligand ensures the prevalence of the HS form of (P)FeIII, which does not readily support 

photo-induced PCET over competing quenching mechanisms on account of the nuclear 

rearrangement demanded of the Fe coordination sphere. This highlights the difficulty of 

orchestrating photo-induced PCET reactions at transition metal centers, where stereo-

electronic factors can have important effects, in addition to the bonding-making and 

breaking requirements of metal-centered PCET. It is noted that a rudimentary ET 

treatment would incorrectly predict facile charge transfer; the ~0.8-V available driving 

force places ET near the Marcus activationless region, and the D−A distances are 

comparable or shorter than other dyads that support facile charge-separation50,51,100 (also 

see Chapters II-IV). The metal is also implicated in competing quenching mechanisms in 

dyads DA1 and DA2, namely EET and ISC.  

The possibility of minor quenching by PCET cannot be excluded, however the 

rates are clearly not competitive with the dominant quenching channels given that no 

PCET intermediates are spectroscopically detected. This finding is at odds with several 

previous investigations of ET in (P)ZnII–(P)FeIII dyads, where conclusions were drawn in 

the absence of directly observed intermediates. The discrepancies highlight the 

importance of using TA spectroscopy to resolve ambiguities in model systems where 

multiple quenching pathways exist. The Hangman dyad studies in this chapter point to 

the kinetic impediments to PCET at (P)FeIII−OH centers, however direct rate 

measurements of the formation of PCET intermediates are essential in order to take 
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advantage of the control offered by the Hangman architecture for mechanistic PCET 

studies. Several modifications might be employed to this end. For example, the Fe center 

could be replaced with a heavier metal (e.g., Ru), that would favor the LS state (and 

hence more readily facilitate ET) while retaining the essential M–OH core that is the 

nexus of the PCET reaction. Secondly, the entire (HPX)FeIII−OH acceptor could be 

replaced by a Hangman acceptor with a reduced propensity to act as an excitation energy 

acceptor. The successful application of the Hangman architecture to Mn salens for 

catalysis107 suggests one such alternative. 

V.8. Experimental Section 

V.8.1. Materials 

Dyads DA1 and DA2 were synthesized by Alexander Krivokapić, as described in 

the publication that forms the basis of this Chapter. The compounds and their precursors 

gave satisfactory mass and 1H NMR spectra. Previously published procedures were 

employed for the preparation of Hangman monomer (HPX)FeIIIOH,43 (TMP)FeIIIOH,43 

and (E-P)ZnII.108 All solvents used for spectroscopy and synthesis were distilled. Im 

derivatives were purchased from Sigma-Aldrich and used as received. 

V.8.2. Spectroscopy 

Steady-state spectroscopy 

Absorption spectra were obtained using a Spectral Instruments 440 Series 

spectrophotometer. Titrations of (P)FeIII−OH with Im’s were performed in a 1-cm 

pathlength clear fused-quartz cell that was sealed with a septum cap. Aliquots from a 

concentrated Im stock solution were added using a Hamilton® syringe, and the electronic 

absorption spectra corrected for the additional volume. 
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Steady-state emission spectra were recorded on an automated Photon Technology 

International Inc. QM 2001-4 fluorimeter that is equipped with a 150-W Xe arc lamp and 

a Hamamatsu R928 photomultiplier tube. 

 

Transient spectroscopy 

Picosecond TE and TA measurements were performed at room temperature on a 

chirped pulse amplified Ti:sapphire laser system that is described in Appendix A.1. 

Samples for TA experiments were contained within a 2-mm pathlength clear fused-quartz 

cell, at concentrations of ~1.5 × 10–5 M, to give an optical density of ~1.2 at 405 nm. TA 

experiments were carried out in essentially the same manner as described in Chapter II 

(Section II.8.3). Briefly, the 810-nm output beam was split, with the majority component 

frequency-upconverted to produce 100-fs excitation pulses of the desired wavelength in 

an OPA (or simply frequency-doubled to produce 405-nm excitation in some cases). A 

minor component of the 810-nm beam was focused on a sapphire substrate to generate a 

visible continuum probe pulse. The excitation power was attenuated to ~3-6 µJ/pulse and 

focused in the sample to overlap co-linearly with the probe beam, which was polarized at 

the magic angle relative to the excitation beam. For single wavelength kinetic 

measurements, the optical delay line repeatedly sampled a series of ~90-200 delay times, 

the probe beam was spectrally resolved in the spectrometer, a single wavelength selected, 

and the signal measured on a photodiode and amplified with a lock-in amplifier at the ω 

= 500-Hz excitation frequency. 

TE measurements were undertaken using a Hamamatsu C4334 Streak-scope that 

is also described in Appendix A.1. In the case of (P)ZnII monomers, resonant Q-band 

excitation was used, with the excitation power attenuated to ~200 nJ/pulse, the emission 

was collected from λ = 550-690 nm with a 20-ns timebase, and the Q0,0 emission peak 

was integrated for fitting. Samples were contained in a 1-cm pathlength cell, with an 

optical density of OD ~ 0.1-0.2 at the excitation wavelength. In the attempted TE 

measurements on dyads DA1 an DA2, resonant Soret and Q-band excitation were both 

used, with excitation powers of up to ~5 µJ/pulse. 
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V.8.3. Computational methods 

DFT calculations were performed using the ADF2002.02 program109,110 in the 

same manner as described in Chapter II (Section II.8.4). A basis set of TZP was used for 

Fe, O and N atoms and DZP for other atoms, with the frozen core approximation. The 

input coordinates for the (P)FeIII−OH geometry-optimization were obtained from the X-

ray crystal structure of (HPX)FeIII−OH with all meso substituents replaced with hydrogen 

atoms for computational expediency. Geometry-optimization was carried out with S = 5/2 

with spin restriction lifted. The output coordinates of the above calculation were adapted 

as input for the (P)FeII−OH2 geometry-optimization. Geometry-optimization was carried 

out with S = 2 with spin restriction lifted. The input files, geometry-optimized 

coordinates, and frontier MO energies for the geometry optimizations of (P)FeIII−OH and 

(P)FeII−OH2 are given in Appendices B.4 and B.5, respectively. 
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Chapter VI 

Metal-centered PCET dyads employing 
MLCT excited states 
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VI.1.  Introduction 

Chapter V highlights the need in porphyrin-based metal-centered PCET dyads to 

match the photophysical properties of the photo-reductant to the demands of PCET at the 

(P)FeIII−OH subunit. Specifically, the photo-reductant must be long-lived enough to 

allow for the slow structural reorganization accompanying PCET at the FeIII−OH core, 

and the photo-reductant must not be susceptible to quenching by EET and ISC. These 

requirements suggest employing triplet rather than singlet photo-reductants. Triplet 

metal-to-ligand charge transfer (3MLCT) excited states of d6 transition metal polypyridyl 

complexes, particularly derivatives of [RuII(bpy)3]2+, have been used extensively as 

photo-reductants and photo-oxidants for ET investigations in supramolecular 

assemblies,1-4 modified proteins5,6 and DNA duplexes,5,7,8 and as sensitizers for 

 
Scheme VI.1. Hangman porphyrin architectures for studying metal-centered PCET reactions; a) 
(P)FeIII−OH →  (P)FeII−OH2, where a proton donor (Dp) and a photo-reductant are positioned 
orthogonally around the metal, and b) (P)FeIII−OH →  (P)FeIV=O, employing proton acceptor 
(Ap) and a photo-oxidant. 
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nanocrystalline solar cells.2,9,10 Indeed, 3MLCT excited states offer the possibility to 

trigger PCET reactions in both directions from (P)FeIII−OH; Scheme VI.1a represents the 

(P)FeIII−OH → (P)FeII−OH2 reaction that was explored in Chapter V, with a photo-

reductant and a hanging acid group positioned orthogonally around the FeIII−OH nexus, 

while Scheme VI.1b represents the reverse reaction - (P)FeIII−OH → (P)FeIV=O, affected 

by a photo-oxidant and a hanging base group. However, the lack of precedent for the 

photo-initiated PCET reactions in Scheme VI.1, and the difficulties described in Chapter 

V, suggests beginning with basic dyads that lack the Hangman appendage in order to 

assess the suitability of photo-oxidants and photo-reductants with minimal synthetic 

investment. This Chapter explores the photophysics of two such dyads. 

VI.2. A [(P)FeIII]−[OsII(bpy)3] dyad 

Chart VI.1 shows dyad DA3, which was synthesized by Joel Rosenthal and 

employs a derivatized [OsII(bpy)3]2+ photo-reductant coupled to the (P)FeIII subunit via a 

phenylene spacer. Note that the absence of an axial OH− ligand on the (P)FeIII subunit is a 

matter of synthetic expediency for a preliminary model since the three requisite 

counterions are not differentiated. 

Chart VI.1. 
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VI.2.1. Electronic properties of dyad DA3 

Compared with the 3MLCT excited state of [RuII(bpy)3]2+ (E1/2(RuII*/RuIII) = 

−0.76 vs. Ag/AgCl, based on an excited state energy of E0-0 = 2.03 eV11 and a ground 

state oxidation potential of E1/2(RuII/RuIII) = +1.27 V vs. Ag/AgCl, where Ru denotes the 

[RuII(bpy)3]2+ complex), the third row OsII analogue, offers a more favorable excited state 

oxidation potential, rendering it a more competent photo-reductant (E1/2(OsII*/OsIII) = 

−0.88 vs. Ag/AgCl, based on an excited state energy of E0-0 = 1.71 eV12 and a ground 

state oxidation potential of E1/2(OsII/OsIII) = +0.83 V vs. Ag/AgCl in MeCN13). The 

driving force for photo-induced ET in dyad DA3 (∆Go(ET) = −0.71 V) is obtained using 

equation II.2, combining the above quantities with the [(P)FeIII]+ reduction potential 

(E1/2((TPP)FeIII+/(TPP)FeII) = −0.25 V vs. Ag/AgCl, using the previously reported value 

for the non-coordinating SbF6 salt 14), and an electrostatic correction of ∆G(ε) = −0.08 eV 

(using equation II.3 based on donor and acceptor radii of r = 5 Å, and a D−A distance of 

dD-A = 15 Å for the solvent THF). 

 
Figure VI.1. Electronic absorption spectrum of dyad DA3 in MeCN (solid), along with 
representative constituent monomers (TMP)FeIII(Cl) in toluene (dashed), and [OsII(bpy)2(4-Me-
4’-COOH-bpy)][(PF6)2] in MeCN (dotted). 
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Figure VI.1 shows the electronic absorption spectrum of dyad DA3, along with 

spectra of representative constituent monomers. As expected, the absorption spectrum of 

the dyad closely resembles the sum of the monomer spectra; the intense peaks at λabs,max 

= 293 nm and λabs,max = 419 nm are attributed to a bpy-based π-π* transition in the Os 

complex (λabs,max = 291 nm in [Os(bpy)3]2+), and the porphyrin Soret band (λabs,max = 422 

nm in (TMP)FeIII(Cl)), respectively, while the peak at λabs,max = 500 nm is attributed 

largely to a d-π* MLCT transition in the Os chromophore (λabs,max = 485 nm in 

[Os(bpy)3]2+), in addition to the porphyrin Q0,1 band (λabs,max = 508 nm in 

(TMP)FeIII(Cl)). The higher energy MLCT band (λabs,max = 440 nm in [Os(bpy)3]2+) is 

buried beneath the porphyrin Soret band in the dyad, while the LMCT band at λabs,max = 

370 nm in (TMP)FeIII(Cl) is absent in the dyad since it lacks the axial Cl− ligand that 

gives rise to the transition.15 The weaker absorption tail extending to λ ~ 720 nm in DA3 

is a combination of the porphyrin Q0,0 band and CT absorptions, along with an Os-based 

d-π* absorption feature attributed to direct absorption into the 3MLCT state (as opposed 

to the spin-allowed 1MLCT transitions at λabs,max = 440 and 485 nm). This spin-forbidden 

triplet band is largely absent in [Ru(bpy)3]2+, and its presence in [Os(bpy)3]2+ is evidence 

of strong spin-orbit coupling facilitated by the 3rd row Os metal. 

Excitation into either of the π-π* or d-π* absorption bands in [Os(bpy)3]2+ is 

expected to lead to rapid (τ < 100 fs) population of the lowest energy 3MLCT excited 

state, as is the case in the exhaustively-studied [Ru(bpy)3]2+ analogue.16-19 The electron-

donating methyl substituents attached to the 4 and 4’ positions of the non-bridging bpy 

ligands in DA3 have a negligible effect on the oxidation potential of the complex, yet 

their perturbation is sufficient to break the symmetry of the MLCT excited state and 

localize the excited electron on the bridging bpy ligand, where it is poised to transfer to 

the acceptor.4 Figure VI.1 indicates that λexc ~ 270-310 nm or 440-500 nm are both 

appropriate excitation wavelength regions with which to generate the localized 3MLCT 

excited state in dyad DA3 while minimizing non-productive absorption into the (P)FeIII 

subunit. In the absence of quenching, the [Os(bpy)3]2+ monomer is weakly emissive 

(λem,max = 743 nm), with a lifetime of τ = 60 ns and quantum yield of Φem = 0.005 in 

MeCN.20 The low intensity of the emission and its lack of spectral overlap with the 

(P)FeIII subunits absorption diminishes the propensity for Förster EET in dyad DA3. 
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VI.2.2. Transient spectroscopy on dyad DA3 

Dyad DA3 is non-emissive, which is not surprising given the weak intensity of 

emission in the absence of additional quenching mechanisms. TA spectroscopy is 

required in order to assess the rate of quenching and identify the photoproducts. Figure 

VI.2 shows the TA kinetics for DA3 for λexc = 500 nm and λprobe = 450 nm (solid circles). 

This wavelength probes the expected bleach and recovery of the OsII-based MLCT 

absorption band, since it is absent in both the 3MLCT excited state and the putative OsIII-

bearing CS state. Comparison of (TMP)FeIII(Cl) and (TMP)FeII absorption spectra 

suggests that reduction of the (TMP)FeIII subunit will not contribute significant additional 

spectral changes in this wavelength range. Notwithstanding, the TA kinetics are 

described by a positive signal that decays monoexponentially to the baseline with a 

timescale of τ = 15(2) ps. The sign and lifetime of the TA kinetics are commensurate 

with the (P)FeIII excited state dynamics probed at this wavelength; indeed, 403-nm 

excitation of dyad DA3, which is overwhelmingly absorbed by the (P)FeIII chromophore, 

yields a virtually identical result. Figure VI.2 also shows the TA kinetics for DA3 with 

λexc = 500 nm and λprobe = 403 nm (open circles), which is a sensitive probe of the (P)FeIII 

subunit since it lies on the edge of the porphyrin Soret band. Again, the sign (a bleach), 

 
Figure VI.2. TA kinetics following 500-nm excitation of DA3 in MeCN with λprobe = 450 nm 
(solid) and 403 nm (open). Mono-exponential decay fits are also shown. 
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and lifetime (τ = 15(2) ps) of the observed TA kinetics are consistent with (P)FeIII excited 

state dynamics, despite the initial excitation being largely localized on the Os 

chromophore. The above TA experiments were also carried out with bpy π-π* excitation 

(λexc = 270 nm), yet the results were invariant. 

As described in Chapter V, the electronic structure of (P)FeIIIs can be altered upon 

axial ligation by strong-field ligands. Accordingly, TA experiments were carried out for 

DA3 in the presence of 0.13 M 1-MeIm. Under these conditions, a LS 6-coordinate bis-

Im species is strongly favored21 (in the absence of a sterically-demanding Hangman 

appendage), as evinced by the intensified Soret band, and a Q-band that emerges outside 

of the Os-based MLCT envelope (λabs,max ~ 550 nm), while the Os-derived absorption 

features remain unperturbed. TA kinetics measured under these conditions with λexc = 

500 nm and λprobe = 460 nm reveal neither a MLCT bleach nor porphyrin excited state 

dynamics; the only signal beyond the baseline is a sharp pump-probe cross-correlation 

peak at t = 0. Probing the porphyrin TA dynamics at λprobe = 403 nm reveals a bleach 

recovery on a timescale of τ = 12(1) ps. 

The series of TA experiments was repeated in THF in order to modulate the 

thermodynamics attendant to CS via the solvent dielectric constant (ε(THF) = 7.6, 

ε(MeCN) = 37). The observed TA dynamics were virtually super-imposable upon those 

recorded in MeCN, showing no evidence of MLCT bleaching that would be associated 

with OsII oxidation. Finally, TA was undertaken on a longer timescale (with the 

assistance of Steven Reece), with no evidence of any TA signal beyond the instrument-

limited t = 5-60-ns window (λexc = 266 nm / λprobe = 375-625 nm). 

In summary, the lack of Os-based MLCT bleaching in the series of TA 

experiments is inconsistent with the photo-induced ET reaction anticipated Scheme 

VI.1a. While 3MLCT excited states can frequently induce ET in both directions, in this 

case the 3MLCT excited state cannot oxidize (P)FeIII (∆Go = +0.62 V, based on a 

(TPP)FeIII(SbF6) oxidation potential of E1/2 = +1.19 V vs. Ag/AgCl,14 a [Os(bpy)3]2+ 

reduction potential of E1/2 = −1.22 V vs. Ag/AgCl,13 and E0-0 and ∆G(ε) as noted above). 

In the absence of other viable explanations, through-bond (i.e., Dexter rather then 

Förster) triplet energy transfer appears to be the most likely quenching mechanism, and 

the close contact between the two subunits adds plausibility this contention. As noted in 
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Chapter V, (P)FeIII species have a large density of potential acceptor states (which need 

not be bright states). Additionally, ultrafast triplet energy transfer has been previously 

invoked in tightly coupled molecular dyads of Osmium polypyridyl complexes.22,23 

While certainly consistent with the energy transfer mechanism, the assignment of (P)FeIII 

excited state dynamics in DA3 is not considered evidence in support of energy transfer 

since some degree of direct porphyrin excitation is unavoidable. 

VI.3. A [(P)FeIII−OH]−[ReI(bpy)(CO)3(CN)] dyad 

The proposed photo-induced PCET reaction shown in Scheme VI.1b must be 

carried out with a photo-oxidant with sufficient driving force to oxidize (TMP)FeIII−OH 

(E1/2((TMP)FeIII−OH/(TMP)FeIV=O) = +1.06 V vs. Ag/AgCl).24 Such challenging photo-

oxidations are typically carried out by the flash-quench method, where the oxidant 

(frequently a [RuIII(bpy)3]3+ derivative)5,25-27 is generated following bimolecular ET 

between an initial excited state (e.g. the 3MLCT excited state of [RuII(bpy)3]2+) and a 

sacrificial oxidant (e.g. [CoIII(NH3)5Cl]2+ 25). The temporal window afforded is by this 

approach is confined to diffusional timescales, however, eliminating the need for an 

external quencher requires highly oxidizing and long-lived excited states. Accordingly, 

the photophysics of ReI(bpy)(CO)3X complexes have been extensively studied,28-43 and 

the enhanced oxidizing power of their 3MLCT excited states has recently enabled their 

application as intramolecular photo-oxidants.42,43 Dyad DA4 (Chart VI.2) is comprised of 

a ReI(bpy)(CO)3(CN) photo-oxidant attached to a (P)FeIII−OH subunit, and was 

synthesized by Dr. Deqiang An. 

