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ABSTRACT

A series of ruthenium polypyridyl photocatalysts bearing amide functional groups were designed that successfully promoted halide assembly in CH,Cl; and CH3CN
solution. In CHClp, halide assembly was accompanied by a visible color change, and the spectral changes presented clear evidence for two halide binding events,
yielding a 1:2 ruthenium:halide assembly. In the more polar solvent CH3CN, 1:2 assembly structures were also observed with chloride, bromide, and iodide, and large
equilibrium constants were measured for association of the first and second halide (K;; = 0.04 - 2 x 10° M’l, K2 = 0.01 -3 x 10° M™Y. Varying the functional
groups on the ancillary ligands tuned the excited-state reduction potentials (Ru*"*/*), resulting in a photocatalyst capable of performing iodide oxidation. Quenching
of the photocatalyst excited state resulted in static and dynamic quenching, and a Stern-Volmer analysis yielded two linear regions at low and high iodide con-
centrations. The dynamic quenching rate constants (kq = 6.8 and 4.0 x 10'° M~ s71) and static quenching constants (Ks = 2.4 and 0.13 x 10* M) at low and high
iodide concentrations, respectively, were consistent with dynamic quenching of Ru?>* and [Ru?*,1"]%, and static quenching of [Ru®>*,1"]*and [Ru?*,2I"]. Transient
absorption spectroscopy revealed that the quenching reaction yielded a reduced ruthenium (Ru") as the primary photoproduct and diiodide (Io"~) as a secondary
photoproduct. The second-order rate constant for I,*~ formation was measured to be 2.5 x 101® M~! s71, a value consistent with the diffusion limited reaction. The
transient absorption data indicates that oxidized halide photoproducts only result from the diffusional quenching reactions, and not from static quenching with an
associated iodide ion. Fast back-electron transfer rates and low cage-escape yields in the ruthenium:iodide assemblies are invoked to explain why the static quenching

pathway does not lead to measurable photoproduct yields.

Introduction

Excited-state electron transfer reactions are of significant interest in
chemistry, particularly in the fields of photoredox catalysis [1] and solar
energy conversion [2]. Radiative and non-radiative decay pathways are
often kinetically competitive with electron transfer, especially when the
free energy change is small. To enhance efficiencies and impart greater
control over excited-state reactions, the tools of supramolecular as-
sembly have been utilized to self-assemble the redox-active reactants
with the photocatalyst in the ground state, thereby precluding the need
for diffusion. This strategy has been implemented in asymmetric catal-
ysis, enabling high enantioselectivity with chiral hydrogen-bonding
photocatalysts [3-6], supramolecular electron-transfer reactions [7,8],
and in halide oxidation with cationic photocatalysts that afford halogen
atoms on the nanosecond time scale [9-11]. In many of these cases,
preorganization has indeed provided access to novel mechanisms, but
the formation of strong ground-state assemblies also has unintended
consequences, such as reactant stabilization that inhibit desired reac-
tivity [10]. Herein we report the structural and photophysical properties
of dicationic photocatalysts with functional groups for halide coordi-
nation that self-assemble in a 1:2 photocatalyst:halide stoichiometry.

The development of new photocatalysts that promote reactant

assembly and initiate excited-state electron transfer is expected to be
impactful. Ruthenium polypyridyl photocatalysts are suited for such
fundamental study as they possess long-lived and well-characterized
metal-to-ligand charge transfer (MLCT) excited states with high stabil-
ity in adjacent redox states. Of particular interest are photocatalysts that
bear amide functional groups in the 4,4’ or 5,5 positions of a 2,2'-
bipyridine ligand [10,12-17] that are known to associate with halides in
organic solvents. Reductive quenching of the excited state by a halide
generates a halogen atom that may react with another halide to form a
X-X covalent bond. Hence supramolecular assemblies that afford both
excited-state electron transfer and the subsequent bond formation
reactivity are of particular interest. Study of such assemblies may one
day enable the selective oxidation of chloride in sea water for example.
Herein, three ruthenium polypyridyl photocatalysts shown in Fig. 1
were found to self-assemble with chloride, bromide, and iodide in
CH3CN solutions. Large equilibrium constants for association of one and
two halide ions (K11 from 10* —10° M}, Ky from 10° —10° M 1) were
quantified. The ground-state assembly had a significant impact on the
excited-state quenching reaction with iodide for Ru-btfmb.
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Results
Synthesis

The synthesis of the amide-functionalized halide receptor ligand
5,5’-daea was achieved through the modification of a literature pro-
cedure [17]. Briefly, the methyl groups of 5,5-dimethyl-2,2'-bipyridine
were oxidized to carboxylic acids by excess potassium dichromate in
sulfuric acid. Esterification of the carboxylic acid groups was performed
in ethanol with catalytic sulfuric acid, yielding 5,5'-diethylester-2,
2/-bipyridine, which, when refluxed in the presence of 2-(2-amino-
ethylamine)ethanol, gave 5,5’-daea as a white precipitate. The yields
for each step of the ligand synthesis ranged from 34 to 93%.

The ruthenium complexes Ru-dtb, Ru-bpy, and Ru-btfmb shown in
Fig. 1 were prepared by refluxing the appropriate Ru(LL)»Cl; (LL = dtb,
bpy, btfmb) precursor with 5,5’-daea in ethanol. The reaction mixture
was purified by column chromatography and the desired photocatalysts
were precipitated as the PFg salt in moderate yields (32-64%). Char-
acterization of the 5,5’-daea ligand with 'H NMR and the photocatalysts
with 'H NMR and high resolution mass spectroscopy, is provided in the
SI (Figures S1-S7).

Electrochemistry and absorption spectroscopy

Square-wave voltammetry (Figure S8) was used to determine the
metal-based Ru™" and ligand based reduction potentials of each com-
plex (Table 1). The Ru"™™ potentials were sensitive to the electronic
properties of the ancillary ligands, with electron withdrawing groups
yielding the most positive Ru™™ potential (1.84 V vs NHE for Ru-
btfmb), while electron donating groups gave the most negative Ru'/!!
potential (1.46 V vs NHE Ru-dtb). A comparison of the ligand-based
reduction potentials with those of the homolyptic complexes indicated
that for Ru-btfmb, the first reduction is of the btfmb ligand [18]. For
Ru-dtb and Ru-bpy, the first reduction potential, which is approxi-
mately the same for both complexes, did not align with either dtb [19] or
bpy [20], and is therefore ascribed to reduction of the 5,5'-daea ligand.
Blakley and DeArmond indicated that the excited-state is localized on
the most easily reduced ligand [21]. Therefore, in Ru-btfmb the
excited-state is localized on the btfmb ligand and on the 5,5'-daea ligand
for Ru-bpy and Ru-dtb.

