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ABSTRACT: Stabilization of ions and radicals often determines reaction kinetics
and thermodynamics, but experimental determination of the stabilization
magnitude remains difficult, especially when the species is short-lived. Herein, a
competitive kinetic approach to quantify the stabilization of a halide ion toward
oxidation imparted by specific stabilizing groups relative to a solvated halide ion is
reported. This approach provides the increase in the formal reduction potential,
ΔE°′(Χ•/−), where X = Br and I, that results from the noncovalent interaction with
stabilizing groups. The [Ir(dF-(CF3)-ppy)2(tmam)]3+ photocatalyst features a
dicationic ligand tmam [4,4′-bis[(trimethylamino)methyl]-2,2′-bipyridine]2+ that
is shown by 1H NMR spectroscopy to associate a single halide ion, Keq = 7 × 104

M−1 (Br−) and Keq = 1 × 104 M−1 (I−). Light excitation of the photocatalyst in
halide-containing acetonitrile solutions results in competitive quenching by the
stabilized halide and the more easily oxidized diffusing halide ion. Marcus theory is used to relate the rate constants to the electron-
transfer driving forces for oxidation of the stabilized and unstabilized halide, the difference of which provides the increase in
reduction potentials of ΔE°′(Br•/−) = 150 ± 24 meV and ΔE°′(I•/−) = 67 ± 13 meV. The data reveal that Keq is a poor indicator of
these reduction potential shifts. Furthermore, the historic and widely used assumption that Coulombic interactions alone are
responsible for stabilization must be reconsidered, at least for polarizable halogens.
KEYWORDS: halide oxidation, halide stabilization, excited states, bimolecular electron transfer, time-resolved spectroscopy, anion sensing,
photoredox, photocatalysis, solar energy storage

■ INTRODUCTION

Stabilization provided by local environments to redox-active
ions such as halides, as well as their radical counterparts, is a
critical factor that often determines the kinetics and
thermodynamics of reactions in chemistry and biology. For
example, dehalogenase enzymes contain cationic and/or H-
bonding protein residues in the active site that provide a
stabilizing interaction to the departing halide that is critical to
C−X bond (X = Cl, Br, I) cleavage and catalytic activity.1−7

Likewise, the reactivity and selectivity of enantioselective
Pictet−Spengler- and Mannich-type reactionswhere the
interaction of a hydrogen-bonding catalyst with a halide−ion
pair is responsible for asymmetric induction8−11are highly
dependent on the identity of the halide, suggesting that the
strength of the halide’s interaction is of paramount
importance.9 In solar energy conversion and storage
applications, photocatalysts have been used to drive the
thermodynamically uphill oxidation of halides to generate solar
fuels.12−15 To this end, halide-selective ion sequestration from
complex mixtures is relevant to their selective oxidation with
the ultimate goal of using ubiquitous halide sources, such as
chloride in sea water. However, the sequestration chemistry is
generally expected to stabilize the halide, rendering it more
difficult to oxidize. We note that for halides, hydroxides, and

other species unstable in adjacent oxidation states that are of
tremendous interest to biologists and chemists alike, standard
electrochemical techniques do not report on the one-electron
oxidation and instead report on multielectron processes
coupled with bond formation (for instance, 3I− → I3

− +
2e−). Therefore, kinetic measurements provide the sole
method to infer thermodynamic information on redox couples
such as E°′(Χ•/−).16 This submission reports a comparative
method to quantify the increase in the formal reduction
potential, E°′(Χ•/−), imparted to the halide by sequestration
relative to a freely diffusing halide ion.
Recently reported H-bonding macrocycles17 exhibit remark-

able selectivity for Cl− sequestration from aqueous solutions
with sequestering affinities up to 1017 M−1, akin to the crown
ethers18,19 and cryptands20 developed for binding cations a
generation earlier. However, it is known that halide
sequestration with affinities of only 104 M−1 has led to such
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significant halide stabilization that they were no longer
oxidized by photocatalysts, while freely diffusing halides were
still reactive.21,22 This observation has been interpreted as a
perturbation to E°′(Χ•/−) afforded by sequestration that
preferentially stabilizes the anionic form of the halogen species.
Recent pulse radiolysis studies have shown that even “inert”
electrolytes can stabilize redox-active ions by hundreds of
millivolts.23−25 These examples highlight the need to develop a
stronger understanding of how noncovalent interactions affect
the kinetics and thermodynamics of electron transfer, and
more broadly, any reaction where ion stabilization impacts
reactivity.