 

Chart VI.2. 
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VI.3.1. Electronic properties of dyad DA4 

Compared with the polypyridyl complexes of RuII and OsII discussed above, the 

MLCT excited states of ReI(bpy)(CO)3(CN) lie at significantly higher energy, owing to 

presence of electron-withdrawing CO ligands. The luminescence spectrum of the 

ReI(bpy-phen)(CO)3(CN) monomer (bpy-phen = 4-phenyl-2,2’-bipyridine, λem,max = 605 

nm) is used to estimate the 3MLCT excited state energy (E0-0 = 2.38 eV) based on the 

blue-edge energy at 10 % of the emission intensity - an empirical rule-of-thumb rooted in 

typical Franck-Condon parameters for metal polypyridyl complexes.44 The bpy-based 

reduction of the Re monomer occurs at E1/2(ReI/ReI•−) = −1.20 V vs. Ag/AgCl (where ReI 

denotes ReI(bpy-phen)(CO)3(CN), and the proton-coupled (P)FeIII−OH oxidation at 

E1/2((TMP)FeIII−OH/(TMP)FeIV=O) = +1.06 V vs. Ag/AgCl).24 When combined with an 

electrostatic correction of ∆G(ε) = −0.03 eV (using equation II.3 based on donor and 

acceptor radii of r = 5 Å, and a D−A distance of d = 15 Å for the solvent MeCN), 

application of equation II.2 indicates a driving force for photo-induced PCET (in the 

direction of Scheme VI.1b) of ∆Go(PCET-b) = −0.15 V. Interestingly, there also exists 

driving force for photo-induced PCET in the direction of Scheme VI.1a in the same dyad; 

∆Go(PCET-a) = −0.09 V, based on the published proton-coupled (P)FeIII−OH reduction 

at E1/2((TMP)FeIII−OH/(TMP)FeII−OH2) = –0.81 V vs. Ag/AgCl),45 the metal-based 

oxidation potential of the ReI(bpy-phen)(CO)3(CN) complex ((Ep(ReI/ReII) = +1.51 V vs. 

Ag/AgCl), and the E0-0 and ∆G(ε) values noted above. This raises the intriguing 

possibility that metal-centered PCET reactions could be photochemically poised to 

proceed in either direction (Scheme VI.1 a and b) upon the same ET platform, with the 

direction ultimately determined by coupling to PT and the nature of the hanging acid or 

base group. 

Figure VI.3 shows the electronic absorption spectra of dyad DA4, along with 

those of its constituent monomers. The absorption spectrum is dominated by the 

porphyrin Soret band at λabs,max = 416 nm, while the bpy-based π-π* transition appears at 

λabs,max = 291 nm. The λ = 300-400-nm region features a combination of these peaks, in 

addition to the LMCT transition of the (P)FeIII−OH subunit (λabs,max = 320 nm), and the 

MLCT transition of the ReI(bpy-phen)(CO)3(CN) subunit (λabs,max = 370 nm). The 

porphyrin Q0,1 band appears unobscured at λabs,max = 573 nm. 
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Excitation of the ReI(bpy-phen)(CO)3(CN) monomer into the MLCT absorption 

band results in luminescence with an 3MLCT excited state lifetime of τ = 195 ns and a 

quantum yield of Φ = 0.021 in de-aerated MeCN. Unlike the Os complex described 

above, the emission spectrum does overlap with the Q-band region of the (P)FeIII−OH 

subunit; application of equation V.1 indicates a Förster EET rate of kEET = 1.4 × 108 s−1 in 

dyad DA4, using input parameters of J(λ) = 3.42 × 1014 M–1 cm–1 nm4, ΦD = 0.021, τD = 

195 ns, r = 13 Å, κ2 = 2/3, and using a solvent refractive index of η = 1.34 (MeCN). 

Direct MLCT excitation is not practical in dyad DA4 since the optical density in 

the λ = 340-400-nm region is predominantly (> 80 %) associated with the porphyrin 

chromophore (Figure VI.3). Notwithstanding, population of the higher-energy π−π* state 

results in rapid formation of the lowest energy 3MLCT state, as described for other d6 

metal polypyridyl complexes above. The electronic absorption spectra show that the bpy-

based π−π* transition dominates (> 60 %) the optical density of DA4 in the λ = 270-300-

nm region. In contrast to the ReI(bpy-phen)(CO)3(CN) monomer, no emission is observed 

from DA4 following 270-nm excitation, meaning that TA spectroscopy is required in 

order to define the photophysics following excitation of DA4. 

 
Figure VI.3. Electronic absorption spectrum of dyad DA4 in MeCN (solid), along with 
constituent monomers (TMP)FeIII−OH in toluene (dashed), and ReI(bpy-phen)(CO)3(CN) in 
MeCN (dotted). 
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VI.3.2. TA spectroscopy of dyad DA4 

TA spectroscopy on DA4 was undertaken using λexc = 270-nm with the aim of 

accessing the 3MLCT state via the more prominent π−π* absorption band. Figure VI.4 

shows TA kinetics collected with λprobe = 404 nm (open), where PCET (i.e., Scheme 

VI.1b) would be characterized by a positive ∆OD signal in accordance with the 

intensified Soret band of (P)FeIV=O species compared with the (P)FeIII−OH 

precursor.46,47 Notwithstanding, a negative ∆OD signal is observed; the signal largely 

recovers by a mono-exponential decay function with a time constant of τ = 19(2) ps, and 

a negative baseline offset remains on the timescale of this experiment. The observed TA 

profile closely resembles that of the (TMP)FeIII−OH monomer (λexc = 269 nm and λprobe = 

404 nm), making it unreasonable to attribute to anything other than photophysics 

associated with direct excitation of the porphyrin subunit of DA4 (~40 % of the 

excitation light is absorbed by the porphyrin at this wavelength). Figure VI.4 also shows 

the TA kinetics for λprobe = 575 nm (solid), where a Q-band bleach would accompany the 

transformation of the (P)FeIII−OH subunit to either (P)FeII−OH2
48 or (P)FeIV=O46 species 

(i.e., Scheme VI.1a and b, respectively). Nevertheless, a positive decaying signal is 

observed, with a timescale commensurate with (P)FeIII−OH excited state relaxation (τ = 

 
Figure VI.4. TA kinetics following 270-nm excitation of DA4 in MeCN with λprobe = 575 nm 
(solid) and 404 nm (open). Mono-exponential decay fits are also shown. 
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17(2) ps) and a positive baseline offset. No signal other than a cross-correlation spike at t 

= 0 was observed at λprobe = 460 nm (where a bleach would accompany reduction of the 

(P)FeIII−OH subunit),48 or λprobe = 675 nm (where an absorption growth would 

accompany formation of a (P•+)FeIII−OH species, which has been found to precede 

(P)FeIV=O formation in reconstituted myoglobin systems).26 The fact that TA signals at 

λprobe = 404 and 575 nm do not fully return to the baseline during the timescale probed 

suggests that experiments on a longer timescale might be required to capture PCET 

dynamics. 

Figure VI.5 shows the TA spectrum obtained (with the assistance of Steven 

Reece) for a t = 5-60 ns window following a 5-ns, 266-nm excitation pulse (solid line). 

The spectrum is dominated by an intense sigmoidal feature that is indicative of a red-

shifted porphyrin Soret band from λabs,max = 416 nm to 433 nm. Weaker absorption 

features reminiscent of porphyrin Q-bands (λabs,max ~ 530 and 580 nm) are also 

discernable in the visible absorption tail. The TA spectrum persists into the longest 

measurable (~ms) timescale. 

 
Figure VI.5. TA spectrum of dyad DA4 in MeCN for a t = 5-60 ns window following a 5-ns, 
266-nm excitation pulse (solid line), and the difference in ground state absorption spectra after
and before the ns TA experiment (dotted; scaled to the initial peak extinction coefficient). 
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Electronic absorption spectra taken periodically throughout the course of TA 

experiments (on both sub-ps and ns laser systems) reveal that the samples undergo 

irreversibly photochemistry. Figure VI.5 shows a difference spectrum (dotted line); an 

electronic absorption spectrum taken prior to laser exposure is subtracted from the 

electronic absorption spectrum recorded after the same sample was exposed to ~2 × 104 

shots of 266-nm laser excitation (~500 µJ/pulse). The difference spectrum features an 

intense peak at λabs,max = 424 nm, and weaker absorption features at λabs,max = 545 and 600 

nm; bearing considerable resemblance to the TA spectrum (solid line), with features 

characteristic of a shifted porphyrin absorption spectrum. Note that the TA spectrum 

appears to be positively offset, which is probably a consequence of the observed solid 

deposition on the cell window at the point of laser incidence. These observations suggest 

that UV-excitation causes irreversible photochemistry that is associated with the 

(P)FeIII−OH subunit. 

In order to determine whether the observed changes follow from photo-induced 

PCET from the ReI(bpy-phen)(CO)3(CN) subunit, versus direct photolysis of the 

porphyrin, corresponding ns TA experiments were undertaken for the (TMP)FeIII−OH 

 
Figure VI.6. TA spectrum of (TMP)FeIII−OH in MeCN for a t = 5-60 ns window following a 5-
ns, 266-nm excitation pulse (solid line), and the difference in ground state absorption spectra after
and before the ns TA experiment (dotted; scaled to the initial peak extinction coefficient).
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monomer. The TA spectrum in Figure VI.6 also has a sharp sigmoidal feature indicative 

of a Soret band that shifted from λabs,max = 416 nm to 431 nm, and a much weaker feature 

in the Q-band region (λabs,max ~ 540 nm) is barely discernable above the noise. The TA 

spectrum also persists into the longest measurable (~ms) timescale, and bears a close 

resemblance to the difference spectrum for irreversible photolysis over the course of the 

~2 × 104-laser shot (~500 µJ/pulse, λexc = 266 nm) TA experiment (also shown in Figure 

VI.6; featuring a red-shifted Soret band λabs,max = 421 nm, and weaker features in the Q-

band region (λabs,max ~ 540 and 605 nm). While the porphyrin monomer TA spectrum is 

not identical to that of DA4, most notably in the λ = 440-500-nm region, their overall 

resemblance suggests that direct excitation of the (P)FeIII−OH chromophore could 

account for most of the observed features in the ns TA spectrum of DA4. Secondly, the 

similarity between the TA and photolysis spectra indicates that irreversible 

photochemistry dominates the observed TA and photolysis spectra; most likely photo-

induced •OH ligand loss and subsequent radical decomposition pathways following 

LMCT excitation of (P)FeIII−OH. LMCT-induced ligand homolysis and ensuing radical 

reactivity has precedent in closely-related (P)FeIII(Cl) systems.49-51 

 

 
Figure VI.7. TA spectrum of ReI(bpy-phen)(CO)3(CN) in MeCN for a t = 20 ps window 
following 100-fs, 270-nm excitation. 
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Since > 60 % of the optical density of DA4 at λexc = 266-nm (or 270-nm) is 

localized in the π−π* transition of the Re chromophore, excitation presumably still 

initiates other dynamics, albeit spectrally obscured by (P)FeIII−OH photolysis. 

Accordingly, benchmarks were sought by undertaking TA spectroscopy on the 

ReI(bpy-phen)(CO)3(CN) monomer with UV excitation. Figure VI.7 shows the 

resulting TA spectrum at t = 20 ps, capturing the rapidly formed 3MLCT state. The 

spectrum is comprised of two absorption peaks (λabs,max = 384 and 527 nm), and is 

invariant over the 5-ns timescale of this experiment, consistent with the 195-ns 
3MLCT lifetime measured by TE spectroscopy. However, the TA signal and 

emission intensity diminishes during the course of an experiment. Comparison of 

electronic absorption spectra taken before and after TA experiments (Figure VI.8) 

reveal considerable irreversible photolysis; the well-defined MLCT absorption band 

(λabs,max = 370 nm) is bleached, and a featureless absorption tail extends beyond λ = 

600 nm. On the other hand, direct excitation into the MLCT absorption band (e.g. 

λexc = 355 nm) does not lead to any noticeable photolysis. The spectral shifts 

observed appear to be consistent with photo-induced CO ligand loss, which has been 

characterized previously in ReI(bpy)(CO)3L derivatives.39 Removal of an electron-

 
Figure VI.8. Electronic absorption spectrum of ReI(bpy-phen)(CO)3(CN) in MeCN (solid line) 
compared with that of the same sample after ~20 minutes of 270 nm laser excitation (dotted line).
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withdrawing CO ligand decreases the electron affinity of the ReI center, hence the 

red-shifted MLCT absorption band. The mechanism is thought to involve population 

of triplet ligand-field excited states that lie between the π−π* and MLCT excited 

states and are repulsive in a Re−CO bonding coordinate.39   

VI.4.  Concluding remarks 

This chapter described the photophysics of two dyads that were designed to 

survey potential platforms for studying metal-centered PCET. Foremost among the model 

system requirements was the employment of long-lived 3MLCT excited states for photo-

inducing PCET reactions. In the case of dyad DA3, selective excitation of the OsII(bpy)3 

chromophore results in rapid quenching, however transient spectral changes cannot not 

be attributed to ET, even when the Fe(III) center attains a LS electronic configuration in 

the presence of 1-MeIm. Triplet EET is the most feasible quenching mechanism in DA3. 

In the case of dyad DA4, the weak intensity of the Re-based MLCT absorption band 

(since there is only one bpy ligand) means that the porphyrin subunit dominates the 

absorption spectrum except in the UV region where the Re-based π−π* transition can be 

selectively excited. However, TA measurements reveal that both subunits undergo 

considerable photolysis (attributed to ligand loss) when ~270-nm excitation is employed, 

effectively undermining attempts to interpret the photo-induced PCET reaction that 

presumably also contributes to the TA dynamics. 

The difficulties in managing the photophysics of dyads DA3 and DA4 preclude 

their extension as PCET model systems. In light of these setbacks, the flash-quench 

method should be reconsidered because adequately oxidizing or reducing centers are 

easily generated with relaxed demands on the primary excited state photophysics, yet 

concerns about the timescale constraint of this method may not eventuate if PCET is 

sufficiently slow. Additionally, problems associated with the intense absorption of the 

metalloporphyrin could be alleviated by replacing it with a less-absorbing ligand set and 

metal-based PCET couple, such as a MnIII−OH salen or RuIII−OH(tpy)(bpy) derivative. 
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VI.5. Experimental Section 

VI.5.1. Materials 

Dyad DA3 was synthesized and characterized by Joel Rosenthal according to the 

procedure that is described in Reference 52. Dyad DA4 and the corresponding ReI(bpy-

phen)(CO)3(CN) monomer were synthesized by Deqiang An; briefly, the monomer was 

synthesized by reacting 4-(4-bromophenyl)-2,2’-bipyridine with ReI(CO)5(Cl), followed 

by anion exchange with NaCl. The dyad was synthesized by coupling of  

4-(4-bromophenyl)-2,2’-bipyridine with the meso-substituted boronic ester derivative of 

(TMP)ZnII, followed by reaction with ReI(CO)5(Cl), demetalation of Zn with HCl, anion 

exchange with NaCl, metalation of the porphyrin with FeIIBr2, and alkaline workup. The 

monomer and dyad were characterized by 1H NMR spectroscopy and HRMS. All 

solvents used were distilled, and those employed for spectroscopy were of spectroscopic 

grade and were dried using standard methods and stored under high-vacuum.53 1-MeIm 

was purchased from Sigma-Aldrich and used as received. 

VI.5.2. Electrochemistry 

Electrochemical experiments were performed in essentially the same way as 

described in Chapter II (Section II.8.2), Measurements were carried out in MeCN with 

0.1 M TBAPF6 as the supporting electrolyte. The solution in the working compartment of 

the cell was de-aerated by an Argon stream. Background cyclic voltammograms of the 

electrolyte solution were recorded prior to addition of the solid sample. 

VI.5.3. Spectroscopy 

Steady-state spectroscopy 

Absorption spectra were obtained using a Spectral Instruments 440 Series 

spectrophotometer. Steady-state emission spectra were recorded on an automated Photon 
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Technology International Inc. QM 2001-4 fluorimeter that is equipped with a 150-W Xe 

arc lamp and a Hamamatsu R928 photomultiplier tube. 

The emission quantum yield for ReI(bpy-phen)(CO)3(CN) (Φsam) was determined 

using [Ru(bpy)3](PF6)2 as the actinometer reference in an identical measurement 

configuration as the sample according to 
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where Φref is the emission quantum yield of the Ru(bpy)3
2+ reference taken to be 0.062 in 

MeCN,54 A is the measured absorbance at λexc = 380 nm (set to be A380 ~ 0.1 for both 

sample and reference), η is the solvent refractive index (ηMeCN = 1.34), and I is the 

integrated emission intensity. Samples for quantum yield measurements were subject to 

at least five freeze-pump-thaw cycles at ~10−6 Torr. 

 

Transient spectroscopy 

Picosecond TE and TA measurements were performed at room temperature on a 

chirped pulse amplified Ti:sapphire laser system that is described in Appendix A.1. 

Samples for TA experiments were contained within a 2-mm pathlength clear fused-quartz 

cell, with an optical density of OD ~ 0.5-1.0 at the excitation wavelength. TA 

experiments were carried out in essentially the same manner as described in Chapter II 

(Section II.8.3). In this case, the 810-nm output beam was split, with the majority 

component frequency-upconverted to produce 100-fs excitation pulses of the desired 

wavelength in an OPA (or frequency-tripled in a tripler (Spectra-Physics TP-1A) to 

produce λexc = 270-nm excitation in many cases). A minor component of the 810-nm 

beam was focused on a sapphire or CaF2 substrate to generate a visible continuum probe 

pulse, or simply frequency-doubled to generate a ~400-nm probe. The excitation power 

was attenuated to ~2 µJ/pulse and focused in the sample to overlap co-linearly with the 

probe beam, which was polarized at the magic angle (θm = 54.7°) relative to the 

excitation beam. For single wavelength kinetic measurements, the optical delay line 

repeatedly sampled a series of ~70-90 delay times, the probe beam was spectrally 
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resolved in the spectrometer, a single wavelength selected, and the signal measured on a 

photodiode and amplified with a lock-in amplifier at the 500-Hz excitation frequency. 