The UV-visible absorption spectra of the photocatalysts are shown in
Fig. 2. Characteristic features include the broad MLCT absorption be-
tween 400 and 550 nm and sharp absorption profiles at or below 300 nm
attributed to ligand centered n-n* transitions. Visible light excitation
resulted in room temperature photoluminescence.

Halide assembly

The titration of tetrabutylammonium (TBA) chloride, bromide, or
iodide salts into CH3CN (or CH,Cly) solutions of the ruthenium photo-
catalysts (~ 40-60 pM) impacted the UV-visible absorption spectrum
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Table 1

Ground- and excited-state reduction potentials of ruthenium photocatalysts.®.
(V vs NHE)
Complex Ry Ru?*/* Ru?*/* AGggs (eV)
Ru-btfmb 1.84 —-0.62 1.56 2.18
Ru-bpy 1.54 —0.72 1.31 2.03
Ru-dtb 1.46 —-0.74 1.21 1.95

# Ground-state potentials measured in 0.1 M NaClO4/CH3CN.

and provided a means to quantify halide assembly. The addition of
chloride to Ru-dtb in CH,Cl; resulted in a dramatic color change from
red to orange that was visible to the naked eye (Figure S9). The same C1™
addition in CH3CN resulted in a smaller color change that was not
discernable by eye, Fig. 3. In CH3CN, halide addition to Ru-dtb (Fig. 3,
left, and Figure S10) and to Ru-bpy (Figure S11) resulted in a blue shift
of the low energy MLCT transitions, while for Ru-btfmb halide addition
induced a red-shift (Fig. 3, right, and Figure S12). Notably, in all
acetonitrile halide titrations, no isosbestic points were observed at low
halide concentration and were resolved at higher halide concentrations
(Fig. 3, dashed lines in insets). The spectral changes induced by the
halides were fit to a 1:2 Ru:2X™ binding model to determine the equi-
librium constants for halide assembly [22,23]. The equilibrium con-
stants are given for each photocatalyst with chloride, bromide, and
iodide in Table 2, which enabled the mole fractions of the Ru?*, [Ru®*,
X1, and [Ru®",2X"] species at each halide concentration to be deter-
mined (Figure S13).

Halide titrations into ~ 1 mM Ru-dtb, Ru-bpy, or Ru-btfmb CD3CN
solutions were monitored by 'H NMR spectroscopy (Fig. 4, and
Figure S14). For Ru-dtb, the most prominent shifts were observed for
the amide H atoms and the 4,4’ hydrogens of the 5,5'-daea ligand, which
shifted downfield by 1.84 and 0.57 ppm, respectively. The changes
associated with the 4,4’ hydrogens saturated at ~ 2.5 equivalents of
chloride, while the amide hydrogens shifted continuously throughout
the course of the titration. Small downfield shifts were also observed for
the 6,6’ hydrogens (Appm = 0.16) on the 5,5'-daea ligand, and the 5,5’
hydrogens (Appm = 0.12) on the dtb ligand. The results for Ru-btfmb
and Ru-bpy were qualitatively similar for the amide, 4,4, and 6,6' hy-
drogens on 5,5'-daea, and 5,5’ on the ancillary ligand. However, for Ru-
btfmb, the 4,4’ hydrogens on the amide-functionalized ligand under-
went a much smaller (0.13 ppm) shift while the 6,6’ hydrogens on that
ligand had a larger Appm of 0.20.

Titrations in the less polar solvent CD,Cl; provided additional insight
into supramolecular assembly with Ru-dtb (Figure S15). The same
amide, 4,4’ and 6,6’ hydrogens on the 5,5'-daea ligand, and 5,5 hy-
drogens on the dtb ligand shifted downfield but, the 4,4’ hydrogens on
the 5,5'-daea ligand displayed a much larger shift (Appm = 0.73) with
1.5 equivalents of chloride. In addition, higher chloride concentrations
resulted in an upfield shift of 0.29 ppm that was not observed in CH3CN.
Additionally, the 5,5’ hydrogens on the dtb ligand were insensitive to the
Cl™ ions until concentrations greater than 1.5 mM (~1.5 eq) resulted in a
0.21 ppm shift.

Fig. 1. Ruthenium polypyridyl photocatalysts utilized in this study for supramolecular assembly with halides.
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Fig. 2. Absorbance (solid lines) and photoluminescence (dashed lines) spectra of the ruthenium photocatalysts in CH3CN.
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Fig. 3. Absorption spectra of Ru-dtb (left) and Ru-btfmb (right) ~50 pM in CH3CN) with added tetrabutylammonium chloride (from 0 to ~500 pM, or 0 to 10
equivalents). The insets show AAbs spectra (obtained by subtracting the absorbance at each halide concentration from the spectrum without halides) that show a lack
of isosbestic points at low chloride concentration and the appearance of a new isosbestic point (dashed lines) at higher concentrations.

Table 2
Equilibrium constants for halide-photocatalyst assemblies.
Mt Ru-dtb Ru-bpy Ru-btfmb
cl- Kip 47 +£0.1 x 10° 241 x10° 241 x10°
Ki2 1.340.2 x 10° 2.8 + 0.8 x 10° 2.0 + 0.7 x 10*
Br~ Ki1 2.5+ 0.5 x 10° 7 +3x10° 5+ 3 x10°
Kia 5+4x10° 3+1x10* 9+4x10°
- Ki1 4+1x10* 4+2x10* 1.1+ 0.1 x 10°
Ki2 9+2x10% 1+1x10° 1.4 4+ 0.3 x 10°

Excited-state behavior with halide

Visible light excitation of Ru-dtb, Ru-bpy, and Ru-btfmb resulted in
photoluminescence (PL) with maxima centered between 650 and 750
nm, Fig. 2. Time-resolved PL decays measured after pulsed-light exci-
tation were well described by a first-order kinetic model with lifetimes

that ranged from 44 ns (Ru-dtb) to 875 ns (Ru-btfmb) ns, Table 3. The
PL quantum yields, as well as radiative and non-radiative rate constants
are also given in Table 3 [24]. The free energy stored in the excited-state,
AGgg, was estimated by extrapolation of the high energy region of the PL
spectrum to the photon energy-intercept, Table 1. With the E°(Ru?*/*)
potential and AGgg, the excited state reduction potential E°(Ru®t*/1),
was determined with Eq. (1).

