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ABSTRACT: Ground- and excited-state control of halide supra-
molecular assembly was achieved through the preparation of a
series of ester- and amide-functionalized ruthenium polypyridyl
complexes in CH,Cl,. Hydrogen-bonding amide and alcohol
groups on the receptor ligand were found to direct interactions
with halide, while halide association with the ethyl ester groups
was not observed. The various functional groups on the receptor
ligands tuned the ground-state equilibrium constants over 2 orders
of magnitude (1 X 10° to 1 X 107 M™'), and the fractional
contribution of each hydrogen-bond donor to the total equilibrium
constant was determined. Pulsed-laser excitation of the complexes
resulted in excited-state localization on the ester- or amide-
functionalized ligands. In the case where the excited state was
oriented toward an associated halide ion (the amide complexes)

No Halide Photorelease
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, an 80 + 10 meV Coulombic repulsion was induced that

lowered the excited-state equilibrium constant (K*eq) and resulted in halide photorelease. The rate constants for excited-state
halide release (k*,;) were determined, and the values varied based on the functional groups present in the receptor ligand.
Complexes with more hydrogen-bonding donors had smaller rate constants for halide photorelease. In a complex without a
specific receptor ligand, the excited-state dipole was not oriented toward the associated halide, and the excited state was
therefore found to have a larger equilibrium constant for halide association than the ground state.

B INTRODUCTION

Supramolecular assembly of halides is well-established as a tool
for halide sensing,1 but recent advances have allowed this
chemistry to be exploited in a growing array of applications
spanning templated synthesis,” " catalysis,”™® and halide
transport across membranes.””'* These applications rely on
intermolecular forces like hydrogen and halogen bonding,
among others, to facilitate ground-state assembly structures
with halides that then perform desired chemistry. Recent work
has shown that the formation of ground-state assembly
structures between ruthenium polypyridyl complexes and
iodide affects the excited-state electron transfer reactivity
between the two species.>'® These results imply that control
over excited-state supramolecular assembly is necessary for
influencing the mechanisms and kinetics of important energy-
storing reactions. However, to our knowledge, little work has
characterized the response of ground-state halide assembly
structures to photoexcitation.

Recently, it was reported that equilibrium constants for
chloride assembly differed in the ground (K,,) and excited
(K*,) states.'” In that report, two ruthenium polypyridyl
complexes were designed with a common halide receptor
ligand and with a luminescent metal-to-ligand charge-transfer
(MLCT) excited state that was oriented toward or away from
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the associated halide. In heteroleptic Ru(II) complexes, the
photoluminescent excited state in fluid solution is known to be
localized on the most easily reduced ligand."” Hence, when
electron-withdrawing CF; groups were present on the ancillary
ligands, the excited-state dipole was oriented away from the
receptor ligand. In contrast, when the ancillary ligands
contained electron-donating t-butyl groups, the excited-state
dipole was oriented toward the receptor ligand. The excited-
state localization had little effect on the assembly structure or
the ground-state equilibrium constants (K,) with chloride.
When the excited state was localized on the halide receptor
ligand, photoexcitation reduced the equilibrium constant
(K*eq) by a factor of 20, which resulted in chloride
photorelease. Conversely, when the excited state was localized
away from the associated halide, the K*,; value was increased
by 45-fold. These results showed that molecular excited states
provide novel control over halide supramolecular assembly that
could enable future applications with visible light in seawater
desalination and cystic fibrosis-related diseases.'®™*°

Herein, the ground- and excited-state properties that
contribute to halide photorelease are more thoroughly
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Figure 1. Ruthenium polypyridyl complexes for supramolecular assembly with halides used in this study. The ligand abbreviations (deaOH,
dpaOH, dpa, daeaOH, da, deeb) are descriptive of the substituents in the 4,4’ position of the amide- or ester-functionalized ligands. The lowercase
letters describe the length of the alkyl chain (e.g., dea = diethylaminde, dpa = dipropylamide), while an uppercase OH when present indicates a

terminal alcohol.
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Figure 2. Synthetic pathway used to prepare the discussed complexes. See Experimental Section for additional details.

investigated. Toward this end, a series of six ruthenium
complexes (Figure 1) for supramolecular assembly with
chloride and bromide are presented. As reported previously,
iodide quenched the ruthenium excited state, which precluded
a detailed characterization of photorelease with this halide.'® In
this series of complexes, the functional groups on the halide
receptor ligands were systematically varied, while the ancillary
ligands remained constant. All complexes formed strong
ground-state assembly structures with chloride and bromide
in CH,Cl,. Functional-group variations on the receptor ligands
tuned the equilibrium constants across 2 orders of magnitude,
and the fractional contribution of each functional group to the
total equilibrium constant was determined. Excitation of the
amide-functionalized halide assemblies resulted in a Coulom-
bic repulsion between the halide and the excited state that
facilitated halide release. The rate constants for this

dissociation were sensitive to the hydrogen-bond donors on
the receptor ligand, indicating that hydrogen-bonding
interactions provide a significant barrier to halide photorelease.
These results, which reveal molecular design principles that can
be used to control excited-state supramolecular assembly, are
discussed in relationship to applications that involve halide
release in polar solvents.