TE measurements were undertaken using a Hamamatsu C4334 Streak scope that 

is also described in Appendix A.1. Samples for TE measurements were subject to at least 

five freeze-pump-thaw cycles at ~10−6 Torr. In the case of the ReI(bpy-phen)(CO)3(CN) 

monomer, 405-nm MLCT excitation was used, the excitation power was attenuated to 

~200 nJ/pulse, the emission was collected from λ = 520-660 nm with a 1-µs timebase, 

and the emission peak was integrated for fitting. 

The laser system used for nanosecond TA spectroscopy is described in Appendix 

A.2. In this study, the fourth harmonic (λexc = 266 nm) of the Nd:YAG was used as an 

excitation source. The 5-ns output pulses were delivered to sample at 20 Hz, with 

energies of ~200 µJ/pulse. A 55-ns window of the ICCD camera was examined from t = 

5-60 ns, and 2000 shots were averaged in each case. Transient spectra were collected on 

samples at 298 K over a wavelength range of λprobe = 375-625 nm. Single wavelength TA 

kinetics were detected with photomultiplier tube (PMT) attached to the monochromator, 

and the output collected and averaged with a 1 GHz oscilloscope (LeCroy 9384CM). 
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VII.1. Introduction 

High-valent transition metal oxo species are believed to be key intermediates in 

many energy-converting reactions in Nature. In addition to their importance to the 

interconversions of water and oxygen described in Chapter I,1-3 terminal transition metal 

oxo’s undergo OAT to various substrates in biological transformations,4-6 as well as 

organic7-9 and inorganic10,11 synthesis and oxidation catalysis. For these reasons, OAT 

from terminal transition metal oxo’s continues to be the target of mechanistic 

investigations.12-18 

Several synthetic examples of heme19-26 and non-heme27,28 terminal iron oxo’s 

were described in Chapter I, and OAT reactivity was demonstrated with nucleophilic 

substrates like Ph3P and olefins. The iron oxo species were generated using highly 

oxidizing external oxygen atom sources, therefore kinetic resolution of the ensuing OAT 

reactivity is limited by the preceding bimolecular reactions. An alternative strategy is to 

prepare the terminal transition metal oxo photochemically - using photonic energy to 

rapidly generate the reactive terminal oxo intermediate from a stable precursor that 

already contains a metal oxygen bond. In the case of iron porphyrins, the thermodynamic 

resting state of an iron oxo is often in the form of a diiron(III) µ-oxo bisporphyrin dimer. 

Indeed, the observation of FeIV=O porphyrins requires bulky mesityl substituents on the 

porphyrin periphery in order to obviate formation of the µ-oxo dimer.19,29,30 

Diiron(III) µ-oxo bisporphyrins are known to undergo photo-induced OAT to 

electron-rich substrates such as Ph3P without the need for an external co-reductant.31-39 

The general cycle utilizes a photon to cleave the thermally-inert µ-oxo bonds to produce 

a terminal FeIV=O porphyrin, which is capable of oxygenating substrate with the 

concomitant formation of two equivalents of reduced FeII porphyrin. Reaction of the two 

separate ferrous porphyrin subunits with O2 reforms the diiron(III) µ-oxo complex for re-

entry into a catalytic cycle. However, the low photolysis quantum yields suggests that 

OAT from the photo-generated terminal oxo intermediate is impeded by (i) reclamping to 

regenerate the diiron(III) µ-oxo pre-catalyst, and/or (ii) steric hindrance of the incoming 

substrate by the ferrous porphyrin subunit, as illustrated in Scheme VII.1 below. 
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Translating quantum yield measurements into photo-induced OAT kinetics 

requires that these two factors be distinguished. To this end, this Chapter describes TA 

measurements that directly probe the generation and subsequent fate of the photo-

generated FeIV=O porphyrin species. These studies are extended to include a series of 

cofacial bisporphyrins bearing an external pillar that exerts control over both the 

reclamping rate and the interporphyrin cleft size. TA measurements that directly probe 

the active form of these so-called Pacman porphyrins provide a quantitative kinetic 

framework through which to interpret photo-induced OAT. 

VII.2. Electronic spectroscopy and photophysics of 

diiron(III) µ-oxo bisporphyrins 

VII.2.1. Ground state electronic absorption spectroscopy 

Figure VII.1 shows the electronic absorption spectrum of (E-P)2Fe2O (diiron(III) 

µ-oxo bis(Etio-I porphyrin). Four prominent absorption features dominate the spectrum 

with three corresponding to the characteristic absorptions of the porphyrin macrocycle: a 

Soret band at λabs,max = 395 nm and Q-bands appear at λabs,max = 565 and 590 nm. The 

absorption of particular relevance to this study is the ligand-to-metal charge transfer 

(LMCT) absorption at 360 nm, which has unambiguously been assigned from a study of 

the halide dependence of the absorption energy maximum of the (TPP)Fe(X) series.40 For 

 
Scheme VII.1. The postulated kinetic impediments to photo-induced OAT in diiron(III) µ-oxo 
bisporphyrins; (i) reclamping to regenerate the diiron(III) µ-oxo precatalyst, and/or (ii) steric 
hindrance of the incoming substrate by the ferrous porphyrin subunit. 
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the porphyrins that are the subject of this study, the LMCT parentage is the µ-oxo ligand. 

Also shown in Figure VII.1 is the electronic absorption spectrum of [(E-P)FeIII]SbF6, 

confirming that the LMCT band is absent when a non-coordinating counterion balances 

the charge of the (P)FeIII. Consistent with this assignment, the action spectrum for OAT 

photocatalysis tracks the LMCT absorption and not those of the Soret or Q-bands.41 The 

assignment is further supported by the observation that the 360-nm absorption is absent 

from spectra of the stoichiometric photochemical reaction, in which the oxygen atom is 

removed from the porphyrin cleft by substrate.38,39 

VII.2.2. TA spectral characterization of the transient intermediate 

Figure VII.2 shows a TA spectrum of (E-P)2Fe2O obtained t = 20 ps after 

excitation into the LMCT band. Transient bleaches in the Q-band region (λ = 565 and 

590 nm) as well as in the Soret band region (λ = 450 nm), are complemented by a broad 

TA feature at λ = 510 nm. The spectrum is consistent with the results obtained by 

Rentzepis’ study of (TPP)2Fe2O.42 The observed spectrum is attributed to a single 

Figure VII.1. (a) Electronic absorption spectra of (E-P)2Fe2O (solid) and two molar equivalents 
of [(E-P)FeIII]SbF6 (dashed) in dry benzene. (b) (E-P)2Fe2O 
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transient species because: (1) ns TA spectroscopy shows no evidence of transient species 

on longer timescales (t = 10-250 ns); and (2) the transient signal returns to a ∆OD = 0 

baseline with a monoexponential decay (vide infra) within t ~ 5 ns of the excitation pulse.  

 
Figure VII.2. TA spectrum of (E-P)2Fe2O at t = 20 ps after the 100-fs, 405-nm excitation pulse. 

 

 
Scheme VII.2. Two chemically feasible photoproducts resulting from LMCT excitation. 
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The nature of the transient species is consistent with a photoproduct of LMCT 

excitation. It occurs on too long a timescale to be associated with dynamics events such 

as intramolecular or intermolecular (solvent-coupled) vibrational cooling (τ = sub-ps 

timescales43-47), iron porphyrin excited state decay (τ < 6 ps48) or LMCT excited state 

decay prior to bond cleavage (< ps42,43). Two chemically feasible photoproducts resulting 

from LMCT excitation are shown in Scheme VII.2. Transient spectroscopic studies 

confirm that a dissociated (TPP)FeII / (TPP)FeIV=O pair prevails for the photo-activation 

of diiron(III) µ-oxo bisporphyrins.32,36,49 Transient Raman studies of photo-excited 

(TPP)2Fe2O show a pronounced stretching vibration at ν = 852 cm–1 in the resonance 

Raman spectrum. Isotope labeling experiments of independently prepared (TPP)FeIV=O 

confirms the assignment of this signature band to ν(FeIV=O).49 No band is observed at ν 

~ 600 cm–1, which is the frequency expected for a ν(FeIII–O–) stretching vibration, based 

on a force constant of 3.80 mdyn/Å for a Fe–O single bond (as compared with 5.32 

mdyn/Å50 for the double bonded (TPP)FeIV=O species).50-54 

Secondly, the transient difference spectrum in Figure VII.3 is consistent with the 

production of a (P)FeII / (P)FeIV=O pair based on electronic absorption spectra of 

constituent model compounds. Figure VII.3 shows the TA spectrum of the observed 

photoproduct compared with a difference spectrum generated by adding the electronic 

absorption spectra of independently generated (P)FeII and (P)FeIV=O subunits and 

subtracting that of (E-P)2Fe2O. There is an excellent correspondence between the 

observed and reconstituted spectra in the λ = 470-620-nm region. The divergence at λ < 

470 nm is the inevitable result of an imperfect spectra comparison; a (P)FeIV=O 

electronic absorption spectrum could not be obtained for E-P, rather the TMP macrocycle 

was employed in order to preclude the formation of a µ-oxo dimer. Consequently, the 

~20-nm red-shifted Soret band of the TMP compared with E-P is manifest in an increased 

absorption in the 425-nm region. 

Finally, photo-excited diiron µ-oxo compounds are competent oxidants of 

triphenyl- and alkylphosphines, dialkyl sulfides, and cycloalkenes;38,39 in all cases, the 

oxidation reactivity of these substrates is known to be promoted by ferryl19,36,55 We 

therefore conclude that the transient intermediate responsible for the signal in Figure 

VII.2 is composed of ferryl and ferrous subunits. 
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VII.2.3. Electronic structure of the transient iron(IV) oxo 

intermediate 

Figure VII.4 shows the MO’s of d-orbital parentage obtained from a geometry-optimized 

DFT electronic structure calculation on (P)FeIV=O in C4v symmetry. The atomic 

coordinates of the geometry-optimized structure are given in Appendix B.7. The 

tetragonal ligand field of the heme-oxo leads to the classic metal-ligand multiple bond d-

orbital splitting diagram of a lowest energy, singly-degenerate b2g(dXY) orbital and 

energetically proximate doubly-degenerate eg(dXZ,dYZ) orbital set, which is able to 

establish an antibonding interaction with the oxygen p orbitals. The net OAT reaction of 

FeIV=O porphyrins (Compound II-type reactivity) is thought to proceed by ET, 

mechanistically distinct from an authentic oxygen transfer of FeIV=O porphyrin cation 

radicals (Compound I-type reactivity). In either case, however, the rate-limiting step 

involves attack of the ferryl oxygen on the substrate,56 which can best access the (Fe)–

 
Figure VII.3. TA spectrum of (E-P)2Fe2O at t = 20 ps after the 100-fs, 405-nm excitation pulse 
(solid) compared with a difference spectrum generated by adding the electronic absorption
spectra of independently generated (P)FeII and (P)FeIV=O subunits and subtracting that of 
(E-P)2Fe2O. 
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p(O) π* orbital by a side-on approach. Mechanistic studies confirm that oxygen transfer is 

preferred for the side-on approach of substrate to terminal metal-oxygen bonds.12-18 The 

prevalence of (P)FeIV=O vs. [(P)FeIII−O]– upon LMCT excitation is consistent with 

stereoelectronic requirements for subsequent OAT reactivity. For the case of the d4 

electron count of ferryl the dXZ and dYZ orbitals of the eg set are singly occupied, thus 

allowing for attack at the metal-oxo bond by nucleophilic substrates such as sulfides, 

phosphines, phosphites and olefins. Conversely, this HOMO(substrate)-LUMO(heme-

oxo) interaction would be obviated by the d6 electron count of the heme-oxide. 

 
Figure VII.4. MO’s of d-orbital parentage obtained from a DFT electronic structure calculation
on (P)FeIV=O in C4v symmetry. The tetragonal ligand field of the iron-oxo leads to the classic 
metal-ligand multiple bond d-orbital splitting diagram shown. Nucleophiles attack the degenerate 
dYZ- and dXZ-derived orbitals via side-on approach to the oxygen atom. 
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VII.2.4. Dynamics of the transient intermediate 

The kinetics for opening and reclamping of the bisporphyrin cleft in the absence 

of substrate were ascertained from the temporal profiles of single wavelength TA signals. 

Figure VII.5 shows the traces for ∆OD of (E-P)2Fe2O as a function of time for the TA at 

λprobe = 520 nm and the transient bleach at λprobe = 565 nm. As mentioned above, the TA 

signal for the “open” state of the bisporphyrin appears quickly, certainly within 20 ps of 

excitation, however the opening kinetics are convoluted with other photophysical 

processes occurring on similar timescales. The rate constant for reclamping is given by 

kreclamp = 1/τo, where τo is the lifetime of the transient intermediate. The decay kinetics 

are well-behaved; exhibiting monoexponential fits (τo = 0.97(3) ns), wavelength-

independent time constants, and completely returning to baseline. No signal is seen 

beyond t = 5 ns, confirming that irreversible photochemistry does not occur in the 

absence of substrate. Ground state electronic absorption spectra taken over the course of 

several hours of laser exposure show no change, consistent with control photolysis 

experiments in the absence of substrate.38,39,42 Moreover, rate constants do not exhibit a 

power dependence, although the upper limit for this experiment was constrained to 2 

 
Figure VII.5. ∆OD as a function of time for (E-P)2Fe2O following a 100-fs, 405-nm excitation 
pulse in the absence of a substrate. The probe wavelengths were λprobe = 520 nm (solid) and λprobe

= 565 nm (open). 
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µJ/pulse owing to the occurrence of thermal lensing at excess powers. This result 

establishes that the opening and reclamping processes are triggered by the absorption of a 

single photon. Importantly, the lack of power dependence (in addition a lack of 

concentration dependence) in reclamping rates also establishes that it is a pseudo 

intramolecular process – the photo-activated porphyrin subunits do not escape each other 

before reclamping within ~1 ns. This finding also confirms that rapid reclamping is 

indeed a significant constraint to OAT from the transient oxo, as postulated in Scheme 

VII.1, and it directly contradicts previous assumptions made in modeling (TPP)2Fe2O 

photo-oxidation kinetics.32 

VII.3. Pacman porphyrins 

The preferred side-on approach of substrate may be achieved when a single bridge 

spans the two cofacial porphyrins. Two bridged cofacial porphyrins were known previous 

to our studies – cofacial porphyrins anchored to anthracene (diporphyrin anthracene, 

DPA) and biphenylene (diporphyrin biphenylene, DPB).57-70 The cofacial macrocycles 

for DPA, DPB systems are in van der Waal contact and exhibit little vertical flexibility 

(~1 Å) thus impeding substrate access to the terminal oxo. We have extended our studies 

 
Scheme VII.3. The Pacman effect: The cofacial porphyrin cleft is pre-sprung to splay open upon 
photocleavage of the Fe−O bond. The expanded cleft means; (i) slower reclamping to regenerate
the diiron(III) µ-oxo precatalyst, and (ii) unimpeded access for the incoming substrate. 
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on diiron µ-oxo bisporphyrins to include a series of so-called Pacman porphyrins that 

bear an external pillar to exert control over both the reclamping rate and the 

interporphyrin cleft size. The Pacman effect should favor OAT from the transient 

(P)FeIV=O intermediate, as shown in Scheme VII.3. 

In our design of the Pacman porphyrins shown in Chart VII.1, the tension of the 

cofacial pocket is systematically tuned by the rigidity and span of the bridge, and with 

meso-substitution opposite the bridge. The flexible ether linkage in diporphyrin 

diphenylether (DPP) is expected to exert little mechanical control over the two porphyrin 

subunits compared with the unbridged bisporphyrin. Conversely, the more rigid xanthene 

spacer in diporphyrin xanthene (DPX) constrains the porphyrins’ vertical and lateral 

Chart VII.1. 
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flexibility. Meso-substitution of 2,6-dimethoxyaryl groups opposite to a xanthene bridge 

(in DPXM) introduces tension to the cofacial pocket due to steric clashing of the aryl 

groups. The cofacial bisporphyrin bearing a dibenzofuran spacer (DPD) is strongly 

spring-loaded due to the splayed angle preferred by the dibenzofuran spacer. 

The metal-metal distances in each of the diiron µ-oxo species with available X-

ray crystal data are nearly identical (dM–M = 3.50 Å for (DPX)Fe2O,71 3.489 Å for 

(DPXM)Fe2O,72 and 3.504 Å for (DPD)Fe2O),74,38 highlighting the stability and rigidity 

of the Fe2O core. The µ-oxo core metrics are accommodated by severe structural 

distortion of the bridge and porphyrin macrocycles in the case of (DPXM)Fe2O and 

(DPD)Fe2O. The degree of distortion can be quantified by comparing the M−M distances 

for the Fe2O complexes with those obtained for Zn(II)2 complexes in which the absence 

of a bridging µ-oxo ligand allows the cofacial pocket to relax. The M−M distance of the 

DPX pocket varies little upon release of the diiron µ-oxo core (∆dM–M(relaxed–clamped) 

= 0.208 Å),73,38,71 whereas steric clashing of the dimethoxyaryl substituents in DPXM 

serve to pry open the cleft (∆dM–M = 2.424 Å).72 The splayed preference of the 

dibenzofuran spacer imposes even more exceptional vertical flexibility on the cofacial 

cleft (∆dM–M = 4.271 Å for DPD).74,38 Photocleavage of the Fe2O bond of the DPD 

platform (and to a lesser extent in DPXM) therefore leads to significant relaxation of the 

cofacial cleft, suggesting the ‘spring-loaded’ description of these bisporphyrins. 

Correspondingly, the microscopic reverse of the spring reaction demands that 

tensely clamped porphyrin pockets reform. The ability of the spring-loaded Pacman 

porphyrins shown in Chart VII.1 to impede reclamping of the photo-generated (P)FeII / 

(P)FeIV=O pair can be assessed by comparing their picosecond time-resolved kinetics to 

the photophysical behavior of the unbridged analog. 

VII.3.1. Photophysical properties of bisiron Pacman porphyrins 

The ground state electronic absorption spectra of (DPP)Fe2O, (DPX)Fe2O, 

(DPXM)Fe2O and (DPD)Fe2O are essentially identical to that of the unbridged (E-

P)2Fe2O complex shown in Figure VII.1. Figure VII.6a shows a TA spectrum of 

(DPD)Fe2O, 20 ps after excitation into the LMCT band. This TA spectrum closely 



Chapter VII 

201 

resembles that of the unbridged (E-P)2Fe2O (Figure VII.2), as do the TA spectra obtained 

for (DPP)Fe2O (DPX)Fe2O, (DPXM)Fe2O bisporphyrins. The invariance of observed TA 

spectra indicates that the (P)FeII / (P)FeIV=O intermediate is formed, independent of the 

presence or nature of the bridge. Figure VII.6b shows the traces for ∆OD of (DPD)Fe2O 

 
Figure VII.6. (a) TA spectrum of (DPD)Fe2O at t = 20 ps after the 100-fs, 405-nm excitation 
pulse. (b) ∆OD as a function of time for (DPD)Fe2O in the absence of a substrate with  probe 
wavelengths of λprobe = 530 nm (solid) and 565 nm (open). 
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as a function of time for the TA at λ = 530 nm and the transient bleach at λ = 565 nm. 