X SG X, SGn n( 1)F+ [ ]− + − +

G RT Kln( )eq eqΔ ° = − (1)

The Gibbs free energy change for the interaction of an ion,
X−, with a stabilizing group, SGn+, is related to the association
equilibrium constant, Keq, shown in eq 1, which can be
measured through numerous techniques. While a large Keq
implies significant charge transfer and an increase in E°′(Χ•/−),
the value reports on the halide anion stabilization but does not
necessarily indicate the magnitude of the potential shift.
Consider, for example, the hypothetical scenario that is

commonly invoked where the free energy change for the
equilibrium is solely due to the Coulombic attraction of two
charged moieties with no other intermolecular forces at play;
ion-pair formation occurs with a free energy change, ΔGeq°
(Scheme 1a). If either the halide or the SG+ species underwent

redox chemistry that rendered its charge neutral such as
oxidation of X− to Χ•, then ΔGeq° would approach zero in this
hypothetical scenario. This implies that ΔGeq° manifests directly
as a perturbation of E°′(Χ•/−) to E°′(SG+,Χ•/−)+/0. Indeed,
ΔGeq° has previously been used to estimate the perturbation to
reduction potentials that result from ion pairing.25 However,
this scenario assumes that there are no stabilizing interactions
for the electron-transfer products in the redox equilibrium.
This assumption is rarely reasonable in chemistry and biology,
yet is the sole contribution considered in time-honored
photochemical analysis26,27 and state-of-the-art kinetic meas-
urements.23,24,28 This assumption is particularly problematic in
determination of E°′(SG+, Χ•/−)+/0 as the Keq values do not
account for noncovalent interactions with the halogen atom
that would be particularly important for polarizable halide ions

like iodide. Therefore, experimental methods to determine
how ion stabilization through noncovalent interactions impacts
formal reduction potentials are critically needed.
Here, we report a new experimental approach for measuring

the change in reduction potential, ΔE°′(Χ•/−), of a stabilized
halide ion relative to an unstabilized ion. The approach takes
advantage of robust and easily derivatized photocatalysts and
the relationship between kinetics and thermodynamics in
semiclassical Marcus theory29 as follows: (1) synthesize a
photocatalyst modified with ion stabilizing group(s) that are
weakly electronically coupled to the excited state (Scheme 1b);
(2) quantify excited-state electron-transfer rate constants for
the stabilized and unstabilized ions; and (3) utilize Marcus
theory to determine the driving forces, −ΔGet° , for both
electron-transfer reactions. The difference in the Gibbs free
energy change for the two reactions yields ΔE°′(Χ•/−)
imparted by the stabilizing group(s), ΔE° ’(X•/−) =
−q[ΔGet°(unstab.) − Get°(stab.)], where q = 1 for a 1e−

electron transfer. This strategy requires some assumptions
inherent to Marcus theory, but a sensitivity analysis reveals that
this uncertainty is small because the photocatalyst, solvent, and
ion are held at parity in these comparative measurements. A
proof-of-principle example is provided for halide stabilization
by a dicationic ligand coordinated to an Ir photocatalyst. The
use of an Ir photocatalyst enabled facile oxidation of both
stabilized and unstabilized halides without the ligand-loss
chemistry that plagues the most potent Ru polypyridyl photo-
oxidants. The kinetic data and analysis reveal that the
magnitude of Keq was correlated with ΔE°′(Χ•/−), but that
additional noncovalent interactions were necessary to ration-
alize the stabilization of iodide relative to bromide.