E°(RPT%) = AGgs + E° (Ru**/™) €h)

Halide addition impacted the PL spectra and lifetimes. For Ru-dtb and
Ru-bpy, halides induced a blue shift and an increase in the PL intensity
(Figures S16) and lifetime. However, for Ru-btfmb, the addition of
chloride and bromide led to a red shift and a small decrease in the PL
intensity (Figures S17), while iodide addition resulted in dramatic
excited-state quenching, Fig. 5. Both the initial PL intensity and the
lifetime of Ru-btfmb* decreased with increasing iodide concentration.
Stern-Volmer analysis (Eq. (2)) of the static and dynamic component
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Fig. 4. The 'H NMR spectra of Ru-dtb (~1 mM) with the indicated number of TBACI equivalents in CD3CN.

s~1and 4.0 x 101° M~! s71. The static quenching constants were 2.4 x
Table 3 10* M7! and 1.3 x 10®> M™! at low and high iodide concentrations,

Photophysical ti f th theni hotocatalysts. .
otop. ySlCa properties o € ruthenium photocata. yS S. reSpeCthely.
Complex Mmax PL(nm) 7t (ns)  ®pp ke (x10%s™1) ke (x10°s71)
Iy/I or 1o/t =1+ K 2)
Ru-db 720 44 0.002 45 22.58 o/ of svlQl
Ru-bpy 700 57 0.003 52 17.58
Ru-btfmb 645 875  0.046 53 1.09 ky = Ksy /7o 3

The excited-state quenching of Ru-btfmb was further probed at ionic
strengths p = 0.005 — 0.1 M with TBACIO4 as an inert electrolyte. In
these electrolyte solutions, the static quenching was drastically attenu-
ated. Increasing the ionic strength also resulted in a decrease in the
dynamic quenching rate constants (ky) (Figure S18), allowing a Debye-

yielded two linear regions, one at low (0-10 pM) and the other at high
(20-100 pM) iodide concentrations, Fig. 5, right inset. The dynamic
quenching rate constant, kg, calculated with Eq. (3) was 6.8 x 1010 M7?

3.0
Oeql i )
q 3.5 = TO/T /,‘
R a AJA o

25 3.0 - o 4 B .

2.0 4 254 G 3 e
& o < o
s 2 < s
L= o 2 »
Qo T o 20+ >
£ 151 £ Sacc=s-oca e
! | - 1 X‘c’n‘
o o 154

10 0 20 40 60 80 100 120

: o [lodide] (M)
0.5 - 0.5
0.0 4
0.0 == T T T T 5 T T T T
550 600 650 700 750 800 0 1 2 3 4
Wavelength (nm) Time (us)

Fig. 5. Photoluminescence spectra (left) and lifetime (right) quenching of Ru-btfmb (~10 mM in CH3CN) by iodide (0 to 100 pM, O to 10 equivalents). The black
trace in the steady-state and time-resolved PL indicates the TBA iodide concentration (~20 mM) at which the maximum concentration of [Ru?*,171" is formed. The
inset shows a Stern-Volmer plot for the time-resolved PL, where the dynamic (to/7, red dots) and static (Ag/A, blue triangles, A = initial PL amplitude) quenching are
overlaid with linear fits at low (0-10 \pM) and high (20-100 pM) iodide concentrations.



M.D. Turlington et al.

Hiickel analysis to be performed, Eq. (4).

2AZaZb,M1/2

lOg(k) = lOg(k‘)) + H(I—/}MI/Z

C))

A plot of 2Ap1/ 2/11 +(x[ip1/ 2) (where A and f are constants, 1.1611 and
3.274x10° [25], and a, the reactive radius is 5.5 10\) versus log(ky) is
expected to result in a linear relationship where the y-intercept equals kq
at p = 0, and the slope equals the charge of the two ionic species (zazp).
For this data, a linear fit gave a kq at p = 0 of 6.3 x 101°M s landa
slope of —2.

Transient absorption spectroscopy was performed on ~40 pM Ru-
btfmb solutions in CH3CN. The transient spectra of Ru-btfmb upon
pulsed 532 nm excitation displayed a ground-state bleach centered at
460 nm and growths below 400 nm and above 520 nm with isosbestic
points at 419 and 520 nm, Fig. 6, left. When excess iodide (~1 mM, 25
eq. with respect to Ru-btfmb) was present in the solution, new ab-
sorption features were observed. These features were successfully
modeled (Fig. 6, middle) with the known spectrum of diiodide, I°7,
(Amax = 385 nm), the spectrum of the reduced ruthenium complex (Ru™,
Amax = 520 nm, measured in Figure S19), and the ground-/ excited-state
A absorption spectrum. At all iodide concentrations investigated, Ru™
(monitored at 520 nm) appeared before I5°~ (monitored at 419 nm),
indicating that the oxidized halide species was a secondary photo-
product (Fig. 6, right). A titration experiment was performed to measure
the second-order rate constant for Ru™ and I,*~ formation, which were
found to be 2.5 x 101 M~ 17! (Figure S20).

Discussion

Three ruthenium polypyridyl photocatalysts were shown to assemble
with two halide ions in CH3CN. Although hosts for association with
multiple anions are an active area of research [26], few examples of such
ruthenium complexes have been investigated, and highly charged
cationic complexes and/or low dielectric solvents were required in the
limited previous examples [11,27,28]. The approach described herein
makes use of amide functional groups in the 5,5’ position of a bipyridine
ligand to facilitate large equilibrium constants with halide in a polar
solvent. This result was somewhat unexpected, as one-to-one ruth-
enium-to-halide assemblies were exclusively observed for related dica-
tionic photocatlysts with amide functional groups in the 4,4’ position
[10,16,17,29].

For Ru-dtb and Ru-bpy, there was no experimental evidence for
light-driven halide oxidation. Instead, halide assembly increased the
excited-state lifetime and resulted in a blue shift of the PL spectra. For
Ru-btfmb, both static and dynamic quenching by iodide was observed.
A Stern-Volmer analysis revealed two linear regions from which the of
the static and dynamic quenching constants were extracted. Transient
absorption experiments revealed that the quenching proceeds through
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an electron-transfer reaction with only the dynamic component yielding
long-lived reduced photocatalysts and I,*~ products. Below we discuss
the supramolecular structure followed by the excited-state reaction
chemistry.

Supramolecular assembly structure

Chloride titrations of Ru-dtb in CH,Cl, solutions were particularly
revealing as they provided clear evidence for both a 1:1 and a 1:2
ruthenium:chloride assembly. In the UV-visible absorption spectra,
three species with distinct absorption profiles were resolved
(Figure S10), while the binding isotherms provided evidence of two
halide association steps to form [Ru?',C1"]" and [Ru?',2CI"]. The
spectral changes associated with chloride assembly were dramatic and
observable by eye, as the red solution turned yellow-orange. These
visible changes suggest that the complex may be promising for appli-
cations in colorimetric halide sensing.