Again, the TA signal for the “open” state of the bisporphyrin appears quickly, and the 

decay kinetics are well behaved. It exhibits monoexponential fits, wavelength-

independent time constants, and completely returns to baseline. The same applies to the 

other bisporphyrins in Chart VII.1. 

Table VII.1 lists the reclamping rate constants measured for the four systems of 

Chart VII.1 and they are compared to that of the unbridged bisporphyrin. The correlation 

of observed reclamping rates to Pacman structure adheres broadly to that anticipated from 

the structural data. The flexible ether bridge in (DPP)Fe2O does little to impede 

reclamping compared with the unbridged analogue, while the tensely-sprung (DPD)Fe2O 

is the most successful at impeding reclamping, followed by (DPXM)Fe2O. However, the 

variation in kreclamp values in Table VII.1 is rather modest, establishing that the presence 

or nature of the bridge and peripheral substituents has little effect on the reclamping 

process. We find this to be a surprising result upon consideration of the large variation in 

spring tension of the clamped µ-oxo bisporphyrins described at the beginning of Section 

VII.3. The similarity of kreclamp for unbridged (E-P)2Fe2O compared with the bridged 

counterparts also confirms that reclamping is the predominant fate of a (P)FeII / 

(P)FeIV=O photocleaved pair even when the two porphyrin subunits are not covalently 

attached. Our results for both tensely-clamped Pacman porphyrins and unbridged 

Table VII.1. Lifetimes and kreclamp for the series of photo-sprung diiron µ-oxo bisporphyrins in 
benzene. 

Compound τo / ns kreclamp / 108 s–1 

(DPD)Fe2O 1.36(3) 7.4(2) 

(DPXM)Fe2O 1.27(9) 7.9(6) 

(DPX)Fe2O 1.26(6) 7.9(3) 

(DPP)Fe2O 1.15(5) 8.7(4) 

(E-P)2Fe2O 0.97(3) 10.3(4) 
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bisporphyrins demonstrate the proclivity for FeIII–O–FeIII bond formation in the OAT 

photocatalysis of heme porphyrins. 

VII.3.2. Transient kinetics of Pacman porphyrins with substrate 

In the presence of sufficient concentration of substrate (S), the (P)FeIV=O species 

may be trapped before reclamping can occur. All porphyrins used in this study are 

thermally inert to P(OEt)3. However, a clean and quantitative photolysis is obtained upon 

steady-state irradiation into the O—Fe LMCT transition at λexc > 360 nm in the presence 

of excess phosphite in benzene solution under anaerobic conditions (photolysis 

experiments were performed by Dr. Bradford Pistorio). Electronic absorption and 31P 

NMR analyses of the photoproducts establish the transformation shown in Scheme 

VII.4.38  

 The TA spectrum that signifes the photo-induced OAT reaction in a time-

resolved experiment is simply the difference between electronic absorption spectra of the 

(P)FeII / (P)FeII photoproduct and the initial Fe2O bisporphyrin, both of which are known. 

We attempted to directly resolve the appearance of the photoproduct by probing at 

wavelengths where its contribution to ∆OD is maximized relative to the strongly 

absorbing (P)FeII / (P)FeIV=O intermediate. Probing at the isosbestic points indicated in 

 
Scheme VII.4. Stoichiometric OAT to P(OMe)3 upon LMCT irradiation under anaerobic 
conditions. 
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Figure VII.7 (where the (P)FeII / (P)FeIV=O intermediate does not contribute to ∆OD) 

resulted in no TA signal, despite favorable substrate concentrations ([S] > 0.25 M) to 

predispose rapid OAT. On the other hand, unperturbed reclamping kinetics were 

observed upon time-resolving the signatures of the (P)FeII / (P)FeIV=O intermediate. 

The photo-induced OAT efficiencies can be quantified by measuring 

photochemical quantum yields (Φp) in bulk photolysis experiments. Table VII.2 lists Φp 

values for the photoreaction in Scheme VII.4 using (DPD)Fe2O, (DPX)Fe2O, 

(DPXM)Fe2O and (E-P)2Fe2O. For these values of Φp, it is clear that the transient 

concentration of the photoproduct ((P)FeII / (P)FeII) generated after each laser pulse in a 

time-resolved experiment is at least four orders of magnitude lower than the background 

porphyrin concentration. Therefore its contribution to ∆OD is too small to permit direct 

measurement of the rate constant for OAT (kOAT) from the ferryl subunit to substrate. 

 
Figure VII.7. Difference spectrum for the (P)FeII / (P)FeII product resulting from the 
photoreaction shown in Scheme VII.4 (solid), compared with the TA spectrum of the (P)FeIV=O / 
(P)FeII intermediate resulting from LMCT excitation of (DPD)Fe2O (dashed). Vertical lines 
indicate the probe wavelengths chosen to probe for the appearance of the photoproduct since the
(P)FeIV=O / (P)FeII intermediate does not contribute to ∆OD (λprobe = 425, 487, 545 and 597 nm). 
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Nevertheless, the Φp values listed in Table VII.2 vary over nearly four orders of 

magnitude for the various µ-oxo bisporphyrins. Since kreclamp for the structurally disparate 

porphyrin systems are similar, the origin for any differences in photo-oxidation reactivity 

among the porphyrin systems must originate in their kOAT values. 

VII.3.3. Evaluation of OAT kinetics 

In the absence of a direct measure of kOAT, this rate constant may be ascertained 

indirectly, by consideration of Φp in conjunction with the value of kreclamp measured by 

TA spectroscopy. Φp is the number of photoproducts formed per photon absorbed. Φp can 

be expressed as the product the sequential photocleavage and OAT efficiencies; 

 Φp = Φspring  × ΦOAT  (VII.1) 

The quantity Φspring represents the probability of generating the active (P)FeII / 

(P)FeIV=O pair upon absorption of a photon, which is independent of the substrate. We 

used picosecond TA spectroscopy to estimate that Φspring > 0.25, since the initially-probed 

concentration of the photo-generated (P)FeII / (P)FeIV=O pair was estimated to be > 0.25 

× the ground state µ-oxo concentration. This transient concentration estimate comes from 

scaling the Q-band bleach in the TA spectrum (∆OD565 ~ –0.015 relative to the positive 

baseline) to the known ground state extinction coefficient of the Q-band (∆ε = –1.9 × 104 

M–1 cm–1), and accounting for the 2-mm cell pathlength and the effective concentration 

that can be detected when both pump and probe are polarized and set at the magic angle 

with respect to each other (ceff = 0.29 × c0 assuming that the dipole moments of the 

porphyrin transitions probed are orthogonal to that of the LMCT excited). This method of 

scaling ∆OD to ∆ε using the Q-band bleach as a metric has been employed before in 

porphyrin TA spectroscopy.44 This analysis conservatively assumes that every molecule 

probed had previously absorbed a photon into the photoactive LMCT transition. Thus we 

can conservatively set a lower limit for Φspring = 0.25. In fact, Φspring may be close to 

unity, as has been found for photocleavage of axial ligands in other iron porphyrin 

systems.43 We use the value Φspring = 0.25 as a lower limit, however, we note that since it 
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is independent of substrate, deviation from this value does not affect our comparisons of 

kOAT for different substrates.  

The quantity ΦOAT represents the yield of OAT from the photo-generated (P)FeII / 

(P)FeIV=O pair. This depends on the competition between reclamping of the Pacman 

porphyrin and the pseudo first order OAT reaction where S intercepts the ferryl, as 

expressed in equation VII.2. Substitution into equation VII.1 yields equation VII.3, 

relating kOAT to Φp; 

 
)][(k

][k
     

AT

AT
OAT

reclampO

O

kS
S

+
=Φ  (VII.2) 

 
)][(k

][k
     

AT

AT
p

reclampO

O
spring kS

S
+

= ΦΦ  (VII.3) 

 This approach recognizes the disparate timescales that define the photo-reaction, 

requiring the combination of steady-state photolysis and picosecond TA measurements to 

obtain the desired kinetic rate constants. Table VII.2 gives the kOAT values calculated 

using equation VII.3 for P(OMe)3 oxidation, where Φspring and kreclamp are known from TA 

spectroscopy in the absence of substrate, and Φp is the quantum yield measured in steady-

Table VII.2. kreclamp, Φp and calculated kOAT for the series of photo-sprung diiron µ-oxo 
bisporphyrins in benzene. 

P(OMe)3 Oxidation  
Compound 

 
kreclamp / 108 s–1 

kOAT / M–1 s–1 a Φp 
b  

(DPD)Fe2O 7.4(2)  1.1(1) × 107 7.4(7) × 10–4 

(DPXM)Fe2O 7.9(6)  9(1) × 104 5.5(6) × 10–6 

(DPX)Fe2O 7.9(3)  1.4(1) × 103 9.0(1) × 10–8 

(E-P)2Fe2O 10.3(4)  1.3(1) × 107 6.5(5) × 10–4 

a kOAT obtained using EquationVII.3; Φspring is assumed to be 0.25 (see text). b Φp for (DPD)Fe2O 
and (DPX)Fe2O taken from ref. 38; Φp for (DPXM)Fe2O and (E-P)2Fe2O measured according to 
the same procedure as in ref. 38. 
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state photolysis experiments with substrate present. 

VII.3.4. The Pacman effect 

Application of equation VII.3 reveals that kOAT adheres to a trend consistent with 

the Pacman effect. For a given substrate, kOAT is largest for the DPD cleft, rivaling that 

for the unbridged (E-P)2Fe2O bisporphyrin. Presumably, the larger vertical span of the 

DPD pocket allows substrate easier side-on access to the iron-oxo bond. For the 

unbridged system, the inability of the photocleaved (P)FeII porphyrin to cage escape from 

its (P)FeIV=O partner suggest that a Pacman-like pocket is retained even when the two 

porphyrins are not cofacially attached. Presumably the vertical span of the pocket for the 

caged porphyrins is similar to DPD and hence similar kOAT’s are obtained. On the other 

hand, the constrained vertical flexibility imposed by the xanthene bridge in (DPX)Fe2O 

 
Figure VII.8. kreclamp (solid) and kOAT (open) for cofacial bisporphyrins; kOAT was calculated from 
Eq (VII.3) from the Φp for the reaction in Scheme VII.4). 
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limits kOAT by nearly four orders of magnitude. (DPXM)Fe2O, with its intermediate 

vertical span, exhibits a kOAT that is intermediate between DPX and DPD limits. 

The results of transient kinetics results reported here together with results from X-

ray crystallography are summarized in Figure VII.8. The origins of the Pacman effect are 

clearly evident. kOAT monotonically decreases as vertical span of the relaxed cofacial cleft 

is decreased. These data are in striking contrast to the reclamping process, which shows 

minimal variation in the rate constant with the size of the cofacial cleft. 

The Pacman effect, as manifested in substrate access to the iron-oxo bond, also 

accounts for the photo-oxidation efficiency of sterically demanding substrates. The 

photo-oxidation efficiency of the set of electronically homologous phosphite substrates 

increases along the series,38 

phosphite: P(OMe)3 < P(OEt)3 << P(O-i-Pr)3 << P(OTMS)3 

cone angle: 107  109   130  > 172 

As signified by the accompanying cone angles, the efficiency (and hence kOAT) for 

photo-oxidation decreases with increasing steric bulk of the substrate. Moreover, the 

most sterically demanding phosphites such as P(O-i-Pr)3 (i-Pr = isopropyl) and 

P(OTMS)3 (TMS = trimethylsilyl) photoreact with (DPD)Fe2O but not with (DPX)Fe2O. 

The superior photoreactivity (~104-fold) of the (DPD)Fe2O complex to oxidize 

phosphites is ascribed to the enhanced vertical range and flexibility that the dibenzofuran 

spacer provides for this cofacial platform. 

VII.4. Photocatalytic cycle 

While quantification of kreclamp and kOAT must be performed under anaerobic 

conditions for stoichiometric OAT, the photoreaction becomes catalytic when open to air. 

The results of TA spectroscopy and photochemistry for the series shown in Chart VII.1 

are summarized by the catalytic cycle shown in Scheme VII.5. The primary photoproduct 

expected on LMCT excitation of a diiron(III) µ-oxo bisporphyrin, the Fe2
II,III oxyl radical, 

is not observed. Subsequent and rapid intramolecular ET from the metal center to the 
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oxyl radical causes iron-oxo bond photocleavage and production of the (P)FeII / 

(P)FeIV=O active intermediate within 20 ps of the excitation pulse. The electronic 

structure of the transient (P)FeIV=O species makes it susceptible for attack at the metal-

oxo bond by nucleophilic substrates, however OAT is in kinetic competition with rapid 

reclamping to regenerate the Fe2O core. The photocatalytic cycle is closed by the reaction 

of the diferrous form of the bisporphyrin with oxygen. Detailed studies by Balch and co-

workers have uncovered the mechanism for the thermal formation of (P)2Fe2O complexes 

Scheme VII.5. The aerobic photocatalytic OAT cycle determined for diiron µ-oxo bisporphyrins 
((DPD)Fe2O shown). 
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from unbridged (P)FeIIs in aerobic environments.30,75,76 Unfortunately we are not able to 

kinetically resolve this step for Pacman photocatalysts since the concentration of the 

diferrous form is too low to be directly observed by TA spectroscopy. However, it is 

notable that catalytic turnover numbers for OAT to dimethylsulfide are nearly two-fold 

greater for (DPD)Fe2O than for the unbridged (E-P)2Fe2O, highlighting the advantage 

that an appropriately designed bridge can engender the overall cycle, presumably in the 

O2-binding step. 

VII.5. Electron-deficient diiron(III) µ-oxo bisporphyrins 

The photocatalytic oxidation cycles using Pacman bisporphyrins discussed above 

were applied to easily-oxidized substrates (i.e., phosphites and sulfides),38,39 owing to the 

modest reduction potential of the (E-P)FeIV=O subunit. The lack of driving force limits 

the scope of thermodynamic rate correlations, which are an important tool for discerning 

mechanistic information. It is known that appending electron-withdrawing substituents to 

the porphyrin periphery can increase the oxidizing power of metalloporphyrins.77,78 

Accordingly, Leng-Leng Chng and Joel Rosenthal synthesized Fe2O bisporphyrins 

bearing electron-deficient pentafluorophenyl substituents in the meso positions (Chart 

VII.2).79 Our conclusions from the TA studies of Pacman porphyrins led us to select the 

dibenzofuran bridge to maximize the opportunity for OAT from the photogenerated 

Chart VII.2. 
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(P)FeIV=O unit. The presence of pentafluorophenyl substituents on the porphyrin 

periphery makes substrate access even more of a design imperative. 

VII.5.1. Photophysical properties of electron-deficient diiron(III) µ-

oxo bisporphyrins 

Figure VII.9 shows an electronic absorption spectrum of the diiron(III) µ-oxo 

meso-tripentafluorophenyl bisporphyrin with a dibenzofuran spacer ((DPDF)Fe2O). The 

Soret band at λabs,max = 402 nm is red-shifted compared with the (E-P)Fe2O derivatives 

discussed to date. The Q-bands at λabs,max = 562 and 596 nm are similar to (E-P)Fe2O, 

however the intensity of the lower energy Q-band is diminished in (DPDF)Fe2O. The 

electronic transition of most relevance to this study, the LMCT band, is significantly red-

shifted in (DPDF)Fe2O (λabs,max ~ 440 nm, compared with ~360 nm in (E-P)2Fe2O). This 

is consistent with charge transfer to a more electron-deficient metalloporphyrin. 

Accordingly, OAT photochemistry from (DPDF)Fe2O is promoted with visible excitation 

(λexc = 420-460 nm), rather than with UV excitation (λexc = 360-400 nm) required for the 

µ-oxo E-P series.79 

 
Figure VII.9. Electronic absorption spectrum of (DPDF)Fe2O in benzene. 
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Figure VII.10a shows the TA spectrum recorded t = 25 ps after LMCT excitation 

of (DPDF)Fe2O. The two prominent bleaches (λ ~ 450 and 560 nm) are separated by a 

broad absorption (λ ~ 510 nm), closely resembling the TA spectrum of (DPD)Fe2O 

(Figure VII.6a). Unlike the TA spectra of (DPD)Fe2O and (E-P)2Fe2O, the lower energy 

 
Figure VII.10. (a) TA spectrum of (DPDF)Fe2O at t = 25 ps after the 100-fs, 405-nm excitation 
pulse. (b) ∆OD as a function of time for (DPDF)Fe2O in the absence of a substrate with  probe 
wavelengths of λabs,max = 530 nm (solid) and 570 nm (open). 
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Q-band bleach is barely resolved in the TA spectrum (DPDF)Fe2O, reflecting its lower 

intensity in the ground state absorption spectrum. Additionally, the TA spectrum of 

(DPDF)Fe2O exhibits a more intense TA feature at λ ~ 415 nm compared with the E-P 

congeners, presumably reflecting the red-shifted Soret features of electron-deficient 

meso-substituted metalloporphyrins. Nevertheless, after accounting for the differences in 

the ground state absorption spectra, the similarity of the TA spectra for non-fluorinated 

and fluorinated Fe2O bisporphyrins leads us to conclude that the (P)FeII / (P)FeIV=O pair 

is the photoproduct of LMCT excitation in both cases. The generation of a (P)FeIV=O 

oxidant is also consistent with substrate reactivity trends (vide infra). 

The reclamping rate, kreclamp, was measured for the sprung-open form of 

(DPDF)Fe2O in the absence of substrate by monitoring the decay of the TA features at 

λprobe = 530 and 570 nm (Figure VII.10b). The increased lifetime of the sprung-open 

(P)FeII / (P)FeIV=O pair (τ = 2.3(1) ns) for the fluorinated Pacman compared with 

(DPD)Fe2O might suggest that the pentafluorophenyl groups are an additional steric 

impediment to reclamping. Similarly, the open lifetime of the unbridged analogue of the 

pentafluorophenyl-substituted porphyrin (TPFP)2Fe2O (τ = 1.25(5) ns) is longer than its 

E-P congener ((E-P)2Fe2O, τ = 0.97(3) ns). On the other hand, the open lifetimes 

measured for the diiron(III) µ-oxo species of (TPP)Fe2O, (τ = 0.92(8) ns), and its 

dibenzofuran-bridged Pacman analogue (DPD-TPP)Fe2O, τ = 1.5(2) ns) are more similar 

to the E-P series ((E-P)2Fe2O, τ = 0.97(3) ns and (DPD)Fe2O, τ = 1.36(3) ns) than the 

structurally homologous pentafluorophenyl-substituted bisporphyrins. This observation 

suggests that the electronic perturbation in the electron-deficient fluorinated porphyrins 

may also play a role in determining the lifetime of the (P)FeII / (P)FeIV=O pair. 