■ RESULTS

Photophysical and Electrochemical Characterization

The photocatalyst [Ir(dF-(CF3)-ppy)2(tmam)]3+ (tmam =
[4,4′-bis[(trimethylamino)methyl]-2,2′-bipyridine]2+), abbre-
viated Ir-tmam, displayed spectroscopic properties typical for
iridium complexes with two cyclometallating ligands and one
bipyridyl-type ligand.30 The excited state displays broad room
temperature photoluminescence (PL) with a maximum at 570
nm (Figure S1). Pulsed-light excitation with 465 nm light in
argon-saturated acetonitrile generated a long-lived excited state
that decayed by first-order kinetics with a lifetime το = 1.0 μs.
In cyclic voltammetry experiments, Ir-tmam exhibited an
irreversible reduction E°′(Ir3+/2+) ≈ −1.32 V versus Fc+/0 in an
acetonitrile electrolyte solution. Irreversible reduction of
complexes containing tmam ligands has been previously
observed and attributed to deamination of the reduced
ligand.31−36 The Gibbs free energy stored in the excited
state, ΔGes = 2.55 eV, was extracted from the blue edge of the
PL spectrum. The lack of reversible electrochemistry precluded
exact determination of the excited-state reduction
[E°′(Ir3+*/2+)], but was estimated to be ∼1.2 V versus Fc+/0

(eq 2).

E E G(Ir ) (Ir )3 /2 3 /2
es°′ = °′ + Δ+* + + +

(2)

NMR Ion-Pairing Titrations
1H NMR spectroscopy was used to determine the location of
halide association with Ir-tmam and the corresponding
equilibrium constants. Titration of tetrabutylammonium iodide
(TBAI) into a CD3CN solution of Ir-tmam revealed the most

Scheme 1. (a) Thermochemical Cycle for Halide and
Halogen Atom Stabilization by a Stabilizing Group, SG. (b)
Generic Strategy for a Photocatalyst Functionalized with a
SG that Impacts the Formal Reduction Potential of a
Redox-Active Ion, X−
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significant chemical shift change for the 3,3′ tmam hydrogens
(Figure 1, labeled “c”) that saturated by ∼3 equiv I−. This
suggests that the initial iodide ion pairing occurred with a
strong interaction localized near the most acidic 3,3′ bipyridyl
hydrogens, consistent with previous reports of halide binding
with ruthenium-based polypyridyl complexes.37 Downfield
shifts were also observed for the methylene-tmam protons
(labeled “d”) throughout the titration, as well as small changes
in the 5,5′ tmam resonance (labeled “b”) at higher
concentrations of iodide. The inflection point in the latter
change in chemical shift suggested that a second, less favorable
ion pair formed in the presence of excess iodide. Changes in
chemical shift were fit to a 1:2 (Ir-tmam/iodide) binding
model using the Supramolecular fitting software to extract the
ion-pairing equilibrium constants.38 The first and second
association constants with iodide were determined to be K11 =
1.00 ± 0.02 × 104 M−1 and K12 = 1.19 ± 0.03 × 102 M−1,
respectively.38−40

Titration of tetrabutylammonium bromide (TBABr) into a
CD3CN solution of Ir-tmam (Figure S5) induced chemical
shift changes that were similar to the behavior of TBAI. The
most significant change was again observed for the 3,3′ tmam
hydrogens, which saturated by ∼2 equiv Br−. The more rapid
and significant change in chemical shift observed for Br−

relative to I− suggested a higher binding affinity for the
smaller halide, which is consistent with prior studies.22 The
presence of an inflection point in the chemical shift changes to
the 5,5′ tmam resonances at higher [Br−] indicated that a
second halide binding occurred with excess bromide. The first
and second association constants with bromide were
determined to be K11 = 7 ± 2 × 104 M−1 and K12 = 3.1 ±
0.3 × 102 M−1, respectively.38−40

The speciation of Ir-tmam ion pairs as a function of halide
equivalents added is shown in Figures 1B and S6 for iodide and
bromide, respectively. When ∼2 equiv of iodide was added, the
singly ion-paired species [Ir-tmam,I]2+ was at its highest

concentration and accounted for >80% of the Ir species
present. The doubly ion-paired species [Ir-tmam,2I]+ was not
the dominant species until >10 equiv of iodide was added. For
bromide, the singly ion-paired species [Ir-tmam,Br]2+ reached
its highest concentration at ∼1.75 equiv (>85% of the Ir
species present) and the doubly ion-paired species [Ir-
tmam,2Br]+ was not the dominant species until >5 equiv.