The 'H NMR spectrum of Ru-dtb in CD,Cl; provided additional ev-
idence for the formation of 1:2 assemblies with chloride (Figure S15). In
particular, the 4,4 hydrogens on the 5,5-daea ligand experienced a
significant downfield shift (Appm = 0.73), behavior attributed to in-
teractions that lengthen the C—H bond and deshield the hydrogen.
However, increasing the chloride concentration past 1.5 equivalents
resulted in an upfield shift of 0.29 ppm for these same hydrogens,
indicative of association of a second chloride that destabilizes the first
and results in less productive interactions at the 4,4’ position. The total
downfield shift of 0.43 ppm (0.73 downfield minus 0.29 upfield) expe-
rienced during the course of the titration indicates that the 4,4' hydro-
gens contribute to beneficial interactions in the 1:2 halide assembly, but
to a less extent than in the 1:1 assembly. Although CH,Cl, proved to be a
useful solvent for identifying the presence of both the 1:1 and 1:2
ruthenium-to-halide assemblies, a more complete characterization of
halide association and excited-state quenching was performed in
CH3CN, a solvent in which all three complexes were soluble.

Significant research on anion association and sensing has shown that
equilibrium constants for assembly are inversely proportional to the
solvent dielectric [30], as beneficial solvation interactions with the
anion compete with stabilization by the photocatalyst. As CH3CN (g =
37.5) is significantly more polar than CH,Cl; (¢ = 8.93), the equilibrium
constants with halide were expected to decrease, possibly to such an
extent that a second halide association would not occur. However,
addition of halide salts (chloride, bromide, and iodide) to CH3CN solu-
tions of Ru-dtb, Ru-bpy, and Ru-btfmb resulted in several distinct
spectral features that were consistent with 1:2 ruthenium-to-halide as-
sembly. For all complexes, isosbestic points were absent at low halide
concentration, behavior consistent with more than two light absorbing
species [16,17]. Additionally, secondary isosbestic points were resolved
at high halide concentrations, consistent with the conversion of [Ru2+,
X1t to [Ru2+,2X’]. Finally, fitting the spectral data to a 1:2 model

0010
. 0.010 4 = Ru-btfmb + I (25 eq) 1.0 4
L\ simulation
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1 .
H 0.008 - ®
o
- L -
0.000 4——uwitura rents lraus T <
. B °
2 N 4 2 8 o054
< " *—30ns < 3 O
b4 100 < 3
-0.005 4 TR . ns 0.004 4 5
L = 200 ns 2
A = 300ns
.
-0.0104 500 ns 0.002 4 ——419 nm
L « 1ps ——520 nm
5us 0.0
& 0.000 4 1
-0.015 v T T T T T T T T T T v T
400 500 600 700 800 400 500 600 700 800 0.0 05 10

Wavelength (nm)

Wavelength (nm)

Time (us)

Fig. 6. Absorption difference spectra measured at the indicated delay times after pulsed 532 nm excitation of Ru-btfmb (~40 pM) in CH5CN (left), and at 200 ns in
the presence of 20 eq of iodide (middle). The absorption changes of Ru-btfmb (~40 pM) with 5 eq of iodide monitored at 419 and 520 nm (right). The laser fluence

was ~5 mJ/pulse.
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generated residuals that were randomly distributed about zero while
residuals for the 1:1 model showed systematic deviations. Thordarson
suggests that residuals provides a means to distinguish equilibrium
models [22,23], suggesting that the 1:1 model should not be used in this
case. Based on these observations, a 1:2 ruthenium-to-halide stoichi-
ometry was used to describe the data in CH3CN, and modeling the data
in this way gave the equilibrium constants (K;; and Kj) for halide as-
sociation shown in Table 2. From the equilibrium constants, the mole
fractions (x) of the ruthenium species, Ru?*, [Ru?",X"]%, and [Ru®",
2X71], at each point during the titration were determined. The [Ru2+,
X 1" species was dominate after one equivalent of halide was added. For
chloride and bromide, K;2 was so large that when ~10 eq of X~ was
titrated, the major (70-80%) species was the 1:2 [Ru2+,2X’] assembly.

A brief inspection of the equilibrium constants reveals that the
complexes are most selective for chloride association, with large K17 (0.5
to2 x 10° M~ ! s71) and Ki2 (0.01 to 3 x 10° M~ s71) values. As the
charge-to-size ratio of the halide decreases, Ki; decreased anywhere
from a factor of two to ten going from chloride to bromide, and again
from bromide to iodide. Comparing the equilibrium constants for each
complex in the presence of the same halide provided some insight into
the supramolecular assembly structure. For example, Ru-dtb, Ru-bpy,
and Ru-btfmb association with chloride gave values of Ky; that were
within a factor of four, while association with bromide and iodide gave
K;; values that varied by a factor of two or less. As the ancillary ligands
do not dramatically impact Kj1, the first association is likely occurring
with the 5,5'-daea ligand. Inspection of the K2 values for chloride as-
sociation revealed that the second stepwise equilibria varied much more
significantly with the identity of the ancillary ligand. For association of
the second halide, increasing the steric bulk of the functional group at
the 4,4’ position resulted in nearly an order of magnitude decrease going
from H to CFs3, and again from CF3 to t-butyl. This suggests that the
second halide interacts, at least in part, with the ancillary ligand, and
that bulky substituents inhibit this interaction. For iodide and bromide
however, the sterics of the ancillary ligands appears less influential, as
K12 was approximately the same for all three photocatlysts. This suggests
that the size of the larger halides already inhibits the approach to the
second receptor site.

Additional insight into the assembly structures was gained through
'H NMR spectroscopy in CD3CN. The most significant shifts were
observed for the amide H atoms and 4,4’ hydrogens on the 5,5'-daea
ligand. The downfield shifts of the 4,4’ hydrogens on the daea ligand
saturate before the amide hydrogens and other resonances that shift in
the presence of chloride, suggesting that the first halide assembles pre-
dominately with the 4,4’ and amide hydrogens on the 5,5'-daea ligand,
Scheme 1 left hand side. At higher halide concentrations, downfield
shifts were observed for the 6,6’ hydrogens on the 5,5-daea ligand, and
for the 5,5’ hydrogens on the ancillary ligands. Therefore, the second
halide likely assembles between the amide functionalized and ancillary
ligand, close to the ruthenium metal center, Scheme 1, right hand side.
Free rotation of the second amide group allows additional halide
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stabilization of this halide in agreement with the amide hydrogens
continual downfield shift. Although these proposed structures break the
symmetry of the complex and the 5,5'-daea ligand, fast exchange on the
NMR timescale is expected and likely leads to averaging of the hydro-
gens in different environments.

Excited-state reaction chemistry

Light-excitation into the MLCT absorbance of Ru-dtb, Ru-bpy, and
Ru-btfmb resulted in room temperature photoluminescence, PL. For
Ru-dtb and Ru-bpy, the excited-state had an electron localized on the
5,5'-daea ligand, while for Ru-btfmb, the electron was localized on the
ancillary btfmb ligand. The assembly of halide anions was found to
perturb the luminescent excited-state in a manner that was dependent
on the interaction of the halide with the excited-state dipole. For
example, halide addition to Ru-dtb and Ru-bpy resulted in a blue-shift
and increase in the PL intensity. This behavior was ascribed to a
coulombic repulsion between the excited-state dipole and the assembled
halide, resulting in a destabilization of the excited state. For Ru-btfmb,
where the excited-state dipole increases the coulombic attraction with
the assembled halide (X~ = chloride and bromide), a redshift and
decrease in the photoluminescence intensity was observed, as is ex-
pected from a stabilization of the excited state.