VII.5.2. Substrate studies using electron-deficient diiron(III) µ-oxo 

bisporphyrins 

Having measured the quantities kreclamp and Φspring for the fluorinated Fe2O 

bisporphyrins in the same manner as described above, we were able to ascertain OAT 

kinetics from steady-state Φp measurements using equation VII.3. The additional driving 

force available for OAT from the fluorinated Fe2O bisporphyrins expands the substrate 
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scope to include olefins and even aliphatic C−H bonds of hydrocarbons. The product 

distribution obtained from photocatalytic oxidation of styrene under aerobic conditions79 

parallels that observed previously using chemically generated (P)FeIV=O oxidants,56 

indicative of an initial ET step from the olefin to the ferryl species. Note that the 

hydrocarbon photo-oxidations must be carried out in pyridine in order to supply axial 

ligands for the (P)FeII / (P)FeII photoproduct, whereas the sulfide and phosphite photo-

oxidations discussed previously were carried out in benzene because those substrates 

could bind to the ferrous centers. 

Figure VII.11 shows the correlation between rate constant for hydrocarbon photo-

oxidation by (DPDF)Fe2O and substrate ionization energy for a series of substrates 

bearing aliphatic C−H bonds (from photolysis measurements carried out by Joel 

Rosenthal and T.D. Luckett). This oxidation reaction differs from the OAT reactions 

previously discussed because in this case the photo-generated ferryl abstracts a hydrogen 

atom from a C−H bond in a PCET reaction, rather than attacking the non-bonding 

electrons of a nucleophile to form an X−O bond. The strong correlation between substrate 

ionization energy and oxidation rate is indicative of an asynchronous PCET reaction, 

whereby the transition state of the reaction is polarized and more ET-like, rather than a 

 
Figure VII.11. Correlation between rate constant for hydrocarbon photo-oxidation by 
(DPDF)Fe2O and substrate ionization energy for a series of substrates bearing aliphatic C−H 
bonds. Ionization energies obtained from NIST (http://webbook.nist.gov/chemistry/). 
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true hydrogen atom transfer.80 This contention is supported by the modest deuterium 

kinetic isotope measured for the photo-oxidation of toluene vs. toluene-d8 (kH / kD = 

1.55), indicating that minimal proton motion is required to reach the reaction transition 

state.80 On the other hand, significantly larger isotope effects have been measured for 

PCET reactions at non-heme FeIV=O centers in which hydrogen tunneling has been 

implicated in C−H bond activation.16 

VII.6. Concluding remarks 

Diiron(III) µ-oxo bisporphyrins are of interest due to their ability to promote 

photocatalytic OAT reactions using O2 as the terminal oxidant and without the need for 

an external co-reductant. TA studies show that LMCT excitation yields the (P)FeII / 

(P)FeIV=O pair, with the ferryl complement available to undergo OAT to a substrate via a 

side-on approach to the terminal oxo. Kinetics measurements reveal that the (P)FeII / 

(P)FeIV=O pair has a strong tendency to rapidly reclamp to reform the µ-oxo species; 

even appending a range of spring-loaded bridges to force the porphyrin subunits apart has 

little effect at impeding reclamping. Nevertheless, in the presence of sufficient 

concentration of substrate, the ferryl may be trapped before reclamping can occur. The 

concentration of OAT photoproduct is too low for kOAT to be resolved directly by TA 

spectroscopy, however application of equation VII.3 yields kOAT values from steady-state 

quantum yield and reclamping rate measurements, recognizing that OAT is in kinetic 

competition with reclamping. This analysis reveals a strong Pacman effect in the OAT 

step of the photo-cycle, with spring-loaded architectures such DPD able to maximize 

kOAT by presenting a cofacial cleft of proper size and flexibility to efficiently 

accommodate substrate. Appending the dibenzofuran bridge to electron-deficient 

porphyrins allowed photo-oxidations to be investigated over a broader substrate scope 

using the same kinetics framework. Thermo-kinetic correlations for aliphatic C−H photo-

oxidation using (DPDF)Fe2O imply an asynchronous PCET mechanism. In the case of a 

terminal metal-oxo, asynchronous PCET is enabled by the site-differentiation between 

the destination of the electron and the proton, with the electron transferring to an orbital 

that is delocalized over the metal-oxygen bond, while the proton transfers to the oxygen 
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atom. This argument can be extended to describe OAT to substrates that donate two 

electrons into the metal-oxo orbitals upon formation of a new bond between the substrate 

and oxygen. 

The TA study described here provides a roadmap to the design of more highly 

efficient systems. As seen from equation VII.3, since reclamping is in competition with 

the forward propagation of the photocycle, the efficiency for photocatalysis may be 

improved significantly if the escape yield of the (P)FeII  /  (P)FeIV=O pair can be increased 

(i.e., kreclamp decreased). Our results show that the cage escape yield is low, even for 

unbridged cofacial porphyrin subunits. Accordingly, new approaches to “spring-loaded” 

clefts should be explored. One attractive strategy involves the use of an electrostatic 

potential to drive the opening of the spring. Numerous studies of ET have established that 

the cage escape yields increase dramatically for like-charged reactants.81,82 The same 

principles should be applicable for like-charged (P)FeII  /  (P)FeIV=O subunits. 

VII.7. Experimental Section 

VII.7.1. Materials 

Free-base cofacial bisporphyrins H4(DPD), H4(DPX), H4(DPXM), H4(DPP), 

H4(DPD-TPP) and H4(DPDF), and the untethered H2(E-P) and H2(TPFP) porphyrins were 

prepared by Chen-Yu Yeh, Christopher Chang, Leng-Leng Chng, and Joel Rosenthal as 

previously described.38,73,74,79,83,84 The compounds gave satisfactory mass and 1H NMR 

spectra. The untethered (TPP)Fe2O porphyrin was prepared from the free-base porphyrin, 

H2(TPP), which were purchased from Sigma-Aldrich and used as received. The 

corresponding diiron µ-oxo compounds were prepared as previously described.38,39,79 

Spectroscopic grade solvents were employed, which were dried using standard methods 

and stored under high-vacuum.85 
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VII.7.2. Spectroscopy 

Samples for spectroscopic measurements were contained within 2-mm pathlength 

high-vacuum cells as described in Chapter II (Section II.8.3). A stock solution of the 

Fe2O bisporphyrins were added to the high-vacuum cell and the solvent was removed on 

a high-vacuum manifold (< 10–6 torr). The solvent reservoir was filled by vacuum 

transfer of benzene; the solution was subjected to 3-5 freeze-pump-thaw cycles under the 

high-vacuum manifold. The benzene was then transferred from the reservoir to the 

optical cell to yield a solution with typical optical density of OD ~ 0.9 (~5 × 10–5 M of 

the diiron(III) µ-oxo bisporphyrin) at the pump wavelength of λexc = 405 nm. 

Steady-state absorption spectra were obtained using a Cary-17 spectrophotometer 

modified by On-line Instrument systems (OLIS) to include computer control or a Spectral 

Instruments 440 Model spectrophotometer.  

Picosecond TA measurements were performed at 298 K on a chirped pulse 

amplified Ti:sapphire laser system that is described in Appendix A.1. TA spectroscopy 

was carried out in essentially the same manner as described in Chapter II (Section II.8.3). 

Briefly, in this experiment, frequency-doubled 405-nm light (~2 µJ/pulse) was used as 

excitation, and either a sapphire or a spinning CaF2 substrate were used generate a 

continuum probe. TA spectra were recorded at discrete times after excitation over the 

wavelength range 390-630 nm. CaF2 was the preferred substrate for continuum 

generation owing to a bluer achievable spectral limit (λ = 370 nm vs. 470 nm for 

sapphire).86 The polarization of pump and probe pulses were set at the magic angle and 

focused co-linearly in the sample, which was stirred in the axis of beam propagation. TA 

spectra were recorded on a CCD camera with the reference spectrum taken at negative 

time. Typically, ~3000 shots were accumulated per exposure and each time point was 

visited 30 times. Spectra taken from forward and reverse scans were averaged. For single 

wavelength kinetic measurements, sapphire was used for continuum generation owing to 

its superior stability. Single wavelength kinetics were measured on a photodiode and 

amplified with a lock-in amplifier. Typically, the time range sampled was divided into 80 

steps, including several steps at negative time. Ten forward and reverse scans were 

averaged. 
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The laser system used for nanosecond TA spectroscopy is described in Appendix 

A.2. In this study, the third harmonic (λ = 355 nm) of the Nd:YAG was used as an 

excitation source. The 5-ns output pulses were delivered to sample at 20 Hz, with 

energies adjusted from 100-600 µJ/pulse. A 50-ns window of the ICCD camera was 

examined from t = 0-250 ns, and 1000 shots were averaged in each case. Transient 

spectra were collected on samples at 298 K over a wavelength range of λ = 390-640 nm.  

VII.7.3. Photochemistry 

Bulk photolyses were performed by Dr. Bradford Pistorio, Joel Rosenthal and T. 

D. Luckett using stirred solutions contained in a quartz reaction vessel adapted for 

manipulations on a high-vacuum manifold. Samples were irradiated at 25 °C using a 

1000-W high-pressure Oriel Hg-Xe lamp. The irradiation beam passed through cutoff 

filters to remove high-energy light and a collimating lens prior to entering the sample 

chamber. Quantum yield experiments were performed by replacing the cutoff filters with 

10-nm band-pass mercury line interference filters (Oriel). The standard ferrioxalate 

technique was employed for the calculation of product quantum yields.87 Photolysis 

reactions were monitored by using absorption spectroscopy, and reaction products were 

identified using GC/MS by comparison to known samples. 

VII.7.4. Computational methods 

DFT calculations were performed using the ADF2002.02 program88,89 in the same 

manner as described in Chapter II (Section II.8.4). A basis set of TZP was used for Fe, O 

and N atoms and DZP for other atoms, with the frozen core approximation. The input 

coordinates for the (P)FeIV=O unit were obtained from a Chem3D model that was built in 

C4v symmetry. The (P)FeIV=O input was first geometry-optimized as a spin doublet in C4v 

symmetry with spin-restriction lifted. The output coordinates of this calculation were 

used in a spin-restricted single-point calculation with an unassigned spin-state to yield the 

final electronic structure. The input files, geometry-optimized coordinates (where 

applicable), and frontier MO energies for the spin-unrestricted and spin-restricted 

calculations on (P)FeIV=O are given in Appendices B.6 and B.7, respectively. 
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A:  Laser specifications 

A.1.  Sub-picosecond laser 

Picosecond TA and TE measurements were performed on a chirped pulse 

amplified Ti:sapphire laser system, as shown in Figure A.1. Sub-100 fs laser pulses were 

generated in a modelocked Ti:sapphire oscillator (Coherent Mira 900), which is pumped 

by a 5-W cw Coherent Verdi solid-state, frequency-doubled Nd:YVO4 laser. The 76-

MHz output was amplified in a regenerative amplifier cavity (B.M. Industrie Alpha-

1000) pumped by a 12-W Nd:YLF laser (Thales JADE) to generate a 1-kHz pulse train 

with central wavelength λo = 810 nm and a power of ~800 µJ/pulse. Pulse durations of 

100 fs were measured with a Positive Light SSA single-shot autocorrelator. 

The output beam was split, with the majority component typically frequency-

upconverted in a two-stage visible OPA (B.M. Industrie Alpha-1000). This gives access 

to tunable visible pulses (460 nm < λ < 700 nm, ~5-25 µJ/pulse), in addition to the 

frequency-doubled 405-nm component (~100 µJ/pulse). A UV-excitation source (310 nm 

< λ < 335 nm, < 1 µJ/pulse) could be generated by frequency-doubling the output of the 

OPA in another BBO crystal, although the accessible wavelength range is limited by the 

tuning curve of the visible OPA and the optical axis of the BBO crystal. Alternatively, 

third harmonic UV excitation (λ = 269 nm, ~10 µJ/pulse) could be generated without the 

visible OPA by frequency-tripling the 810-nm beam in a tripler (Spectra-Physics TP-1A). 

TE kinetics were measured on a Hamamatsu C4334 Streak Scope streak camera, 

which was controlled with the high-performance digital temporal analyzer (HPDTA) 

software provided by Hamamatsu Photonics. This system allows for measurements of 

lifetimes with a resolution of ~10 ps in a time window up to 1 ms limited by the laser 

repetition rate. Trigger delays required for long time windows (  50 ns) were generated 

by a Stanford Research Systems DG535 delay generator, whereas delays for short time 

windows (< 50 ns) were generated by a Hamamatsu C1097-04 delay unit. The streak 

camera is capable of measuring the rise and decay of luminescence at every wavelength
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Figure A.1. Schematic of sub-ps laser used for TA and TE spectroscopy. 
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in a λ = 140-nm window simultaneously, allowing for a direct comparison of the kinetics 

of different spectral features. 

In the TA experiment, time resolution was achieved by a propagating the 

excitation beam along a computer-controlled, 1.70 m long, optical delay line at 1 µm 

precision (Aerotech ATS 62150). Another 2 µJ/pulse of the 810 nm beam was focused 

into either a sapphire or a CaF2 substrate to generate a continuum probe pulse. In the case 

of CaF2, the substrate was either spun, or continuously translated from side-to-side using 

a translation stage equipped with a computer-controlled actuator (Zaber Technology, T-

LA28-S) in order to avoid thermal instability that arises from focusing the 810-nm beam 

on the same area for too long. CaF2 was often the preferred substrate for continuum 

generation owing to a bluer achievable spectral limit (λ = 370 nm vs. λ = 470 nm for 

sapphire), as shown in Figure A.2. On the other hand, sapphire was often preferred owing 

to the superior stability of the probe light. The probe pulse carries a chirp of ~2 ps over 

the visible region, as shown in Figure A.3. The chirp was characterized by cross-

correlation of the pump and probe in a 5% solution of benzene in methanol. 

 
Figure A.2. Typical probe light spectra obtained using CaF2 (solid), and Sapphire (dashed) 
substrates for continuum generation. 
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TA spectra were recorded at discrete times after excitation. The polarization of 

pump and probe pulses were typically set at the magic angle (θm = 54.7°) and focused co-

linearly in the sample, which was stirred in the axis of beam propagation using a mini 

magnetic stirbar. This procedure was implemented to prevent thermal lensing. In the 

spectral experiment, the probe beam exiting the sample was coupled into a liquid light 

guide to spatially homogenize the beam. The spectrum was then resolved in the 

monochromator (ISA Instruments, TRIAX 320) and recorded on a CCD camera (Andor 

technology) that was thermoelectrically cooled to −50 oC. The reference spectrum was 

taken either at negative time (with the pump on) or at positive time (with the pump off). 

Typically, 3000 shots were accumulated per exposure and each time point was visited 30 

times. Spectra taken from forward and reverse scans were averaged.  

For single wavelength kinetic measurements, the cross correlation of the 

excitation beam with a single wavelength of the probe beam has a FWHM ~ 300 fs for 

the typical spectrometer configurations. The polarization of the pump and probe beams 

 
Figure A.3. Characterization of temporal chirp carried by a probe pulse generated in a CaF2

substrate. Pump-probe cross-correlation functions at each probe wavelength were generated based 
on the two-photon absorption (pump + probe) in a 5 % benzene solution in methanol (λexc = 400 
nm). The central time of the pump-probe cross-correlation function is plotted against the selected 
probe wavelength.  
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were typically set at the magic angle relative to each other. The pump beam was 

mechanically chopped at ω = 500 Hz and co-linearly overlapped with the probe in the 

stirred sample. The probe beam was then spectrally resolved in the monochromator, a 

single wavelength selected, and the signal measured on a photodiode and amplified with 

a lock-in amplifier (Stanford Research Systems SR830), which was locked to the 500-Hz 

excitation frequency. Typically, the time range sampled was divided into ~80 steps, 

including several steps at negative time, and forward and reverse scans were averaged. 

All instruments and electronics required for the TA experiment were controlled by 

software written in Labview (National Instruments). 

The longest timescale accessible on this laser system is ~9 ns, limited by the 

physical length of the delay stage. For TA experiments approaching this timescale, the 

large displacement of the delay stage makes it imperative that the propagating beam is 

well aligned and collimated in order to avoid optical artifacts convoluting the TA signal. 

We typically tested the alignment using a standard sample that has an excited state signal 

on a µs-timescale, giving rise to a step-function signal when the system is well-aligned. 

Figure A.4 shows a typical kinetics trace obtained using a solution of [RuII(4-4’-

diphenyl-bpy)3](PF6)2 in MeCN where λexc = 405 nm and λprobe = 470 nm. 

 
Figure A.4. TA kinetics for [RuII(4-4’-diphenyl-bpy)3](PF6)2 in MeCN (λexc = 405 nm / λprobe = 
470 nm), used as a long-lived standard sample to verify the optical alignment of the delay stage. 
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A.2. Nanosecond laser 

The nanosecond laser system consists of a Coherent Infinity-XPO laser. The third 

harmonic of the λ0 = 1064-nm fundamental is used to pump an optical parametric 

oscillator (OPO) that is tunable throughout the visible region (λ = 420-700 nm). The 

OPO produces laser pulses at a repetition rate of 20 Hz with pulse energies of ~200 

µJ/pulse and pulse widths of 5 ns. Alternatively, the second, third, or fourth harmonics of 

the λ0 = 1064-nm fundamental output could be generated directly for use as excitation 

sources of λexc = 532, 355, or 266 nm, respectively. TA is performed by exciting the 

sample with the pump pulse and overlapping with a white light continuum probe pulse 

generated by a 75-W xenon arc lamp. The probe pulse is electronically delayed relative to 

the pump pulse by a DG535 delay generator (Stanford Research Systems) and the 

shutters used are Vincent Associates Uniblitz T132 fast shutters. The probe beam was 

then spectrally resolved in a SPEX Triax 320 spectrometer. TA spectra are collected with 

an intensified gated CCD camera (ICCD, CCD 30-11, Andor Technology Andor) that is 

thermoelectrically cooled to –40 oC. Single wavelength kinetics were measured with a 

Hamamatsu R928 photomultiplier tube attached to the lateral exit of the spectrometer. 