PL and Stern−Volmer Analysis

PL titrations were performed from 0 to <3 equiv of halide
(unless otherwise stated), such that [Ir-tmam]3+ and [Ir-
tmam,X]2+ were the dominant species in solution over this
concentration range (Figures 1B and S6, unshaded).
Precluding substantial contribution of the doubly ion-paired
species ensured that the kinetic data could be modeled by
considering only the two dominant species.
Titration of TBAI or TBABr quenched the steady-state PL

intensity (PLI) of Ir-tmam (Figures S7 and S8). Stern−Volmer
plots of PLI0/PLI versus halide concentration displayed
upward curvature that is commonly attributed to the presence
of a static quenching mechanism (Figure 2c).41 A modified
Stern−Volmer expression (see the Supporting Information)
has traditionally been used to model data where combined
dynamic and static quenching is operative and assumes that the
nonluminescent ground-state adduct is responsible for the
static component.41 For iodide quenching, the modified
Stern−Volmer expression provided an estimate of Keq =
8600 ± 200 M−1 that is in fair agreement with the Keq
determined by NMR, but this was not the case for bromide.
In this study, the assumption that the ground-state adduct, [Ir-
tmam,X]2+, was nonluminescent is invalid, particularly when X
= Br, as is presented below. A ∼9 nm blue shift in the PL λmax
was also observed during halide titrations. This hypsochromic
shift indicated that approximately ∼35 meV more energy was
stored in the excited state, ΔGes, of the ion-paired [Ir-
tmam,X]2+* complex. There was no evidence that halide
association impacted the MLCT character of the excited state,

Figure 1. (A) 1H NMR titration of TBAI into a solution of Ir-tmam in acetonitrile with the indicated equivalents of iodide. (B) Molar fraction of
“free” [Ir-tmam]3+, the singly ion-paired species [Ir-tmam,I]2+, and doubly ion-paired species [Ir-tmam,2I]+ as a function of iodide equivalents
added. The unshaded portion of the plot represents the concentration region that PL measurements were performed.
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given that halide addition did not affect the shape or full width
at half maximum of the normalized steady-state PL. The
irreversible nature of the Ir-tmam reduction precluded
experiments to measure any shift in the ground-state reduction
potential when ion-paired with iodide or bromide. However,
previous studies on a related polypyridyl complex with a
similar halide binding affinity reported a 40 mV cathodic shift
in the first reduction potential upon halide ion pairing.22 Given
that changes to E°′(Ir3+/2+) and ΔGes are similar in magnitude
but in opposing directions, a negligible shift in E°′(Ir3+*/2+) is
anticipated for the ion-paired complex (eq 2).
Pulsed-laser experiments with approximately 10 ns time

resolution revealed that titrations with iodide quenched the Ir-
tmam excited-state lifetime and led to a decrease in the initial
PL amplitude (α), indicative of dynamic and static quenching,
respectively (Figure 2b).42,43 These data were well described
by a first-order kinetic model with monoexponential decay
observed at all iodide concentrations investigated (eq 3). A
quenching rate constant resulting from freely diffusing iodide
was extracted from the linear τ0/τ plot, kq = 6.4 × 1010 M−1

s−1, which was reproducibly measured to two significant

figures. The static component was attributed to the stabilized
iodide that quenched the Ir-tmam excited state within the
instrument response time of 10 ns.

t tPLI ( ) (exp( / ))α τ= − (3)

Iodide titrations were subsequently performed with a time-
correlated single photon counting (TCSPC) PL assay in order
to achieve picosecond resolution of the Ir-tmam quenching
processes. On this time scale, biexponential kinetics were
observed, consistent with two competitive quenching processes
(eq 4, Figure 2d).

t
t t

PLI ( ) exp exp1 2
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y
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jjjjj

i
k
jjjjj
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{
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y

{
zzzzzα

τ
α

τ
= − + −

(4)

The first quenching mechanism was first order in [I−], where
Stern−Volmer analysis revealed a quenching rate constant of
6.3 × 1010 M−1 s−1 (Figure S9), consistent with a diffusional
quenching mechanism in excellent agreement with the rate
constant determined from nanosecond pulsed-laser experi-
ments. The second quenching process was rapid with a lifetime