The excited-state behavior of Ru-btfmb in the presence of iodide
could not be explained solely by the excited-state dipole orientation as
significant quenching was observed. The excited state reduction po-
tential (Ru?**/*) of Ru-btfmb reveals it to be a potent photooxidant
(Ru?>**/* = 1.56 V vs NHE) capable of iodide oxidation (I*'~ = 1.23 V vs
NHE). In contrast, significantly less driving force for iodide oxidation
exists for Ru-dtb* and Ru-bpy*. A Stern-Volmer analysis of the time-
resolved quenching of Ru-btfmb* by iodide showed two regimes
where the expected linear relationship between the excited-state life-
time (to/t, dynamic) or the initial PL intensity (Ag/A, static) and the
iodide concentration was evident. To describe the unusual Stern-Volmer
behavior, it is helpful to consider the possible quenching mechanisms of
the ruthenium:iodide assemblies present in solution, depicted in
Scheme 2.

As determined from the characterization of the ground state halide
assembly, Ru-btfmb can be present in CH3CN solution with zero, one, or
two assembled iodide anions. At low iodide concentrations (<1 eq. with
regard to ruthenium), Ru?* is the predominate species in solution
(Figure S13, right). However, after this point, the equilibrium favors
formation of [Ru?*,I"]", and the Ru?* concentration approaches zero.
At ~2.5 eq. of iodide, the concentration of [Ru?",I"]" reaches its
maximum value, after which its gradual decrease is concomitant with an
increase in the [Ru2+,2l’] concentration. Quenching of the luminescent
excited state reaches 85% by ~12 eq. of iodide, which is well before
[Ru®",217] becomes the dominate species in solution. Under the con-
ditions described above, Ru** and [Ru*,I"]" are present in concen-
trations where dynamic quenching would be observed, while static

Scheme 1. Proposed structure of the [Ru?*,X~]* (left) and [Ru?,2X "] (right) assemblies.



M.D. Turlington et al.

Dynamic @

o
i
N
(btfmb)zRu"\N

N = @

(btfmb)zRu\N

Journal of Photochemistry and Photobiology 9 (2022) 100090

Scheme 2. Proposed dynamic and static quenching mechanisms of Ru-btfmb by iodide.

quenching of the assemblies [Ruer,I’]+ and [Ru2+,2l’] would also be
expected.

In the Stern-Volmer analysis of the dynamic quenching (Fig. 5, red
circles), two distinct slopes are observed at low (0-10 pM, 0-1 eq.) and
high (20-100 pM, 2-12 eq.) iodide concentrations, with kq values of 6.8
% 10'°M s and 4.0 x 101° M1 s7}, respectively. To probe the origin
of these two slopes, the excited-state quenching was performed in the
presence of an inert electrolyte (TBA perchlorate) at several fixed ionic
strengths (p = 0.005 — 0.1 M). Increasing the concentration of the inert
electrolyte resulted in a drastic decrease in both the magnitude of static
quenching and in the quenching rate constant (kq). As relatively dilute
concentrations (< 0.1 M) of the inert electrolyte suppressed the forma-
tion of [Ru2+,I’]+, the conditions required for use of Debye-Hiickel
theory were fulfilled, allowing the dynamic quenching of the Ru®*
excited-state to be solely monitored through this analysis (Figure S18).
In the Debye-Hiickel analysis, the slope of the linear fit yields z,zp, i.e.
the product of the ionic charge, which was found to be —2, consistent
with excited-state quenching of Ru?* by I". Additionally, extrapolation
of the fit to the y-axis (p = 0), where the ionic strength is equal to zero,
yields the quenching rate constant for the reaction when no inert salt is
present. Extrapolation to p = 0 gave a kq of 6.3 x 101 M1 57!, which is
in good agreement with the slope obtained at low iodide concentrations
in the Stern-Volmer analysis. These values are also in agreement with
the calculated diffusion-limited rate constant of 7.2 x 101 M~ s7! for a
2+ ruthenium polypyridyl complex and iodide, as calculated in the
experimental section [31]. Therefore, at low iodide concentrations, the
dynamic quenching mechanism is attributed to diffusional quenching of
Ru®*™ by iodide (Scheme 2, top left), as this is consistent with both Ru?*
as the main species in solution and the kq and ionic charge obtained from
the Debye-Hiickel analysis.

At high iodide concentrations (20-100 pM) where [Ruz*',I_]Jr ac-
counts for the majority of ruthenium species, the slope from the dynamic
Stern-Volmer quenching was found to be 4.0 x 10'° M~! s71. In this
instance, the Debye- Hiickel analysis could not be used to probe diffu-
sional quenching of [Ru®™,I1%, as the presence of the inert electrolyte
attenuates supramolecular assembly to such an extent that it is not
significantly observed. Instead, the diffusion-limited rate constant for
the monocationic assembly [Ruer,I’]+ and iodide were calculated.
When all other variables were held constant, decreasing the charge of
the ruthenium species by one (through assembly with an iodide anion)
will slow diffusion to 4.7 x 10 M~! s71, which is in excellent agree-
ment with the value obtained from the Stern-Volmer plot at high iodide
concentrations. This suggests that diffusion-limited excited-state

quenching of [Ru?*,I"1* by free iodide is responsible for the second
slope observed in the dynamic quenching (Scheme 2, bottom left).

Static quenching of the ruthenium excited state was also observed in
titration experiments with iodide, as the initial time-resolved PL
amplitude decreased with increasing iodide concentration (Fig. 5, blue
triangles). The Stern-Volmer analysis of the static quenching also
resulted in two sloped regions, with a Kg at low iodide concentrations
(0-10 pM) of 2.4 x 10* M’l, and a Kg at high iodide concentrations
(20-100 pM) of 1.3 x 10% M. These values are similar to the ground-
state equilibrium constants obtained for the complexes through ab-
sorption spectroscopy (Kj; = 1.1 x 10° ML, Kyp = 1.4 x 103 M7 Y).
Additionally, at low iodide concentrations, significant concentrations of
the ground-state adduct [Ruer,I’]+ are found in solution with a
maximum concentration of ~80% of all ruthenium species at 20 pM. At
2.5 equivalents of iodide (~25 pM) the [Ru2+,I’]Jr concentration
gradually decreases with a concurrent increase in the [Ru?*,2I7] con-
centration. Based on the values of Ks and the percentage of ruthenium
species present as the [Ru2+,l’]+ and [Ru2+,217] adducts, the static
quenching is consistent with electron transfer from an associated halide
within the 1:1 (Scheme 2, top right) or 1:2 (Scheme 2, bottom right) ion-
pair at low and high iodide concentrations, respectively.