The output from the photomultiplier tube was channeled into a 1-GHz Lecroy 9384 CM 

digital oscilloscope. All instruments and electronics in this laser system were controlled 

by software written in Labview (National Instruments). 
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B:  DFT computations 

B.1. D1; GO calculation; Chapter II 

B.1a Input file 
#! /bin/csh 
$ADFBIN/adf -n12 << eor 
TITLE: GO on Znpurp-am+,  TZP,DZP, B PW91 03/09/06 
MAXMEMORYUSAGE 780 
OCCUPATIONS KeepOrbitals 80 
SCF 
 Iterations 400 
END 
GEOMETRY 
 GO 
 iterations 200 
END 
RESTRICTED 
CHARGE 1 0 
XC 
 GGA Becke PW91c 
END 
ATOMS 
1       N       0.043    2.016     0.561 
2       C       -1.103   2.757     0.764 
3       C       -0.745   4.093     1.239 
4       C       -2.42    2.297     0.585 
5       C       1.486    5.259     1.767 
6       C       1.089    2.822     0.9 
7       C       2.428    2.352     0.757 
8       C       4.739    1.159     -1.344 
9       C       0.63     4.115     1.331 
10      N       -2       -0.031    -0.061 
11      C       -2.787   -1.117    -0.326 
12      C       -4.181   -0.753    -0.226 
13      C       -2.284   -2.421    -0.613 
14      Zn      0        0         0 
15      N       6.461    3.61      1.753 
16      C       -2.844   1.017     0.212 
17      C       -4.213   0.59      0.11 
18      N       0.128    -2.002    -0.467 
19      C       -0.961   -2.832    -0.667 
20      C       -0.506   -4.19     -0.896 
21      C       1.231    -2.788    -0.543 
22      C       0.865    -4.161    -0.818 
23      C       2.564    -2.352    -0.316 
24      C       1.832    -5.294    -0.962 
25      C       -5.42    1.434     0.353 
26      N       2.09     0         0 
27      C       2.78     1.1       0.214 
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28      C       4.294    0.912     0.118 
29      C       2.955    -1.072    -0.043 
30      C       4.374    -0.606    0.457 
31      C       -1.4     -5.36     -1.138 
32      C       4.476    -0.925    1.954 
33      C       -5.365   -1.643    -0.421 
34      C       -1.72    5.174     1.57 
35      C       4.758    2.062     0.998 
36      C       6.094    2.381     1.327 
37      C       3.646    2.882     1.261 
38      N       7.072    1.458     1.197 
39      H       -3.209   3.022     0.788 
40      H       1.986    5.046     2.727 
41      H       0.885    6.163     1.918 
42      H       2.25     5.5       1.015 
43      H       4.442    2.167     -1.673 
44      H       4.271    0.421     -2.012 
45      H       5.831    1.068     -1.434 
46      H       -3.034   -3.191    -0.787 
47      H       5.9      4.229     1.948 
48      H       7.351    3.865     1.893 
49      H       3.33     -3.125    -0.31 
50      H       2.639    -5.046    -1.668 
51      H       1.336    -6.195    -1.34  
52      H       2.291    -5.553    0.007 
53      H       -5.465   1.773     1.402  
54      H       -6.342   0.875     0.146  
55      H       -5.422   2.326     -0.292 
56      H       5.171    -1.108    -0.119 
57      H       -0.821   -6.281    -1.285 
58      H       -2.022   -5.21     -2.033 
59      H       -2.07    -5.528    -0.279 
60      H       5.354    -0.448    2.427 
61      H       4.558    -2.012    2.111 
62      H       3.583    -0.567    2.491  
63      H       -5.077   -2.678    -0.641 
64      H       -5.99    -1.291    -1.257 
65      H       -5.992   -1.663    0.484  
66      H       -2.284   4.932     2.484  
67      H       -2.443   5.323     0.752  
68      H       -1.216   6.135     1.739 
69      H       3.692    3.793     1.851 
70      H       8.051    1.688     1.351 
71      H       6.786    0.578     0.936 
END 
BASIS 
 Zn $ADFRESOURCES/TZP/Zn.2p 
 C $ADFRESOURCES/DZP/C.1s 
 N $ADFRESOURCES/TZP/N.1s 
 H $ADFRESOURCES/DZP/H 
END 
END INPUT 
eor 
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B.1b Energy-optimized geometry 

Atom x y z 
1 N 0.046331 2.011878 0.577983 
2 C -1.10078 2.752693 0.775461 
3 C -0.74334 4.091198 1.243685 
4 C -2.41743 2.293081 0.592761 
5 C 1.486017 5.264564 1.759419 
6 C 1.09138 2.818831 0.909689 
7 C 2.42859 2.350835 0.76823 
8 C 4.70802 1.143496 -1.35194 
9 C 0.631553 4.115152 1.333869 

10 N -1.99849 -0.03478 -0.05259 
11 C -2.7836 -1.11775 -0.33001 
12 C -4.17742 -0.75126 -0.24287 
13 C -2.28434 -2.42031 -0.62177 
14 Zn -0.00498 -0.00416 0.013693 
15 N 6.463216 3.585314 1.79679 
16 C -2.84194 1.013594 0.216591 
17 C -4.21115 0.591655 0.099325 
18 N 0.126603 -2.00474 -0.4518 
19 C -0.96107 -2.83178 -0.66539 
20 C -0.50518 -4.18758 -0.9024 
21 C 1.230821 -2.78976 -0.53036 
22 C 0.865151 -4.16004 -0.81889 
23 C 2.561448 -2.35421 -0.29649 
24 C 1.834274 -5.29011 -0.97387 
25 C -5.41739 1.438894 0.329221 
26 N 2.084512 -0.00312 0.023599 
27 C 2.775395 1.099433 0.232335 
28 C 4.291386 0.912771 0.119841 
29 C 2.950067 -1.07446 -0.01861 
30 C 4.374417 -0.60755 0.470198 
31 C -1.39713 -5.3554 -1.15749 
32 C 4.485978 -0.89937 1.978169 
33 C -5.36016 -1.63928 -0.45444 
34 C -1.71813 5.175646 1.559135 
35 C 4.75923 2.067826 0.988362 
36 C 6.10065 2.386206 1.294897 
37 C 3.65454 2.883312 1.256206 
38 N 7.080705 1.482526 1.091354 
39 H -3.20496 3.019736 0.791182 
40 H 1.97668 5.067417 2.726116 
41 H 0.885182 6.172766 1.886787 
42 H 2.258194 5.490821 1.008655 
43 H 4.406967 2.150247 -1.68079 
44 H 4.224733 0.402256 -2.00251 
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45 H 5.797743 1.050731 -1.46752 
46 H -3.03507 -3.18632 -0.80918 
47 H 5.815046 4.363932 1.80204 
48 H 7.380527 3.745618 2.204623 
49 H 3.330248 -3.12508 -0.29148 
50 H 2.615872 -5.04644 -1.70953 
51 H 1.331466 -6.20136 -1.32129 
52 H 2.32581 -5.52857 -0.01649 
53 H -5.46071 1.798938 1.370026 
54 H -6.33885 0.873774 0.138207 
55 H -5.42507 2.317661 -0.33503 
56 H 5.162635 -1.11688 -0.09865 
57 H -0.82024 -6.27564 -1.30972 
58 H -2.01655 -5.1981 -2.05509 
59 H -2.0727 -5.52871 -0.30401 
60 H 5.431306 -0.52781 2.40067 
61 H 4.434905 -1.98456 2.156484 
62 H 3.660891 -0.42274 2.525836 
63 H -5.07041 -2.67292 -0.68206 
64 H -5.97898 -1.28093 -1.29203 
65 H -5.99371 -1.66917 0.445906 
66 H -2.30926 4.929282 2.456731 
67 H -2.41755 5.338543 0.724466 
68 H -1.21259 6.129947 1.752021 
69 H 3.702643 3.805924 1.833237 
70 H 8.064114 1.715088 1.203394 
71 H 6.851548 0.520094 0.87787 

B.1c Energies of the frontier MO’s 

Symmetry MO Occup. E / eV 
A 94 2 -10.387 
A 95 2 -10.25 
A 96 2 -9.525 
A 97 2 -9.247 
A 98 2 -8.501 
A 99 2 -8.467 
A 100 2 -8.304 
A 101 2 -8.154 
A 102 2 -8.017 
A 103 2 -7.537 
A 104 0 -6.386 
A 105 0 -5.6 
A 106 0 -5.232 
A 107 0 -3.935 
A 108 0 -3.536 
A 109 0 -3.351 
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A 110 0 -2.774 
A 111 0 -2.684 
A 112 0 -2.441 
A 113 0 -2.242 

B.2. D2; GO calculation; Chapter II 

B.2a Input file 
#! /bin/csh 
$ADFBIN/adf -n12 << eor 
TITLE: rough GO on ZnChlorin-am+, TZP,DZP, B PW91 03/07/06 
RESTART TAPE21-2 
MAXMEMORYUSAGE 780 
OCCUPATIONS KeepOrbitals 80 
SCF 
 Iterations 400 
END 
GEOMETRY 
 GO 
 iterations 200 
END 
RESTRICTED 
CHARGE 1 0 
XC 
 GGA Becke PW91c 
END 
ATOMS 
1       N       0.042    2.091     0.077 
2       C       -1.104   2.859     0.103 
3       C       -0.747   4.268     0.254 
4       C       -2.421   2.368     0.036 
5       C       1.484    5.526     0.497 
6       C       1.088    2.952     0.218 
7       C       2.427    2.464     0.19 
8       C       4.739    0.817     -1.579 
9       C       0.629    4.311     0.338 
10      N       -2       -0.046    -0.052 
11      C       -2.786   -1.164    -0.057 
12      C       -4.18    -0.787    -0.044 
13      C       -2.283   -2.5      -0.033 
14      Zn      0        0         0 
15      N       5.387    3.575     2.283 
16      C       -2.844   1.036     -0.029 
17      C       -4.214   0.598     -0.029 
18      N       0.129    -2.056    0.011 
19      C       -0.96    -2.91     0.01 
20      C       -0.505   -4.284    0.102 
21      C       1.232    -2.838    0.12 
22      C       0.867    -4.238    0.171 
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23      C       2.565    -2.361    0.239 
24      C       1.835    -5.373    0.295 
25      C       -5.42    1.474     0.011 
26      N       2.09     0         0 
27      C       2.78     1.121     -0.047 
28      C       4.294    0.915     -0.098 
29      C       2.956    -1.053    0.207 
30      C       4.374    -0.482    0.584 
31      C       -1.398   -5.479    0.14 
32      C       4.478    -0.444    2.115 
33      C       -5.364   -1.698    -0.026 
34      C       -1.722   5.396     0.324 
35      C       4.757    2.238     0.49 
36      C       5.307    2.357     1.704 
37      C       3.645    3.096     0.556 
38      N       5.984    1.372     2.35 
39      H       -3.21    3.12      0.065 
40      H       1.985    5.542     1.479 
41      H       0.882    6.44      0.434 
42      H       2.248    5.585     -0.292 
43      H       4.442    1.719     -2.132 
44      H       4.271    -0.057    -2.055 
45      H       5.831    0.707     -1.645 
46      H       -3.033   -3.288    -0.024 
47      H       4.915    4.37      1.869 
48      H       5.752    3.694     3.223 
49      H       3.332    -3.111    0.423 
50      H       2.641    -5.295    -0.451 
51      H       1.338    -6.338    0.136  
52      H       2.293    -5.4      1.296 
53      H       -5.465   2.047     0.953  
54      H       -6.341   0.882     -0.059 
55      H       -5.424   2.193     -0.823 
56      H       5.172    -1.104    0.141  
57      H       -0.819   -6.409    0.21 
58      H       -2.02    -5.541    -0.766 
59      H       -2.068   -5.442    1.014 
60      H       5.358    -0.998    2.488  
61      H       3.578    -0.9      2.557 
62      H       4.559    0.589     2.491 
63      H       -5.076   -2.756    0 
64      H       -5.989   -1.551    -0.921 
65      H       -5.991   -1.508    0.859 
66      H       -2.286   5.373     1.271 
67      H       -2.445   5.351     -0.505 
68      H       -1.218   6.369     0.266 
69      H       5.687    2.844     -0.126 
70      H       3.576    3.679     1.463  
71      H       3.687    3.906     -0.157 
72      H       6.435    1.521     3.246 
73      H       5.974    0.43      1.945 
END 
BASIS 
 Zn $ADFRESOURCES/TZP/Zn.2p 
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 C $ADFRESOURCES/DZP/C.1s 
 N $ADFRESOURCES/TZP/N.1s 
 H $ADFRESOURCES/DZP/H 
END 
END INPUT 
eor 

B.2b Energy-optimized geometry 

Atom x y z 
1 N 0.009418 2.085406 0.100797 
2 C -1.13835 2.840861 0.108446 
3 C -0.79229 4.259957 0.217628 
4 C -2.45803 2.348257 0.040603 
5 C 1.406249 5.561458 0.399032 
6 C 1.060908 2.957603 0.197182 
7 C 2.394966 2.484694 0.196915 
8 C 4.662508 0.723948 -1.4547 
9 C 0.582327 4.319393 0.277092 

10 N -2.02904 -0.06223 -0.03657 
11 C -2.81188 -1.18342 -0.0639 
12 C -4.20845 -0.80888 -0.06872 
13 C -2.30733 -2.51346 -0.05988 
14 Zn -0.02613 0.002065 0.010773 
15 N 5.498674 3.443648 2.580842 
16 C -2.87546 1.01798 -0.02105 
17 C -4.24532 0.575276 -0.04485 
18 N 0.102298 -2.05395 0.024492 
19 C -0.97905 -2.912 -0.00961 
20 C -0.51725 -4.28659 0.053759 
21 C 1.214007 -2.8337 0.123047 
22 C 0.852828 -4.23671 0.132409 
23 C 2.529841 -2.34936 0.265892 
24 C 1.827158 -5.36821 0.226656 
25 C -5.45396 1.449984 -0.03147 
26 N 2.055991 0.024265 0.105567 
27 C 2.758264 1.167652 0.109155 
28 C 4.266777 0.90628 0.027962 
29 C 2.898639 -1.02528 0.287354 
30 C 4.324772 -0.49581 0.71961 
31 C -1.40703 -5.48468 0.058846 
32 C 4.346862 -0.58074 2.26765 
33 C -5.38947 -1.72565 -0.07039 
34 C -1.7834 5.375534 0.269372 
35 C 4.846303 2.299791 0.492245 
36 C 5.645836 2.408926 1.769007 
37 C 3.653806 3.320152 0.32117 
38 N 6.618239 1.531099 1.980586 



Appendix 

239 

39 H -3.24635 3.100246 0.052716 
40 H 1.909533 5.627888 1.377267 
41 H 0.774742 6.454051 0.314634 
42 H 2.167307 5.63606 -0.39071 
43 H 4.409464 1.620165 -2.03914 
44 H 4.121617 -0.12499 -1.89456 
45 H 5.743061 0.531937 -1.55193 
46 H -3.05151 -3.30746 -0.07666 
47 H 4.795769 4.148954 2.37391 
48 H 6.094315 3.601852 3.39078 
49 H 3.312278 -3.09143 0.411185 
50 H 2.585776 -5.30832 -0.56972 
51 H 1.32376 -6.33817 0.125871 
52 H 2.349821 -5.36768 1.197497 
53 H -5.49784 2.060963 0.88486 
54 H -6.37403 0.852943 -0.0744 
55 H -5.4642 2.133987 -0.89545 
56 H 5.114885 -1.1287 0.281123 
57 H -0.82714 -6.41432 0.118356 
58 H -2.02037 -5.5327 -0.85494 
59 H -2.08825 -5.46607 0.924882 
60 H 5.359385 -0.569 2.696424 
61 H 3.883983 -1.5307 2.576846 
62 H 3.750666 0.230946 2.717796 
63 H -5.09538 -2.78216 -0.03365 
64 H -5.9998 -1.58615 -0.97651 
65 H -6.0327 -1.5365 0.803241 
66 H -2.38932 5.32578 1.188743 
67 H -2.46956 5.339412 -0.59103 
68 H -1.29263 6.356974 0.253803 
69 H 5.620112 2.581387 -0.24777 
70 H 3.555431 4.022319 1.161703 
71 H 3.844654 3.945633 -0.56807 
72 H 7.223537 1.56448 2.798378 
73 H 6.667855 0.695691 1.403564 

B.2c Energies of the frontier MO’s 

Symmetry MO Occup. E / eV 
A 95 2 -10.058 
A 96 2 -9.987 
A 97 2 -9.124 
A 98 2 -9.053 
A 99 2 -8.149 
A 100 2 -8.043 
A 101 2 -7.939 
A 102 2 -7.775 
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A 103 2 -7.499 
A 104 2 -7.132 
A 105 0 -6.188 
A 106 0 -5.429 
A 107 0 -4.919 
A 108 0 -4.165 
A 109 0 -3.533 
A 110 0 -3.229 
A 111 0 -3.1 
A 112 0 -2.945 
A 113 0 -2.456 
A 114 0 -2.185 