Figure 2. (a) Time-resolved PL with increasing [Br−] and biexponential fits overlaid (black dashes). The inset is plotted on a log scale to
demonstrate the biexponential decay of the excited state. (b) Time-resolved PL with increasing [I−] and monoexponential fits superimposed (black
dashes) with a log scale shown as an inset. (c) Stern−Volmer plot of PLI0/PLI or τ0/τ as a function of [Br−] or [I−] with fits overlaid. (d) TCSPC
PL plotted on a log scale with increasing [I−] and biexponential fits superimposed (black dashes).
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of τs = 3.2 ns that was independent of [I−], but was only
observed once iodide was added. This short-lived excited-state
species was attributed to [Ir-tmam,I]2+*, where rapid
quenching occurred within the adduct that was preassociated
in the ground state. This “static” quenching process manifested
as a decrease in the initial amplitude in the previously
described nanosecond pulsed-laser experiments but was able to
be time-resolved using TCSPC.
Nanosecond pulsed-laser experiments provided sufficient

time resolution to reveal excited-state quenching of Ir-tmam by
bromide that was well described by a biexponential kinetic
model with increasing [Br−] (eq 4). Analogous to the
picosecond kinetic data for iodide, the biexponential excited-
state decay revealed one component with a lifetime that was
bromide concentration-dependent, consistent with diffusional
quenching, and a second lifetime, τs = 29 ns, that was
independent of bromide concentration (Figure 2a). Stern−
Volmer analysis of the diffusional quenching lifetimes showed a
linear dependence on bromide concentration, from which a
quenching rate constant of kq = 4.9 × 1010 M−1 s−1 was
extracted (Figure 2c).
The assignment of both quenching mechanisms as electron-

transfer processes is based on prior work that has
demonstrated reductive quenching of similar Ir photocatalysts
by halides,16,44−46 as well as the important consideration that
there is no energetic overlap between the Ir-tmam PL and X−

absorbance to enable alternative energy transfer quenching
mechanisms. The assignment of a reductive quenching
mechanism was confirmed by observation of the reduced
photocatalyst and oxidized halide photoproduct by nano-
second transient absorption spectroscopy (Figure S10).
Marcus Theory Analysis

The dynamic quenching process proceeded through a
composite mechanism where the first step was the diffusional
encounter of the excited state, Ir-tmam3+*, with an
unstabilized, freely diffusing halide, X−, to form an “encounter
complex”, subsequently followed by electron transfer (Scheme
2). Application of the time-honored steady-state approxima-
tion to the encounter complex and correction for diffusion in
acetonitrile (kdiff = 1.02 × 1011 M−1 s−1 for Ir-tmam3+* and I−

under the reported experimental conditions) allowed the
electron-transfer rate constant, ket, to be extracted from the
observed quenching rate constant, kq (see Supporting

Information).16,47−54 The static quenching observed with the
stabilized halide occurred by direct excitation of a ground-state
halide photocatalyst adduct, [Ir-tmam,X]2+. Because the halide
was associated with the photocatalyst prior to excitation, the
kinetics were independent of [X−] and there was no diffusional
step; the measured kinetics reported directly on the elementary
electron-transfer step, ket = kq = 1/τs.
The electron-transfer rate constants report directly on the

driving force for electron transfer, −ΔGet° , which were
determined through semiclassical Marcus theory. Within the
Marcus expression (eq 5), the reorganization energy, λ = 1
eV,55−61 and pre-exponential frequency factor, A = 1011

s−1,54,62,63 were assumed to be at parity for both the stabilized
and diffusional electron transfer. The pre-exponential factor
contains the electronic coupling matrix element, Hab, which is
expected to be small for bimolecular reactions. A sensitivity
analysis was performed where the values for λ and Hab were
varied one at a time over physically realistic values of 0.8 to 1.2
eV and 10 to 100 cm−1, respectively, to estimate the
uncertainties in ΔE°′(X•/−) of ±24 meV for bromide and
±13 meV for iodide. Quenching rate constants, electron-
transfer rate constants, and the driving forces for electron
transfer are tabulated in Table 1.
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Scheme 2. Two Competitive Electron-Transfer Quenching Pathwaysa

aDynamic quenching involves diffusional encounters of the halide with the excited state. Static quenching occurs when the halide associates with
the stabilizing group in the ground state.