The ground-state equilibrium constants and excited-state quenching
data implies that the ruthenium photocatalyst Ru-btfmb is capable of
promoting halide oxidation reactions within the 1:1 and 1:2 ruthenium:
iodide assemblies. This reaction is of particular interest in solar energy
conversion, as photogenerated I* atoms are known to react with I~ to
form I,*", thereby storing energy in chemical bonds. The Ru-btfmb
photocatalyst was designed to bring two associated I" atoms in close
proximity with the goal of prearranging the reactants and thereby pre-
cluding diffusion. To investigate the efficiency of this strategy, the
products of the excited-state quenching reaction were monitored with
time-resolved transient absorption spectroscopy. The absorption profile
of excited-state Ru-btfmb is typical of ruthenium polypyridyl complexes
(Fiugre 6, left) with growths below 400 nm and above 520 nm, a ground-
state bleach centered at 460 nm, and ground/excited-state isosbestic
points at 419 and 520 nm. In the presence of excess iodide (~25 eq.) new
spectral features are observed with maximum at 400 and 520 nm (Fig. 6,
middle). These features are consistent with the known spectra of I;*~
(Amax = 385 nm) and the reduced ruthenium complex (Figure S19) and
the transient spectrum was indeed well-modeled as a sum of Ru>™", Ru™,
and I,*~ spectra. To probe the kinetics of photoproduct formation, the
rate of Ru™ and Iy*~ formation was monitored as a function of the iodide
concentration. Visual inspection of the kinetic traces shows that the rate
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of I,*” formation at each iodide concentration is slower than the rate of
formation of Ru™, suggesting that I,*~ is a secondary photoproduct. The
formation of I*~ was also shown to be dependent on the free iodide
concentration with a second order rate constant of 2.5 x 101 M ! 571,
This value is in good agreement with the known diffusion limited rate
constant for the I* + I~ reaction to yield I*~.3! The transient data sug-
gests that the mechanism for photoproduct generation is that depicted in
Egs. (5)-6, where first a ruthenium excited-state is diffusionally
quenched by iodide to generate Rut and I°, and then the I° atom reacts
with a solvated I” to form I,*".

R + I >Ru* 4+ I 5)
I+ I =1 (6)

From the transient absorption data, no evidence was obtained for an
iodide oxidation mechanism in which the electron transfer and bond
formation occurred within the [Ru2+,2l’] assembly, as might have been
expected. In fact, even static quenching of the ruthenium excited-state
was not observed with this method. To explain this, we suggest that
when electron transfer occurs within the excited-state assembly, diffu-
sion of the iodine atom is precluded by fast back-electron transfer. Fast
back-electron transfer and a low cage escape yield would result in small
amounts of product formed by this pathway, which would render
detection difficult within the time-resolution of our instrument. In the
diffusional reaction, cage escape yield of the oxidized halide is expected
to be larger, which is in agreement with the data presented above.

Conclusion

A series of ruthenium polypyridyl complexes with amide function-
alized bipyridine ligands and electron donating or withdrawing ancil-
lary ligands were studied for halide assembly and oxidation. In CH3CN
(and when soluble, CHyCl,), spectral evidence was obtained for 1:2
ruthenium:halide assemblies, and large equilibrium constants for asso-
ciation of the first (K17 from 10* to 10° M) and second halide (K5 from
102 to 10° M!) were measured. The electronic properties of the ancil-
lary ligands tuned the excited-state reduction potential (Ru®"*/*) by
350 meV. For the most potent photo-oxidant, static and dynamic
quenching of the luminescent excited state by iodide was resolved. A
Stern-Volmer analysis of both the static and dynamic components
revealed two regions at low and high iodide concentrations, consistent
with diffusion limited quenching of Ru?* and [Ru?*,1" 1%, and static
quenching of [Ru2+,I’]+ and [Ru2+,2l’]. Transient absorption experi-
ments were consistent with reductive quenching of the excited state to
form Ru" and I°, while I* subsequently reacted with free iodide, yielding
I,°". Monitoring the kinetics of Ru™ and I,*~ formation suggested that
only photoproducts from the diffusional reaction were able to escape the
solvent cage, while fast back-electron transfer hindered mechanistic
characterization of the electron transfer reaction within the assembly.

Experimental
Materials

Sulfuric acid (H2SOy4, Fisher, 98%, Certified ACS Plus), methanol
(Fisher, Certified ACS), ethanol (Fisher, Certified ACS), 2-(2-amino-
ethylamine)ethanol (Sigma-Aldrich, > 98%), acetone (Sigma-Aldrich,
Certified ACS), acetonitrile (CH3CN, Burdick and Jackson, 99.98%), and
dichloromethane (CH,Cly, Burdick and Jackson, 99.98%) were used as
received. Argon gas (Airgas, 99.998%) was passed through a Drierite
drying tube before use. Ammonium hexafluorophosphate (NH4PFg,
Sigma-Aldrich, > 98%), tetrabutylammonium chloride (TBACI, Sigma-
Aldrich, purum > 97%), tetrabutylammonium bromide (TBABr, Acros
Organics, 99+%), tetrabutylammonium iodide (TBAI, Sigma-Aldrich >
99%), tetrabutylammonium perchlorate (TBACIO4, Sigma-Aldrich, for
electrochemical analysis, > 99%), and ruthenium trichloride hydrate
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(Oakwood Chemicals, 97%) were used as received. NMR solvents were
purchased from Cambridge Isotope Laboratories, Inc. 5,5'-dicarboxylic
acid-(2,2')-bipyridine [32], 5,5'-diethylester-(2,2')-bipyridine [33], Ru
(dtb)2Cly [34]1, Ru(bpy)2Cly [35], and Ru(btfmb),Cly [36] were syn-
thesized according to previous procedures. All solutions were sparged
with argon for at least 30 min before titration, photoluminescence, and
transient absorption experiments were performed.

Synthesis of the 5,5'-daea ligand

To a 100 mL round bottom flask was added 5,5'-diethylester-(2,2')-
bipyridine (1.0 g, 3.3 mmol), methanol (25 mL), and excess 2-(2-ami-
noethylamine)ethanol (~5 mL, ~50 mmol). The mixture was sparged
with argon for ~30 min and refluxed overnight. Upon cooling, the
mixture was poured into acetone (60-70 mL) causing a precipitate to
form, and the solid was collected by vacuum filtration on a sintered glass
frit. The precipitate was washed with excess acetone and dried under
vacuum at 100 °C, yielding 5,5'-daea (0.466 g, 34%) as a white powder.
'H NMR (dg-DMSO, 400 MHz): 9.12 (2H, dd), 8.76 (2H, t,), 8.51 (2H,
dd), 8.37 (2H, dd), 4.50 (2H, t), 3.45 (4H, q), 3.42 - 3.36 (4H, m), 2.72
(4H, t), 2.61 (4H, t).