B.3. Assembly D3:A1; GO calculation; Chapter III 

B.3a Input file 
\#! /bin/csh 
$ADFBIN/adf -n12 << eor 
TITLE: GO on CY-NI, TZP,DZP, B PW91 06/06/06 
MAXMEMORYUSAGE 780 
OCCUPATIONS KeepOrbitals 80 
SCF 
 Iterations 400 
END 
GEOMETRY 
GO 
 iterations 200 
END 
RESTRICTED 
CHARGE 0 0 
XC 
GGA Becke PW91c 
END 
ATOMS 
1       Zn      0         0         0 
2       N      -2.064   0         0.021  
3       N       0.002    -2.037   0 
4       N       2.086    -0.008    -0.022 
5       N       0.002    2.058     0 
6       C       2.913    -1.121    -0.063 
7       C       2.468    -2.462    -0.038 
8       C       1.117    -2.858    0 
9       C       -1.11   -2.863    0.034  
10      C      -2.457   -2.449    0.04   
11      C      -2.885   -1.112    0.034 
12      C      -2.888   1.106     0.017  
13      C      -2.463   2.45      0 
14      C      -1.12    2.871     -0.006 
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15      C      1.12     2.874     0 
16      C      2.461    2.463     -0.004 
17      C      2.886    1.119     -0.019 
18      C      -0.683   4.288     -0.012 
19      C       0.678    4.29      -0.009 
20      C       -4.271   -0.687    0.042 
21      C       -4.273   0.679     0.031 
22      C       4.267    0.727     -0.052 
23      C       4.3      -0.66     -0.091 
24      C       0.685    -4.243    0.044 
25      C       -0.681   -4.244    0.061 
26      C       -3.518   -3.52     0.055 
27      C       -3.533   3.509     -0.021 
28      C       3.47     -3.589    -0.036 
29      C       3.528    3.529     -0.007 
30      C       -4.032   -4.022    -1.161 
31      C       -5.015   -5.022    -1.124 
32      C       -5.505   -5.535    0.084 
33      C       -4.982   -5.023    1.279 
34      C       -4       -4.023    1.29 
35      C       -4.033   3.982     -1.255 
36      C       -5.042   4.956     -1.254 
37      C       -5.571   5.472     -0.064 
38      C       -5.057   4.996     1.148 
39      C       -4.048   4.023     1.195 
40      C       3.974    -4.084    1.191 
41      C       4.862    -5.164    1.178 
42      C       5.26     -5.784    -0.015 
43      C       4.727    -5.297    -1.215 
44      C       3.835    -4.216    -1.248 
45      C       4.036    4.011     -1.236 
46      C       5.046    4.984     -1.217 
47      C       5.564    5.493     -0.018 
48      C       5.044    5         1.186 
49      C       4.033    4.027     1.215  
50      C       -3.523   3.54      2.534  
51      C       -3.492   3.448     -2.587 
52      C       -6.677   6.507     -0.089 
53      C       -6.59    -6.593    0.1    
54      C       -3.468   -3.5      2.612 
55      C       -3.531   -3.508    -2.497 
56      C       3.268    -3.762    -2.581 
57      C       3.516    -3.497    2.542  
58      C       6.253    -6.925    0.003 
59      C       3.519    3.487     -2.561 
60      C       3.507    3.529     2.547  
61      C       6.635    6.564     -0.025 
62      C       5.6      -1.382    -0.151 
63      N       6.055    -1.864    -1.3  
64      N       6.355    -1.433    0.936 
65      H       -1.356   5.142     -0.019 
66      H       1.348    5.146     -0.011 
67      H       -5.127   -1.356    0.058 
68      H       -5.134   1.345     0.036 
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69      H       5.123    1.397     -0.062 
70      H       1.346    -5.104    0.058  
71      H       -1.347   -5.103    0.089  
72      H       -5.405   -5.412    -2.067 
73      H       -5.348   -5.411    2.233  
74      H       -5.422   5.321     -2.212 
75      H       -5.448   5.394     2.089 
76      H       5.262    -5.532    2.127 
77      H       5.024    -5.765    -2.158 
78      H       5.442    5.349     -2.168 
79      H       5.437    5.38      2.132  
80      H       -2.44    3.721     2.627  
81      H       -3.681   2.457     2.657 
82      H       -4.031   4.058     3.36  
83      H       -3.993   3.943     -3.431 
84      H       -3.657   2.362     -2.674 
85      H       -2.408   3.622     -2.675 
86      H       -6.618   7.132     -0.993 
87      H       -6.624   7.168     0.789  
88      H       -7.667   6.02      -0.082 
89      H       -6.521   -7.223    0.998  
90      H       -6.521   -7.247    -0.784 
91      H       -7.589   -6.125    0.092 
92      H       -3.633   -2.413    2.706  
93      H       -2.384   -3.671    2.703  
94      H       -3.967   -3.998    3.455  
95      H       -4.042   -4.02     -3.327 
96      H       -2.448   -3.671    -2.609 
97      H       -3.708   -2.426    -2.6  
98      H       3.91     -4.095    -3.411 
99      H       3.156    -2.669    -2.637 
100    H       2.261    -4.185    -2.744 
101    H       3.514    -2.397    2.535 
102    H       4.175    -3.845    3.352 
103    H       2.486    -3.82     2.771  
104    H       6.378    -7.361    -1 
105    H       5.922    -7.725    0.687  
106    H       7.237    -6.576    0.353 
107    H       4.038    3.972     -3.4  
108    H       2.438    3.673     -2.669 
109    H       3.669    2.4       -2.647 
110    H       3.609    2.436     2.638 
111    H       2.435    3.762     2.665 
112    H       4.052    3.995     3.38   
113    H       7.282    6.475     -0.91  
114    H       7.267    6.5       0.873  
115    H       6.178    7.569     -0.043 
116    H       6.984    -2.409    -1.359 
117    H       5.461    -1.791    -2.12  
118    H       5.964    -1.081    1.807 
119    N       10.821   -4.135    1.147 
120    C       10.293   -5.1      2.023  
121    C       10.639   -4.961    3.467  
122    C       11.393   -3.846    3.912  
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123    C       11.84    -2.854    3.003  
124    C       11.561   -2.998    1.543 
125    C       8.97     -3.268    -0.275 
126    O       8.387    -3.225    -1.402 
127    O       8.625    -2.715    0.817  
128    O       9.578    -6.021    1.617  
129    C       10.189   -5.908    4.381  
130    C       11.707   -3.719    5.296  
131    C       12.545   -1.749    3.469  
132     O       11.957   -2.172    0.722  
133     C       10.508   -5.79     5.745  
134     C       11.268   -4.717    6.2   
135     C       12.463   -2.603    5.741  
136     C       12.864   -1.624    4.833  
137     C       11.627   -4.631    7.642  
138     N       12.444   -3.542    8.02   
139     C       12.852   -2.489    7.168  
140     C       12.878   -3.485    9.432 
141     O       11.259   -5.467    8.468  
142     O       13.521   -1.548    7.593  
143     C       10.28    -4.116    -0.225 
144     H       7.694    -2.17     0.861 
145     H       9.595    -6.742    4.012 
146     H       12.863   -0.993    2.743  
147     H       10.176   -6.536    6.466 
148     H       13.436   -0.804    5.191  
149     H       12.996   -4.513    9.792 
150     H       12.121   -2.972    10.044 
151     H       13.819   -2.93     9.476  
152     H       11.027   -3.673    -0.893 
153     H       10.061   -5.145    -0.528 
END 
BASIS 
 Zn $ADFRESOURCES/TZP/Zn.2p 
 C $ADFRESOURCES/DZP/C.1s 
 N $ADFRESOURCES/TZP/N.1s 
 O $ADFRESOURCES/TZP/O.1s 
 H $ADFRESOURCES/DZP/H 
END 
END INPUT 
Eor 

B.3b Energy-optimized geometry 

Atom x y z 
1 Zn -0.0033 0.0035 -0.0177 
2 N -2.0590 0.0000 0.0258 
3 N -0.0043 -2.0314 -0.0165 
4 N 2.0680 -0.0064 -0.0294 
5 N -0.0069 2.0473 -0.0184 
6 C 2.8905 -1.1105 -0.0819 
7 C 2.4489 -2.4469 -0.0549 
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8 C 1.1031 -2.8470 -0.0197 
9 C -1.1076 -2.8533 0.0179 

10 C -2.4487 -2.4385 0.0405 
11 C -2.8766 -1.1041 0.0414 
12 C -2.8800 1.0989 0.0169 
13 C -2.4579 2.4365 -0.0085 
14 C -1.1193 2.8573 -0.0203 
15 C 1.1028 2.8637 -0.0184 
16 C 2.4388 2.4521 -0.0164 
17 C 2.8645 1.1126 -0.0314 
18 C -0.6929 4.2627 -0.0279 
19 C 0.6680 4.2658 -0.0242 
20 C -4.2591 -0.6871 0.0508 
21 C -4.2617 0.6776 0.0335 
22 C 4.2422 0.7252 -0.0733 
23 C 4.2743 -0.6578 -0.1228 
24 C 0.6798 -4.2294 0.0161 
25 C -0.6845 -4.2315 0.0346 
26 C -3.5023 -3.4999 0.0601 
27 C -3.5185 3.4900 -0.0281 
28 C 3.4473 -3.5596 -0.0496 
29 C 3.4956 3.5111 -0.0143 
30 C -4.0124 -4.0001 -1.1515 
31 C -4.9948 -4.9945 -1.1128 
32 C -5.4849 -5.5000 0.0934 
33 C -4.9667 -4.9836 1.2839 
34 C -3.9831 -3.9904 1.2912 
35 C -4.0157 3.9572 -1.2583 
36 C -5.0199 4.9301 -1.2556 
37 C -5.5438 5.4470 -0.0673 
38 C -5.0293 4.9712 1.1416 
39 C -4.0246 4.0000 1.1852 
40 C 3.9683 -4.0320 1.1792 
41 C 4.8551 -5.1078 1.1666 
42 C 5.2352 -5.7401 -0.0225 
43 C 4.6872 -5.2738 -1.2180 
44 C 3.7951 -4.1972 -1.2527 
45 C 0.0004 3.9969 -1.2384 
46 C 5.0031 4.9702 -1.2158 
47 C 5.5153 5.4743 -0.0176 
48 C 4.9953 4.9803 1.1806 
49 C 3.9912 4.0069 1.2051 
50 C -3.4963 3.5091 2.5084 
51 C -3.4773 3.4129 -2.5692 
52 C -6.6463 6.4717 -0.0899 
53 C -6.5625 -6.5513 0.1101 
54 C -3.4475 -3.4591 2.5947 
55 C -3.5095 -3.4801 -2.4728 
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56 C 3.2105 -3.7530 -2.5700 
57 C 3.5360 -3.4185 2.5024 
58 C 6.2200 -6.8762 0.0018 
59 C 3.4757 3.4742 -2.5497 
60 C 3.4547 3.5041 2.5198 
61 C 6.5781 6.5403 -0.0197 
62 C 5.5633 -1.3875 -0.1925 
63 N 6.0017 -1.8780 -1.3404 
64 N 6.3262 -1.4374 0.8788 
65 H -1.3695 5.1148 -0.0344 
66 H 1.3400 5.1215 -0.0263 
67 H -5.1132 -1.3601 0.0658 
68 H -5.1183 1.3474 0.0313 
69 H 5.0962 1.3987 -0.0870 
70 H 1.3483 -5.0863 0.0300 
71 H -1.3533 -5.0885 0.0631 
72 H -5.3859 -5.3853 -2.0553 
73 H -5.3366 -5.3654 2.2385 
74 H -5.4046 5.2932 -2.2117 
75 H -5.4205 5.3668 2.0821 
76 H 5.2705 -5.4619 2.1134 
77 H 4.9737 -5.7526 -2.1574 
78 H 5.3984 5.3414 -2.1645 
79 H 5.3827 5.3612 2.1286 
80 H -2.4129 3.6895 2.5952 
81 H -3.6520 2.4240 2.6196 
82 H -3.9987 4.0165 3.3434 
83 H -3.9744 3.8929 -3.4232 
84 H -3.6382 2.3253 -2.6393 
85 H -2.3930 3.5882 -2.6538 
86 H -6.5903 7.0971 -0.9921 
87 H -6.5961 7.1309 0.7881 
88 H       -.6323 5.9786 -0.0839 
89 H -6.4930 -7.1792 1.0096 
90 H -6.4947 -7.2052 -0.7707 
91 H -7.5602 -6.0822 0.1040 
92 H -3.6103 -2.3726 2.6773 
93 H -2.3620 -3.6290 2.6770 
94 H -3.9385 -3.9468 3.4481 
95 H -4.0148 -3.9817 -3.3096 
96 H -2.4247 -3.6423 -2.5765 
97 H -3.6835 -2.3960 -2.5643 
98 H 3.8609 -4.0456 -3.4071 
99 H 3.0495 -2.6651 -2.6060 

100 H 2.2228 -4.2176 -2.7351 
101 H 3.5237 -2.3194 2.4627 
102 H 4.2046 -3.7361 3.3145 
103 H 2.5106 -3.7387 2.7555 
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104 H 6.3722 -7.2959 -1.0018 
105 H 5.8697 -7.6843 0.6632 
106 H 7.1937 -6.5329 0.3825 
107 H 3.9845 3.9561 -3.3958 
108 H 2.3938 3.6585 -2.6456 
109 H 3.6248 2.3856 -2.6323 
110 H 3.5708 2.4122 2.6071 
111 H 2.3790 3.7214 2.6176 
112 H 3.9788 3.9750 3.3627 
113 H 7.2317 6.4489 -0.8986 
114 H 7.2051 6.4801 0.8809 
115 H 6.1197 7.5426 -0.0442 
116 H 6.9222 -2.4271 -1.3912 
117 H 5.4031 -1.8081 -2.1557 
118 H 5.9426 -1.0754 1.7457 
119 N 10.7737 -4.0804 1.1949 
120 C 10.2803 -5.0645 2.0572 
121 C 10.6664 -4.9557 3.4899 
122 C 11.4451 -3.8668 3.9351 
123 C 11.8904 -2.8810 3.0301 
124 C 11.5540 -2.9810 1.5842 
125 C 8.9270 -3.2546 -0.2533 
114 H 7.2051 6.4801 0.8809 
115 H 6.1197 7.5426 -0.0442 
116 H 6.9222 -2.4271 -1.3912 
117 H 5.4031 -1.8081 -2.1557 
118 H 5.9426 -1.0754 1.7457 
119 N 10.7737 -4.0804 1.1949 
120 C 10.2803 -5.0645 2.0572 
121 C 10.6664 -4.9557 3.4899 
122 C 11.4451 -3.8668 3.9351 
123 C 11.8904 -2.8810 3.0301 
124 C 11.5540 -2.9810 1.5842 
125 C 8.9270 -3.2546 -0.2533 
126 O 8.3507 -3.2566 -1.3749 
127 O 8.5768 -2.6721 0.8184 
128 O 9.5633 -5.9755 1.6533 
129 C 10.2354 -5.9124 4.3943 
130 C 11.7808 -3.7606 5.3110 
131 C       0.6371 -1.8088 3.4893 
132 O 11.9412 -2.1490 0.7732 
133 C 10.5709 -5.8116 5.7533 
134 C 11.3366 -4.7518 6.2126 
135 C 12.5480 -2.6622 5.7549 
136 C 12.9617 -1.6973 4.8499 
137 C 11.6878 -4.6633 7.6521 
138 N 12.4810 -3.5696 8.0370 
139 C 12.9094 -2.5335 7.1893 
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140 C 12.8571 -3.4826 9.4518 
141 O 11.3168 -5.4957 8.4729 
142 O 13.5523 -1.5836 7.6230 
143 C 10.2480 -4.0676 -0.1704 
144 H 7.3015 -1.9604 0.8558 
145 H 9.6301 -6.7403 4.0257 
146 H 12.9608 -1.0562 2.7705 
147 H 10.2362 -6.5610 6.4704 
148 H 13.5431 -0.8528 5.2188 
149 H 12.9726 -4.4998 9.8394 
150 H 12.0727 -2.9655 10.0249 
151 H 13.7895 -2.9139 9.5207 
152 H 10.9949 -3.6036 -0.8251 
153 H 10.0606 -5.1004 -0.4834 

B.3c Energies of the frontier MO’s 

Symmetry MO Occup. E / eV 
A 219 2 -6.479 
A 220 2 -6.444 
A 221 2 -6.307 
A 222 2 -6.295 
A 223 2 -6.237 
A 224 2 -6.118 
A 225 2 -5.932 
A 226 2 -5.888 
A 227 2 -5.688 
A 228 2 -5.653 
A 229 0 -4.424 
A 230 0 -3.824 
A 231 0 -3.697 
A 232 0 -2.845 
A 233 0 -2.518 
A 234 0 -2.497 
A 235 0 -2.33 
A 236 0 -1.863 
A 237 0 -1.778 
A 238 0 -1.747 

 



Appendix 

248 

B.4. (P)FeIII−OH; GO calculation in (unrestricted spin, S = 5/2); 

Chapter V 

B.4a Input file 
#! /bin/csh 
$ADFBIN/adf -n12 << eor 
TITLE: GO on FeOHP, TZP,DZP, B PW91 09/06/04 
MAXMEMORYUSAGE 780 
OCCUPATIONS KeepOrbitals 80 
SCF 
 Iterations 400 
END 
GEOMETRY 
 GO 
 iterations 200 
END 
UNRESTRICTED 
CHARGE 0 5 
XC 
 GGA Becke PW91c 
END 
ATOMS 
1   C        1.13800         2.35800        -2.40000 
2   C        2.37600         2.88300        -2.96600 
3   C        3.35500         1.99800        -2.68800 
4   C        2.75100        0.90900        -1.92900 
5   N        1.34200         1.07600        -1.81300 
6   C        3.50600        -0.02300        -1.30700 
7   C       -0.00200         3.08200        -2.39300 
8   C       -2.66700         1.00400        -1.19000 
9   C       -3.33000         2.21500        -1.30800 
10  C       -2.37400         3.15600        -1.71100 
11  C       -1.17400         2.47400        -1.82000 
12  N       -1.31000         1.13100        -1.47600 
13  C       -3.36800        -0.22600        -0.92700 
14  C       -1.00400        -2.67500         0.02100 
15  C       -2.26000        -3.40600         0.14400 
16  C       -3.24500        -2.58700        -0.27800 
17  C       -2.62600        -1.32200        -0.65800 
18  N       -1.20700        -1.39000        -0.55900 
19  C        0.15600        -3.16500         0.50900 
20  C        2.81800        -0.97700        -0.47600 
21  C        3.48900        -1.78600         0.42300 
22  C        2.53700        -2.67000         0.95000 
23  C        1.33500        -2.35600         0.34300 
24  N        1.46000        -1.28700        -0.54600 
25  Fe        0.07700        -0.05200        -0.96100 
26  O        0.35100         0.55400         0.73300 
27  H        2.50600         3.84800        -3.47100 
28  H        4.42000         2.12400        -2.92000 
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29  H        4.60400        -0.00800        -1.37100 
30  H       -0.04100         4.09400        -2.82400 
31  H       -4.40400         2.39600        -1.17800 
32  H       -2.56400         4.20700        -1.96100 
33  H       -4.46800        -0.25800        -0.89800 
34  H       -2.39400        -4.41200         0.56100 
35  H       -4.31900        -2.81000        -0.25700 
36  H        0.20000        -4.13800         1.02100 
37  H        4.56300        -1.78000         0.64600 
38  H        2.72900        -3.48700         1.65500 
39  H        1.05700         0.02700         .07700 
END 
BASIS 
 Fe $ADFRESOURCES/TZP/Fe.2p 
 C $ADFRESOURCES/DZP/C.1s 
 O $ADFRESOURCES/TZP/O.1s 
 N $ADFRESOURCES/TZP/N.1s 
 H $ADFRESOURCES/DZP/H 
END 
END INPUT 
Eor 