Table 1. Kinetic and Thermodynamic Values for Quenching
by Stabilized and Unstabilized Bromide and Iodide

Br−
(unstabilized)

Br−
(stabilized)

I−
(unstabilized)

I−
(stabilized)

kq (M
−1 s−1) 4.9 × 1010 6.4 × 1010

ket (s
−1) 4.1 × 108 3.4 × 107 8.0 × 108 3.1 × 108

−ΔGet°
(meV)

250 95 300 230
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■ DISCUSSION

A new iridium photocatalyst was synthesized featuring a
dicationic bipyridyl ligand (tmam). Visible light excitation of
Ir-tmam generated a long-lived ∼1 μs photoluminescent
excited state. Kinetic measurements revealed that two
competitive excited-state quenching mechanisms were oper-
ative for either bromide or iodide. These mechanisms were
attributed to dynamic electron transfer from a freely diffusing,
unstabilized halide and a static mechanism with a stabilized
halide sequestered by the photocatalyst (Scheme 3). The
concurrent oxidation of stabilized and unstabilized halides
provided a novel opportunity to analyze the kinetic data with
semiclassical Marcus theory to compare electron-transfer
driving forces and, ultimately, quantify the stabilization of
these ions toward oxidation through noncovalent interactions
under experimentally relevant conditions. Below we discuss the
implications of this work and assumptions inherent to this
analysis beginning with the molecular structure of the
stabilized halide and photocatalyst and ending with previously
described approaches to quantify ion stabilization.
The tmam ligand was chosen as previous research with

ruthenium-based photocatalysts has shown the presence of a
“halide-binding pocket”, where a single halide ion is stabilized
by both cationic quaternary amines and H-bonding to
hydrogen atoms on the bipyridyl ligand.12,21,37,64−67 1H
NMR titrations with Ir-tmam are in good agreement with
these prior studies and provide equilibrium constants of 7 ×
104 and 1 × 104 M−1 for Br− and I−, respectively. We note that
a second, weaker ion pair formed in the presence of excess
halides (K12 ≈ 102 M−1) that was intentionally precluded from
the kinetic analysis. An important observation from this and
prior studies is that the 2-fold rotational symmetry axis along
the plane defined by tmam and the metal center was
maintained throughout the halide titrations, indicating that a
single halide resided within the plane of the bipyridine ligand
stabilized equally by both ammonium groups. Despite the
structurally analogous ion pairing, it is interesting to note that
prior work with ruthenium-based photocatalysts found that
tmam stabilized the sequestered halide to an extent that it
inhibited electron transfer even from iodidethe easiest halide
to oxidizeyet the photocatalyst was still quenched diffusion-
ally by unstabilized halides.21 This is in marked contrast to this
report where both quenching pathways were observed,
behavior attributed to the larger driving force for halide

oxidation by the more potent iridium-based photooxidant
reported herein.
While the location of the stabilized halide is reasonably well

understood, the same is not true for the unstabilized halide in
solution. The degree of halide solvation is usually unknown,
particularly in nonaqueous environments, which presents a
major challenge for estimating ion stabilization through
computational methods or thermochemical cycles.68 A large
body of bimolecular (or ionic) electron-transfer data reported
over the past decades indicate that electron transfer occurs
after diffusional encounters within a solvent cage that is often
called an encounter complex. While the structure and solvation
within the encounter complex are typically unknown and
difficult to quantify experimentally, an advantage of the
approach described herein is the comparative nature of the
kinetic data that directly reports on the relative driving force
for oxidation of the stabilized and unstabilized ions. Thus,
comparison of these values is expected to provide a direct
measure of ΔE°′(Χ•/−) under experimentally relevant
conditions without a priori knowledge of the innumerable
factors that may impact stabilization.
On the other hand, inherent to this comparative kinetic

approach is the assumption that the electronic coupling (Hab)
and reorganization energy (λ) within this encounter complex
are the same as that for the stabilized ion. These parameters
are discussed below as this assumption is important and can be
tested with a larger body of experimental data. The
reorganization energy is typically taken as a sum of inner-
and outer-sphere contributions. The inner-sphere contribu-
tions involve changes in bond angles and lengths, which are
absent for the halides and minimal for these MLCT excited
states. Hence, the reorganization energy is determined mainly
by the solvent and a typical value of 1 eV in polar solvents was
adopted. Previous analysis of halide charge transfer to solvent
transitions revealed that λ is not highly sensitive to the halide
identity.69 Nevertheless, it is prudent to emphasize that the
solvent coordination number for halides, and ions in general, is
largely unknown,70 so it is difficult to say with certainty that a
common reorganization energy is completely appropriate for
stabilized and unstabilized halides.
The electronic coupling is directly related to the overlap of

the donor−acceptor wavefunctions at the instant of electron
transfer. For these 18e− dπ6 photocatalysts, the formation of a
seven-coordinate encounter complex is highly unlikely and
unprecedented, indicating that electron transfers proceed