Synthesis of ruthenium complexes

General method for synthesis of ruthenium complexes Ru-dtb, Ru-
bpy, and Ru-btfmb. To a 50 mL round bottom flask was added the
appropriate ruthenium precursor (Ru(dtb)2Cly, Ru(bpy)2Cly,) one
equivalent of 5,5'-daea, and EtOH. The mixture was sparged with argon
for ~30 min and refluxed overnight. (For Ru-btfmb, one equivalent of
ruthenium precursor and the ligand, two equivalents of silver nitrate,
and 5 mL of EtOH, were heated at 150 °C for 10 min under microwave
irradiation. After this point, the procedure is the same for all three
complexes.) After cooling, the red solution was filtered, and the solvent
was removed by rotary evaporation. The resulting solid was dissolved in
minimal MeOH and eluted through a LH-20 sephadex column with
MeOH. The red band was collected, and the solvent was removed by
rotary evaporation. The solid was dissolved in minimal H,0, and a few
drops of saturated aqueous NH4PFg was added, causing a precipitate to
form. The solid was collected with vacuum filtration, washed with
excess HyO, and dried under vacuum at 100 °C overnight, yielding a red
solid.

[Ru(dtb)»(5,5'-daea)] (PFg),, (Ru-dtb)

Ru(dtb)2Cl; (177 mg, 0.22 mmol), 5,5'-daea (90 mg, 0.22 mmol) and
~20 mL EtOH was refluxed overnight, yielding 96 mg (33%) of Ru-dtb.
H NMR (CD3CN, 400 MHz): 8.60 (2H, d), 8.48 (4H, dd), 8.33 (2H, d),
7.99 (2H, s), 7.58 (6H, m), 7.45 (2H, dd), 7.38 (2H, dd), 3.64 (4H, 1),
3.48 (4H, m), 3.05 (4H, t), 2.97 (4H, t), 1.41 (36H, d). HRMS (ESI-MS).
Calcd for Cs¢H76N1904Ru (IM1%"): m/z = 527.18 Found: m/z = 527.25.

Note: After the sephadex column, a luminescent impurity was still
observed in the PL spectrum of Ru-dtb. To remove this impurity, the
solid was dissolved in an CH3CN: HzO mixture (2% H3O containing 1%
NaNOj3 by mass) and eluted through a basic alumina column. A yellow
band quickly eluted and was discarded, while a second red band was
collected at higher percentages of HoO (8-10%). The solvent was
removed from the second fraction, yielding a red solid which was dis-
solved in minimal water. The addition of and a few drops of saturated
aqueous NH4PFg caused a precipitate to form. The solid was collected
with vacuum filtration, washed with excess Hy0, and dried under vac-
uum at 100 °C overnight, yielding a red solid.

[Ru(bpy)2(5,5'-daea)1(PFg) 2, (Ru-bpy)

Ru(bpy)2Cly (100 mg, 0.21 mmol), 5,5'-daea (86 mg, 0.21 mmol),
silver nitrate (70 mg, 4.1 mmol) and 10 mL EtOH was refluxed
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overnight, yielding 75 mg (32%) of Ru-bpy. 'H NMR (CD5CN, 500
MHz): 8.65 (2H, d), 8.51 (4H, d), 8.33 (2H, d), 8.08 (4H, t), 8.01 (2H, s)
7.72 (4H, 1), 7.65 (2H, m), 7.41 (4H, dt), 3.70 (4H, t), 3.54 (4H, m), 3.18
(4H, 1), 3.10 (4H, t). HRMS (ESI-MS). Calcd for C4oH44N1004Ru ([M]%1):
m/z = 415.13 m/z = 415.13.

[Ru(btfmb)2(5,5'-daea) ] (PFs)2, (Ru-btfmb)

Ru(btfmb),Cl, (100 mg, 0.13 mmol), 5,5-daea (55 mg, 0.13 mmol),
silver nitrate (45 mg, 2.6 mmol) and ~5 mL EtOH was heated at 150 °C
for 10 min under microwave irradiation, yielding 118 mg (64%) of Ru-
btfmb. 'H NMR (CD3CN, 500 MHz): 8.96 (4H, d), 8.70 (2H, d), 8.43
(2H, d), 8.00 (4H, dd), 7.93 (2H, s), 7.72 (6H, m), 3.70 (4H, t), 3.54 (4H,
m), 3.17 (4H, t), 3.10 (4H, t). HRMS (ESI-MS). Caled for
C40H44F12N1004Ru ([M]2+)Z m/z = 551.11 m/z = 551.10.

Nuclear magnetic resonance

Characteristic NMR spectra were obtained at room temperature on a
Bruker Avance III 400 or 500 MHz spectrometer. Solvent residual peaks
were used as internal standards for 'H (5 =2.50 ppm for DMSO, 5.32 for
CD4Cly, 1.94 for CD3CN) and '3C (39.52 ppm for DMSO) chemical shift
referencing. NMR spectra were processed using MNOVA.

Mass spectrometry

Samples were analyzed with a Q Exactive HF-X (ThermoFisher,
Bremen, Germany) mass spectrometer. Samples were introduced via a
heated electrospray source (HESI) at a flow rate of 10 pL/min. One
hundred time domain transients were averaged in the mass spectrum.
HESI source conditions were set as: nebulizer temperature 100 deg C,
sheath gas (nitrogen) 15 arb, auxillary gas (nitrogen) 5 arb, sweep gas
(nitrogen) 0 arb, capillary temperature 250 °C, RF voltage 100 V. The
mass range was set to 600-2000 m/z. All measurements were recorded
at a resolution setting of 120,000. Solutions were analyzed at 0.1 mg/mL
or less based on responsiveness to the ESI mechanism. Xcalibur (Ther-
moFisher, Breman, Germany) was used to analyze the data. Molecular
formula assignments were determined with Molecular Formula Calcu-
lator (v 1.2.3). All observed species were singly charged, as verified by
unit m/z separation between mass spectral peaks corresponding to the
12¢C and 13CIZCC_l isotope for each elemental composition.

UV—Vis absorption

UV-—vis absorption spectra were recorded on a Varian Cary 60
UV—vis spectrophotometer with a resolution of 1 nm.

Steady-state PL

Steady-state PL spectra were recorded on a Horiba Fluorolog 3
fluorimeter and corrected by calibration with a standard tungsten-
halogen lamp. Samples were excited at 450 nm. The intensity was in-
tegrated for 0.1 s at 1 nm resolution and averaged over 3 scans. The PL
quantum yields were measured by the optically dilute method using [Ru
(bpy)s]Cl; in acetonitrile (® = 0.062) as a quantum yield standard [24].