B.4b Energy-optimized geometry 

Atom x y z 
1 C 1.2047 2.4344 -2.3453 
2 C 2.4332 3.0003 -2.8425 
3 C 3.4317 2.1363 -2.5048 
4 C 2.8160 1.0425 -1.7963 
5 N 1.4631 1.2449 -1.7152 
6 C 3.4943 -0.0607 -1.2887 
7 C -0.0564 2.9969 -2.5119 
8 C -2.7605 0.9653 -1.4425 
9 C -3.4899 2.0851 -1.9799 
10 C -2.5656 2.9889 -2.4133 
11 C -1.2688 2.4221 -2.1454 
12 N -1.4134 1.1999 -1.5405 
13 C -3.3373 -0.1997 -0.9482 
14 C -1.0472 -2.6811 0.1369 
15 C -2.2887 -3.3848 0.3399 
16 C -3.2880 -2.5401 -0.0407 
17 C -2.6595 -1.3173 -0.4731 
18 N -1.2987 -1.4295 -0.3600 
19 C 0.2163 -3.2090 0.3816 
20 C 2.9222 -1.1684 -0.6714 
21 C 3.6467 -2.3247 -0.2154 
22 C 2.7242 -3.2086 0.2634 
23 C 1.4324 -2.5971 0.0973 
24 N 1.5785 -1.3497 -0.4559 
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25 Fe 0.0991 0.1540 -0.5201 
26 O 0.1346 0.9239 1.1445 
27 H 2.5116 3.9302 -3.3962 
28 H 4.4908 2.2179 -2.7266 
29 H 4.5750 -0.0735 -1.4156 
30 H -0.1019 3.9613 -3.0140 
31 H -4.5713 2.1588 -2.0282 
32 H -2.7402 3.9489 -2.8878 
33 H -4.4242 -0.2524 -0.9594 
34 H -2.3756 -4.4016 0.7087 
35 H -4.3568 -2.7266 -0.0452 
36 H 0.2576 -4.2143 0.7960 
37 H 4.7232 -2.4472 -0.2726 
38 H 2.8966 -4.1974 0.6751 
39 H 0.8207 0.6416 1.7825 

B.4c Energies of the frontier MO’s 

Spin α  Spin β 
Symmetry MO Occup. E / eV  Symmetry MO Occup. E / eV 

A 61 1 -7.689  A 56 1 -7.719 
A 62 1 -7.146  A 57 1 -7.704 
A 63 1 -6.738  A 58 1 -7.659 
A 64 1 -6.719  A 59 1 -7.219 
A 65 1 -6.69  A 60 1 -7.078 
A 66 1 -6.313  A 61 1 -6.745 
A 67 1 -6.235  A 62 1 -6.655 
A 68 1 -5.851  A 63 1 -6.5 
A 69 1 -5.592  A 64 1 -5.845 
A 70 1 -5.355  A 65 1 -5.751 
A 71 0 -3.659  A 66 0 -4.82 
A 72 0 -3.656  A 67 0 -4.279 
A 73 0 -2.309  A 68 0 -3.973 
A 74 0 -0.515  A 69 0 -3.541 
A 75 0 -0.133  A 70 0 -3.509 
A 76 0 -0.13  A 71 0 -3.283 
A 77 0 0.099  A 72 0 -3.122 
A 78 0 0.232  A 73 0 -2.29 
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B.5. (P)FeII−OH2; GO calculation in (unrestricted spin, S = 2); 

Chapter V 

B.5a Input file 
#! /bin/csh 
$ADFBIN/adf -n12 << eor 
TITLE: GO on FeOH2P, TZP,DZP, B PW91 09/07/04 
MAXMEMORYUSAGE 780 
OCCUPATIONS KeepOrbitals 80 
SCF 
 Iterations 400 
END 
GEOMETRY 
 GO 
 iterations 200 
END 
UNRESTRICTED 
CHARGE 0 4 
XC 
 GGA Becke PW91c 
END 
ATOMS 
1   C       -2.01600        -0.52100        -2.25200 
2   C       -2.10700        -0.55800        -3.68900 
3   C       -0.83000        -0.60300        -4.16500 
4   C        0.04300        -0.58700        -3.01800 
5   N       -0.70000        -0.54100        -1.86900 
6   C        1.43100        -0.63200        -3.07500 
7   C       -3.10400        -0.50000        -1.38600 
8   C       -2.29200        -0.83100         2.05200 
9   C       -3.73000        -0.80800         2.13800 
10  C       -4.20200        -0.65100         0.86800 
11  C       -3.05200        -0.58100         0.00200 
12  N       -1.90400        -0.67600         0.74500 
13  C       -1.43100        -1.03200         3.12500 
14  C        2.01800        -1.11100         2.30400 
15  C        2.09300        -1.40000         3.71600 
16  C        0.81300        -1.40200         4.18500 
17  C       -0.04400        -1.11300         3.06300 
18  N        0.70900        -0.94600         1.93300 
19  C        3.11000        -1.04600         1.44800 
20  C        2.30000        -0.70000        -1.98900 
21  C        3.73000        -0.81100        -2.08300 
22  C        4.20400        -0.91900        -0.80800 
23  C        3.06400        -0.87900         0.06700 
24  N        1.91800        -0.72600        -0.67100 
25  Fe        0.00900        -0.68300         0.03200 
26  H       -3.03300        -0.56900        -4.25600 
27  H       -0.50300        -0.65600        -5.20000 
28  H        1.88200        -0.64900        -4.06600 
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29  H       -4.09200        -0.46300        -1.83800 
30  H       -4.30000        -0.91200         3.05600 
31  H       -5.23400        -0.60200         0.53700 
32  H       -1.88900        -1.16800         4.10300 
33  H        3.00900        -1.59200         4.26500 
34  H        0.47300        -1.59600         5.20000 
35  H        4.09400        -1.18200         1.89200 
36  H        4.29400        -0.82400        -3.01000 
37  H        5.23400        -1.03700        -0.48700 
38  O        0.05900         1.04600         0.20700 
39  H        0.85900         1.58000         0.15300 
40  H       -0.71900         1.59600         0.45700 
END 
BASIS 
 Fe $ADFRESOURCES/TZP/Fe.2p 
 O $ADFRESOURCES/TZP/O.1s 
 C $ADFRESOURCES/DZP/C.1s 
 N $ADFRESOURCES/TZP/N.1s 
 H $ADFRESOURCES/DZP/H 
END 
END INPUT 
eor 

B.5b Energy-optimized geometry 

Atom x y z 
1 C -2.0286 -0.5805 -2.2673 
2 C -2.1107 -0.4860 -3.6990 
3 C -0.8282 -0.5129 -4.1767 
4 C 0.0432 -0.6224 -3.0392 
5 N -0.7105 -0.6697 -1.8936 
6 C 1.4407 -0.6663 -3.0876 
7 C -3.1181 -0.5797 -1.3897 
8 C -2.3182 -0.8889 2.0596 
9 C -3.7623 -0.8717 2.1411 
10 C -4.2312 -0.7368 0.8698 
11 C -3.0791 -0.6707 -0.0021 
12 N -1.9324 -0.7467 0.7496 
13 C -1.4468 -1.0544 3.1316 
14 C 2.0233 -1.1565 2.3086 
15 C 2.1010 -1.3327 3.7320 
16 C 0.8171 -1.3201 4.2090 
17 C -0.0504 -1.1338 3.0795 
18 N 0.7056 -1.0425 1.9357 
19 C 3.1160 -1.1102 1.4351 
20 C 2.3150 -0.7630 -2.0102 
21 C 3.7551 -0.8675 -2.1000 
22 C 4.2268 -0.9899 -0.8287 
23 C 3.0790 -0.9634 0.0519 
24 N 1.9353 -0.8060 -0.6913 
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25 Fe 0.0056 -0.6268 0.0336 
26 H -3.0307 -0.4094 -4.2690 
27 H -0.5032 -0.4622 -5.2107 
28 H 1.8904 -0.6333 -4.0785 
29 H -4.1046 -0.5157 -1.8461 
30 H -4.3373 -0.9683 3.0567 
31 H -5.2653 -0.7026 0.5414 
32 H -1.8989 -1.1523 4.1174 
33 H 3.0186 -1.4589 4.2975 
34 H 0.4896 -1.4328 5.2373 
35 H 4.0998 -1.2244 1.8872 
36 H 4.3243 -0.8636 -3.0244 
37 H 5.2572 -1.1057 -0.5078 
38 O 0.1098 1.5904 0.2424 
39 H 1.0083 1.8498 0.5370 
40 H -0.4986 1.8764 0.9548 

B.5c Energies of the frontier MO’s 

Spin α  Spin β 
Symmetry MO Occup. E / eV  Symmetry MO Occup. E / eV 

A 61 1 -7.474  A 57 1 -8.009 
A 62 1 -7.183  A 58 1 -7.5 
A 63 1 -7.002  A 59 1 -7.491 
A 64 1 -6.514  A 60 1 -6.807 
A 65 1 -6.43  A 61 1 -6.71 
A 66 1 -6.302  A 62 1 -6.637 
A 67 1 -5.986  A 63 1 -6.464 
A 68 1 -5.623  A 64 1 -5.642 
A 69 1 -5.392  A 65 1 -5.464 
A 70 1 -4.316  A 66 1 -4.309 
A 71 0 -3.417  A 67 0 -3.93 
A 72 0 -3.376  A 68 0 -3.734 
A 73 0 -2.094  A 69 0 -3.278 
A 74 0 -0.596  A 70 0 -3.128 
A 75 0 -0.314  A 71 0 -2.955 
A 76 0 0.117  A 72 0 -2.109 
A 77 0 0.124  A 73 0 -1.478 
A 78 0 0.447  A 74 0 -0.511 
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B.6. (P)FeIV=O; GO calculation in C4V symmetery (unrestricted 

spin S = 1); Chapter VII 

B.6a Input file 
#! /bin/csh 
$ADFBIN/adf -n12 << eor 
TITLE: GO on FeOP-ox w C4V symm(gen inp w qtr pref unr GO), TZP,DZP, B PW91    05/24/06 
MAXMEMORYUSAGE 780 
OCCUPATIONS KeepOrbitals 80 
SCF 
 Iterations 400 
END 
GEOMETRY 
 GO 
 iterations 20 
END 
UNRESTRICTED 
CHARGE 0 2 
XC 
 GGA Becke PW91c 
END 
SYMMETRY C(4V) 
ATOMS 
1       C       -1.094   2.822     -0.3 
2       C       -0.682   4.2       -0.3 
3       N       0         1.99      -0.243 
4       C       -2.412   2.412     -0.314 
5       C       -4.2     0.682     -0.3 
6       C       -2.822   1.094     -0.3 
7       N       -1.99    0         -0.243 
8       Fe      0         0         0 
9       O       0         0        1.633 
10      H       -1.357   5.042     -0.3 
11      H       -3.181   3.181     -0.347 
12      H       -5.042   1.357     -0.3 
13      C       2.822    1.094     -0.3 
14      C       4.2      0.682     -0.3 
15      N       1.99     0         -0.243 
16      C       2.412    2.412    -0.314 
17      C       0.682    4.2       -0.3 
18      C       1.094    2.822     -0.3 
19      H       5.042    1.357     -0.3 
20      H       3.181    3.181     -0.347 
21      H       1.357    5.042     -0.3 
22      C       1.094    -2.822    -0.3 
23      C       0.682    -4.2      -0.3 
24      N       0        -1.99     -0.243 
25      C       2.412    -2.412    -0.314 
26      C       4.2      -0.682    -0.3 
27      C       2.822    -1.094    -0.3 
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28      H       1.357    -5.042    -0.3 
29      H       3.181    -3.181    -0.347 
30      H       5.042    -1.357    -0.3 
31      C       -2.822  -1.094    -0.3 
32      C       -4.2     -0.682    -0.3 
33      C       -2.412   2.412    -0.314 
34      C       -0.682   -4.2      -0.3 
35      C       -1.094   -2.822   -0.3 
36      H       -5.042   -1.357    -0.3 
37      H       -3.181   -3.181    -0.347 
38      H       -1.357   -5.042    -0.3 
END 
BASIS 
 Fe $ADFRESOURCES/TZP/Fe.2p 
 O $ADFRESOURCES/TZP/O.1s 
 C $ADFRESOURCES/DZP/C.1s 
 N $ADFRESOURCES/TZP/N.1s 
 H $ADFRESOURCES/DZP/H 
END 
END INPUT 
Eor 

B.6b Energy-optimized geometry 

Atom x y z 
1 C -1.0940 2.8231 -0.2817 
2 C -0.6799 4.1978 -0.3080 
3 N 0.0000 1.9891 -0.2755 
4 C -2.4123 2.4123 -0.2778 
5 C -4.1978 0.6799 -0.3080 
6 C -2.8231 1.0940 -0.2817 
7 N -1.9891 0.0000 -0.2755 
8 Fe 0.0000 0.0000 -0.0132 
9 O 0.0000 0.0000 1.6203 
10 H -1.3559 5.0460 -0.3269 
11 H -3.1814 3.1814 -0.2830 
12 H -5.0460 1.3559 -0.3269 
13 C 2.8231 1.0940 -0.2817 
14 C 4.1978 0.6799 -0.3080 
15 N 1.9891 0.0000 -0.2755 
16 C 2.4123 2.4123 -0.2778 
17 C 0.6799 4.1978 -0.3080 
18 C 1.0940 2.8231 -0.2817 
19 H 5.0460 1.3559 -0.3269 
20 H 3.1814 3.1814 -0.2830 
21 H 1.3559 5.0460 -0.3269 
22 C 1.0940 -2.8231 -0.2817 
23 C 0.6799 -4.1978 -0.3080 
24 N 0.0000 -1.9891 -0.2755 
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25 C 2.4123 -2.4123 -0.2778 
26 C 4.1978 -0.6799 -0.3080 
27 C 2.8231 -1.0940 -0.2817 
28 H 1.3559 -5.0460 -0.3269 
29 H 3.1814 -3.1814 -0.2830 
30 H 5.0460 -1.3559 -0.3269 
31 C -2.8231 -1.0940 -0.2817 
32 C -4.1978 -0.6799 -0.3080 
33 C -2.4123 -2.4123 -0.2778 
34 C -0.6799 -4.1978 -0.3080 
35 C -1.0940 -2.8231 -0.2817 
36 H -5.0460 -1.3559 -0.3269 
37 H -3.1814 -3.1814 -0.2830 
38 H -1.3559 -5.0460 -0.3269 

B.6c Energies of the frontier MO’s 

Spin α  Spin β 
Symmetry MO Occup. E / eV  Symmetry MO Occup. E / eV 

B2 6 1 -8.824  E1 13 2 -8.664 
E1 14 2 -8.714  A1 12 1 -8.567 
E1 15 2 -7.792  E1 14 2 -7.796 
A1 13 1 -7.201  E1 15 2 -7.692 
B1 8 1 -6.811  A1 13 1 -7.185 
E1 16 2 -6.706  B1 8 1 -6.812 
B2 7 1 -6.102  E1 16 2 -6.366 
A1 14 1 -5.885  A2 5 1 -5.873 
A2 5 1 -5.878  A1 14 1 -5.868 
E1 17 2 -5.127  B2 7 1 -5.443 
E1 18 0 -3.639  E1 17 0 -3.732 
A1 15 0 -3.423  E1 18 0 -3.255 
B1 9 0 -3.302  A1 15 0 -2.845 
B2 8 0 -2.285  B1 9 0 -2.621 
B1 10 0 -0.591  B2 8 0 -2.286 
E1 19 0 -0.107  B1 10 0 -0.575 
A1 16 0 0.241  E1 19 0 -0.085 
A2 6 0 0.251  A2 6 0 0.255 
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B.7. (P)FeIV=O; SP calculation in C4V symmetery (restricted 

spin); Chapter VII 

B.7a Input file 
#! /bin/csh 
$ADFBIN/adf -n12 << eor 
TITLE: SP on FeOP-ox w C4V symm(use GO from inp gen w qtr pref unr GO), TZP,DZP, B PW91 
05/24/06 
MAXMEMORYUSAGE 780 
OCCUPATIONS KeepOrbitals 80 
SCF 
 Iterations 400 
END 
GEOMETRY 
 SP 
END 
XC 
 GGA Becke PW91c 
END 
SYMMETRY C(4V) 
ATOMS 
1  C        -1.094040     2.823106    -0.281729 
2  C        -0.679907     4.197755    -0.308001 
3  N         0.000000     1.989106    -0.275545 
4  C        -2.412317     .412317    -0.277796 
5  C        -4.197755     0.679907   -0.308001 
6  C        -2.823106     1.094040    -0.281729 
7  N        -1.989106     0.000000   -0.275545 
8  Fe        0.000000     0.000000    -0.013195 
9  O         0.000000     0.000000     1.620283 
10 H        -1.355924     5.046018    -0.326928 
11 H        -3.181419     3.181419   -0.283037 
12 H        -5.046018     1.355924    -0.326928 
13 C         2.823106     1.094040    -0.281729 
14 C         4.197755     0.679907    -0.308001 
15 N         1.989106     0.000000    -0.275545 
16 C         2.412317     2.412317    -0.277796 
17 C         0.679907     4.197755    -0.308001 
18 C         1.094040     2.823106    -0.281729 
19 H         5.046018     1.355924    -0.326928 
20 H         3.181419     3.181419    -0.283037 
21 H         1.355924     5.046018    -0.326928 
22 C         1.094040    -2.823106    -0.281729 
23 C         0.679907    -4.197755    -0.308001 
24 N         0.000000    -1.989106    -0.275545 
25 C         2.412317    -2.412317    -0.277796 
26 C         4.197755    -0.679907    -0.308001 
27 C         2.823106    -1.094040    -0.281729 
28 H         1.355924    -5.046018    -0.326928 
29 H         3.181419    -3.181419    -0.283037 
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30 H         5.046018    -1.355924    -0.326928 
31 C        -2.823106   -1.094040    -0.281729 
32 C        -4.197755    -0.679907    -0.308001 
33 C        -2.412317    -2.412317    -0.277796 
34 C        -0.679907    -4.197755    -0.308001 
35 C        -1.094040    -2.823106    -0.281729 
36 H        -5.046018    -1.355924    -0.326928 
37 H        -3.181419    -3.181419    -0.283037 
38 H        -1.355924    -5.046018    -0.326928 
END 
BASIS 
 Fe $ADFRESOURCES/TZP/Fe.2p 
 O $ADFRESOURCES/TZP/O.1s 
 C $ADFRESOURCES/DZP/C.1s 
 N $ADFRESOURCES/TZP/N.1s 
 H $ADFRESOURCES/DZP/H 
END 
END INPUT 
eor 

B.7b Energies of the frontier MO’s 

Symmetry MO Occup. E / eV 
A1 12 2 -8.988 
B2 6 2 -8.821 
E1 13 4 -8.72 
E1 14 4 -8.339 
E1 15 4 -7.789 
A1 13 2 -7.201 
B1 8 2 -6.82 
E1 16 4 -6.628 
B2 7 2 -5.887 
A1 14 2 -5.882 
A2 5 2 -5.874 
E1 17 2 -4.446 
E1 18 0 -3.614 
A1 15 0 -3.246 
B1 9 0 -3.069 
B2 8 0 -2.28 
B1 10 0 -0.594 
E1 19 0 -0.099 
A1 16 0 0.246 
A2 6 0 0.256 
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