Scheme 3. Competitive Excited-State Electron Transfers from a Stabilized Bromide (Left) and a Solvated Bromide (Right)
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through outer-sphere mechanisms. Hence, electron transfer
from the stabilized halide occurs by tunneling through the
halide-sequestering tmam ligand. While direct contact between
the donor and acceptor promotes electronic coupling,71 the
tmam ligand is formally reduced in the excited state and
therefore does not provide strong coupling to the acceptor
orbital predominantly localized on the metal and cyclo-
metallating ligands.72,73 Indeed, prior reductive quenching
studies reported no measurable kinetic difference when an
electron donor was covalently tethered proximal or distal to
the ligand formally reduced in the excited state.74

For the diffusional electron transfer, it is likely that the most
significant wavefunction overlap occurs when Χ− is near the
cyclometallating ligands of Ir-tmam3+*. In the absence of a
halide-sequestering ligand, previous molecular dynamics
simulations in acetonitrile solutions indicate that polypyridyl
photocatalysts form solvent-shared interactions with halides,
suggesting that direct contact of the halide and photocatalyst is
not favored and thus unlikely to lead to enhanced electronic
coupling.75 Therefore, like most bimolecular electron-transfer
reactions, the electronic coupling is expected to be small for
both electron transfers. Consistent with this assertion, recent
studies with similar iridium photocatalysts reported that a
common value for λ and Hab was suitable to fit a Marcus curve
for a series of structurally disparate electron donors, including
neutral organic donors as well as anionic halides.44

The remaining unknown parameter within the Marcus
equation, ΔGet° , depends on the excited-state reduction
potential of the acceptor, E°′(Ir3+*/2+), and the reduction
potential of the donor, E°′(X•/−). Given that E°′(Ir3+*/2+) is
largely insensitive to halide association under the relevant
experimental conditions, it is reasonable to assign the
difference in ΔGet° measured for oxidation of the stabilized
and unstabilized halides as a direct perturbation to E°′(X•/−).
Therefore, the kinetic data indicate that Ir-tmam stabilizes
bromide and iodide by approximately ΔE°′(Br•/−) = 150 ± 24
meV and ΔE°′(I•/−) = 67 ± 13 meV, respectively (Table 2).

These values for stabilization toward oxidation are qualitatively
consistent with the measured equilibrium constants, which
corresponded to −ΔGeq° = 290 and 240 meV with bromide and
iodide, respectively (eq 1). However, the fact that the shift in
E°′(X•/−) for iodide is less than 1/2 that of bromide could not
have been ascertained from this ground-state equilibrium data.
Instead, one might have naively expected ΔE°′(X•/−) to be
within 20% of each other. It is therefore of interest to speculate
why ΔE°′(Br•/−) is more than twice that of iodide.
In the hypothetical scenario presented in the Introduction, it

was stated that if the only relevant consideration was a
Coulombic attraction, then oxidation of X− to X• would
eliminate any stabilizing interaction. A survey of the literature
quickly reveals this to be incorrect. A relevant example that
contradicts this hypothetical scenario is the substantial body of
work that has studied the stabilizing interaction of halogen
atoms with aromatic systems.13,15,76−87 Not only does this

imply that there are more interactions to consider than
Coulombic attraction, it also introduces the notion that the
impact of “stabilization” on formal reduction potentials must
consider the electron-transfer products as well as the reactants.
It is possible (if not probable) that formation of a π-halogen
adduct concomitant with electron transfer could stabilize the
product pair, thereby altering the thermodynamic driving force
for halide oxidation. Prior DFT calculations have estimated
that formation of a Br•-benzene adduct provided up to 220
meV of thermodynamic stabilization.80 It is prudent to note,
however, that at the instant of electron transfer, it is unlikely
that the halogen atom would be positioned in an orientation
relative to the aromatic ligands on the photocatalyst that would
provide the maximal stabilization that has been predicted by
theory.80 Nevertheless, the results reported here suggest that
particularly for the highly polarizable iodine atom, stabilizing
interactions may be operative without strict geometric
requirements. The extent to which such an interaction may
be an important consideration for oxidation of the sequestered
versus diffusing halide is not yet known but serves as an
example that demonstrates how ground state equilibria may
provide an incomplete picture of how noncovalent interactions
impact reduction potentials. In particular, it is encouraging that
the predicted magnitude of halogen atom stabilization is
similar to the −ΔGeq° reported herein, suggesting that an
appropriately designed photocatalyst could offset the halide
stabilization necessary for selective sequestration by commen-
surate stabilization of the halogen atom.
Lastly, it is important to place this approach in the context of