Time-resolved photoluminescence

Time-resolved PL data were acquired on a nitrogen dye laser with
excitation centered at 445 nm. Pulsed light excitation was achieved with
a Photon Technology International (PTI) GL-301 dye laser that was
pumped by a PTI GL-3300 nitrogen laser. The PL was detected by a
Hamamatsu R928 PMT optically coupled to a ScienceTech Model 9010
monochromator terminated into a LeCroy Waverunner LT322 oscillo-
scope. Decays were monitored at the PL. maximum and averaged over
180 scans. Nonradiative and radiative rate constants were calculated

Journal of Photochemistry and Photobiology 9 (2022) 100090

from the quantum yields, ® = k,/(k; + ky) and lifetimes, T = 1/(k; +
knr)'

Electrochemistry

Square wave voltammetry was performed with a BASi Epsilon
potentiostat in a standard three-cell in CHCly electrolytes. The cells
consisted of a platinum working electrode and a platinum mesh as an
auxiliary electrode. A non-aqueous silver/silver chloride electrode
(Pine) was used as a reference electrode that was referenced to an in-
ternal ferrocene (630 mV vs. NHE) standard.

Halide titrations

UV-—vis, PL, and time-resolved measurements were performed in
CH,Cl, or CH3CN using ~10-50 pM solutions of the ruthenium com-
plexes. Titration measurements were performed for each of the spec-
troscopies with TBACI, TBABr, or TBAI through additions of 0.25
equivalents. Throughout all titrations, the concentration of complexes
remained unchanged. For the UV-vis titrations used to determine
equilibrium constants, a stock solution of each complex was prepared
with an absorbance of ~0.5 at the Apax, and 5 mL was added to a quartz
cuvette. A titration solution was then prepared with 10 mL of the stock
solution. TBACI, TBABr, and TBAI were added to the stock solution such
that a 10 pL addition to the cuvette was ~0.1 eq of halide with respect to
ruthenium.

For the PL titrations, the same procedure was used, except that an
absorbance of ~0.1 at the A5 was used, and the concentration of halide
was adjusted such that a 10 pL addition to the cuvette was ~0.25 eq of
halide with respect to ruthenium. For titrations performed at a fixed
ionic strength, the stock ruthenium solution was prepared in CH3CN
solution with a fixed concentration of TBA perchlorate ranging from p =
0.005 - 0.1 M.

The 'H NMR titrations were performed using a Bruker Avance III
500 MHz spectrometer equipped with a broadband inverse (BBI) probe
using 1 mM ruthenium complex in 600 L of deuterated solvent and 0.25
equivalent additions of TBACI or TBAI were added in 10 yL additions.
The ruthenium concentration was kept unchanged through preparation
of a titration solution that contained both the ruthenium complex and
the desired halide. Each spectrum was averaged over 16 scans.

Data analysis for all experiments was performed using Origin 2017.
Data fitting was preformed using a Levenberg-Marquardt iteration
method. Benesi-Hildebrand type analysis was performed in Mathema-
tica, version 11.

Diffusion calculations

The diffusional rate constants were calculated through Eq. (7) where
N4 is Avogadro’s number, D are the diffusion coefficients for the
designated species, and f is the effective reaction radius that accounts
for the attraction of the charged species, which has been previously
described.

kayy = 4xNA(Dy- + Dgo+ ) (2]
kgT
T 6mrin ®

Diffusion coefficients were determined through the Stokes-Einstein
relationship (Eq. (8)), where kg is the Boltzmann constant, T is tem-
perature (298 K), 7 is the viscosity of acetonitrile (0.369 x 103 Pa s), and
r; are the reactant radii where I" = 2.06 A and [Rul2+ = 7.0 A. The
effective reaction radius was calculated for an ionic strength of y = 4 x
10™* M and acetonitrile dielectric constant of &, = 36.64. The bimolec-
ular diffusional rate constant for [Ru]2+ and I” was determined to be
7.22x10'° M1 s71. The bimolecular diffusional rate constant for {Ru,I}*
and I" was determined to be 4.71x10° M s7! [37].
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Transient absorption

Nanosecond transient absorption measurements were acquired on a
setup published previously [38]. Briefly, a Q-switched, pulsed Nd:YAG
laser (Quantel USA (BigSky) Brilliant B 5-6 ns full width at
half-maximum (fwhm), 1 Hz, ~ 10 mm in diameter) doubled to 532 nm.
The laser irradiance at the sample was attenuated to 3 mJ/pulse. The
probe lamp consisted of a 150 W xenon arc lamp and was pulsed at 1 Hz
with 70 V during the experiment. Signal detection was achieved using a
monochromator (SPEX 1702/ 04) optically coupled to an R928 photo-
multiplier tube (Hamamatsu) at a right angle to the excitation laser.
Transient data were acquired with a computer-interfaced digital oscil-
loscope (LeCroy 9450, Dual 330 MHz) with an overall instrument
response time of ~10 ns. An average of 30 laser pulses was acquired
averaged at each wavelength of interest over the 370—800 nm range.
Intervals of 10 nm were used for wavelength between 370 and 600 nm
and intervals of 20 nm were used between 600 and 800 nm.
Time-resolved PL data were also acquired at the same laser intensity at
532 nm.

Determination of the reduced complex extinction coefficient

The absorption spectrum of the singly reduced complex Rut was
determined using a procedure adapted from literature [39]. A 10 pM
solution of Ru-btfmb with 10 mM tri-p-tolylamine (TPA) was irradiated
with 532 nm light (1.5 mJ/cm?). Laser excitation of Ru-btfmb resulted
in electron transfer from the TPA to Ru®>"". Transient absorption spectra
were recorded, normalized at 680 nm, and the normalized spectrum of
the oxidized TPA was subtracted from it to give the difference spectrum
between the reduced Ru' and the ground state. The concentration of
reduced complex formed was calculated as the extinction coefficient of
the oxidized TPA is known [38]. Division of the difference spectrum by
the concentration of reduced complex gave the delta extinction coeffi-
cient. Linear addition of this delta extinction coefficient to the
ground-state Ru?t extinction coefficient yielded the reduced complex
extinction coefficient, Figure S19.

Spectral modeling

Transient absorption spectra of Ru-btfmb in the presence of 25
equivalents of iodide resulted in the formation of the reduced complex
and diiodide. At any given time, the spectra consisted of the ground-
state loss, excited states, the reduced compound, and diiodide. The ki-
netics monitored in the 390-800 nm wavelength range were modeled
through the use of the ground state (Ru2+) and reduced complex (RuM)
extinction coefficients, the absorbance difference between the excited
state and ground state, and the I5*~ extinction coefficients.
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