some previous studies that have successfully utilized kinetic
data to determine thermodynamic parameters related to ion
pairing in various contexts. Time-resolved fluorescence
measurements have been used to determine that ion pairs in
a frozen glass were destabilized by ∼800 meV relative to polar
solvents.88,89 However, it is not clear from these studies how
the formal reduction potentials of the donor or the acceptor
were impacted by ion pairing. More recently, a novel method
to determine electrolyte-free reduction potentials has been
developed using pulse radiolysis that accounts for the free-
energy change for ion pairing with bulk electrolyte solutions.
While ostensibly similar to the work presented here, this prior
work is relevant to systems where ion pair formation happens
in concert with electron transfer. An advantage to the method
presented here is that ΔE°′(X•/−) can be measured directly
from comparison of the rate constants for oxidation of the
halide that is stabilized (ion paired) and in solution. Moreover,
the use of luminescence measurements makes this approach
amenable to most academic laboratories without the need for
specialized radiation sources.

■ CONCLUSIONS

A new kinetic approach for determination of the change in the
formal reduction potential imparted by environmental
stabilization is described and applied to bromine and iodine
atoms. Light excitation of a photocatalyst initiated competitive
quenching kinetics by a stabilized halide ion and a solvated
halide ion. Stabilization by a photocatalyst with two cationic
ammonium groups and H-bond donors was shown to result in
a significant increase in the formal reduction potentials relative
to the solvated species. The collective data reported herein
revealed important interrelated conclusions that were not
evident in previously published articles.

Table 2. Ground-State Equilibrium Values and Perturbation
to Halogen Reduction Potential from Ion Stabilization

bromide iodide

Keq (M
−1) 7 ± 2 × 104 1 ± 0.02 × 104

−ΔGeq° (meV) 290 240
ΔE°′(X•/−) (mV) 150 ± 24 67 ± 13
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The association equilibrium constants for ion sequestration
were a poor indicator of the magnitude of the reduction
potential shift, but qualitatively predicted that the stabilized
bromide was more difficult to oxidize than the stabilized iodide
relative to their solvated ion counterparts. The 1H NMR
titrations revealed that iodide and bromide were stabilized by
the same noncovalent interactions within the dicationic ligand.
The Keq value for bromide was a factor of 7 larger than that for
iodide, yet the shifts in the formal reduction potentials differed
by a factor of 2. While Keq values are often the only
quantitative measure of ion stabilization available experimen-
tally, their use as a predictor of perturbations to formal
reduction potentials should be done with extreme caution.
The assumption that Coulombic interactions alone are the

only noncovalent interaction of significance must be carefully
considered. If stabilization of the halogen atom was
nonexistent, then the simple free energy consideration of
Scheme 1a would have provided a means to predict the change
in reduction potential of the stabilized halide ion. The
experimentally measured Keq values did report on the
Columbic interactions of the halide ions as well as the weaker
hydrogen bonding interactions with the tricationic photo-
catalyst; however, assuming Keq was zero for the neutral
halogen atom resulted in shifts in the formal potentials that
were outside the range of error determined through the
sensitivity analysis.
Studies of photocatalysts with fewer (or additional) ionic

groups as well as alternative groups capable of H-bonding or
other noncovalent interactions will provide greater insights
into environmental stabilization of redox reactions relevant to
chemistry and biology. Of relevance to this particular study is
the goal of designing materials that preferentially sequester a
single analyte from a complex mixture for subsequent light-
driven redox chemistry, such as the selective oxidation of
chloride ions in sea water. The data herein reveal that
sequestration necessarily stabilizes the analyte of interest and
that this need not necessarily lead to a large unfavorable shift in
the formal reduction potential if the redox partner of the
analyte can also be stabilized significantly. Indeed, while
speculative, the increased stabilization of the iodine atom is
likely responsible for the smaller increase in ΔE°′(I•/−) relative
to ΔE°′(Br•/−). Hence, future research on functional groups
that stabilize both halves of the redox couple, here the atom
and the ion, is likely to provide greater insights into ion and
radical stabilization necessary for real-world applications.
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