B RESULTS

The synthetic pathway for the complexes discussed herein is
shown in Figure 2. The amide-containing bipyridine ligands
(deaOH, dpaOH, dpa, and daeaOH) were obtained by
refluxing 4,4’-diethylester-2,2’-bipyridine (deeb) or 4,4'-
dimethylester-2,2"-bipyridine (dmeb) and a large excess of
the appropriate amine in methanol for 4 h. The yields ranged
from 54 to 92% (Figure 2, Path A). Ligand da was synthesized
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Table 1. Photophysical Properties of the Complexes and their Ion-Paired Analogues in CH,Cl,

K, K, Ammax PL

complex M) (V) (nm)
Ru-deaOH 670
cl- 3.6 X 107 2.4 x 10° 645
Br~ 44 x 107 2.9 x 10° 647
Ru-dpaOH 668
cr- >1 x 10°°? c 643
Br~ >1 % 109° c 643
Ru-dpa 667
Cl~ 2.8 X 1074 5.7 X 10° 633
Br~ 8.0 X 10% 24 X 10° 637
Ru-daeaOH 665
ClI” 3.5 x 10° 1.6 x 10° 643
Br~ 1.7 x 10° 2.4 X 10° 650
Ru-da 677
Cl” 5.7 X 10° 2.9 x 10* 650
Br~ 5.6 X 10° 2.9 x 10* 650
Ru-deeb 688
Cl” 9.7 x 10* 2.1 % 10° 696
Br~ 1.0 x 10° 22 % 10° 695

T

(ps)
1.32
1.66
1.65
1.14
1.59
1.66
117
1.92
1.88
118
1.33
1.60
0.95
1.49
1.57
1.03
0.87
0.87

@y k, ko E° (V vs NHE)
(X104 s—l) (X105 S—l) RuIII/H Ru2+/+

0.083 6.3 7.0 1.68 —0.82

0.170 9.0 4.6 1.72 —0.86

0.120 6.8 4.9

0.130 12 7.6 1.56 —-0.85

0.310 16 3.6 1.60 —0.90

0.230 14 47

0.150 13 7.3 1.60 -0.91

0.390 20 32 1.67 —0.94

0.390 21 33

0.061 52 8.0 1.56 —0.88

0.120 6.8 4.8 1.57 d

0.100 6.4 5.6

0.090 9.5 9.6 1.56 —0.82

0.250 15 4.4 1.61 -0.97

0.220 14 5.0

0.081 7.9 8.9 1.62 —0.68

0.067 7.7 11 1.66 —0.67

0.067 7.7 11

“Determined through competitive binding experiments. YEquilibrium constant was too large to be measured, and no suitable competitor was
found; therefore, a minimum is given. “As K,y could not be determined, K*. could not be calculated. 9Could not be determined.
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Figure 3. Absorbance and photoluminescence (PL) (4, = 450 nm) spectra of Ru-dpa (left) and Ru-deeb (right) in CH,Cl, at room temperature

as TBA chloride was titrated into solution.

through another route (Figure 2, Path B), wherein 4,4’
dicarboxylic acid-2,2’-bipyridine was refluxed in the presence
of thionyl chloride to give the highly reactive acid chloride.
The addition of ammonia gas to the dissolved intermediate
caused da to precipitate. The ruthenium complexes were
synthesized by microwave irradiation of Ru(dtb),Cl, (dtb =
4,4'-di-tert-butyl-2,2’-bipyridine) and the appropriate ligand in
EtOH or H,O/EtOH mixtures and were further isolated as the
PF4~ salt, with yields ranging from 70 to 90% (Figures S1—
S19).

Cyclic and square-wave voltammetry in CH,Cl, revealed
quasi-reversible Ru"™" and ligand-based reductions for all
complexes. For the amide-derivatized complexes, the first
ligand-based reduction fell within a narrow range from —820 to
—910 mV versus normal hydrogen electrode (NHE), while the
first reduction of Ru-deeb occurred at —680 mV. The metal-
centered Ru™" potentials of all complexes spanned from 1560
to 1680 mV (Table 1).

The UV-—visible absorption spectra of all complexes in
CH,Cl, were typical of ruthenium polypyridyl complexes. The

broad absorption bands from 400 to 500 nm were ascribed to
MLCT transitions, while the features at or below 300 nm were
assigned to ligand-centered transitions. The addition of
tetrabutylammonium (TBA) chloride or bromide salts to
~10 uM solutions of the ruthenium complexes induced
changes in the absorption spectra, particularly to the MLCT
band (Figures 3 and $20). These changes were manifest
primarily as increases in the MLCT intensity of the amide
complexes (Figure 3, left), while Ru-deeb mainly experienced
a red shift of the MLCT band (Figure 3, right). The spectral
shifts saturated at high halide concentrations, and a Benesi—
Hildebrand type analysis of the absorbance changes gave
ground-state equilibrium constants (K,,) ranging from 1 X 10°
to more than 1 X 10° M~! (Table 1).*"** For complexes Ru-
deaOH, Ru-dpaOH, and Ru-dpa, the binding isotherms were
so steep (>1 X 10° M) that K., values could not be resolved
through standard UV—vis titrations, and so competitive
binding experiments were performed.z‘)”24 The ions TBA
triflate (Figure S21) and TBA tetrafluoroborate (Figure S22)
were found to be suitable competitors for Ru-deaOH and Ru-
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Figure 4. Aromatic region of the '"H NMR spectra of Ru-dpa (left) and Ru-deeb (right) as chloride was titrated into CD,Cl,. The Hy; label

designates the 3,3’ hydrogens on the dpa (left) or deeb (right) ligands.
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Figure S. PL spectra of Ru-dpa (left) and Ru-deeb (right) measured at 45 ns and longer time delays after pulsed S00 nm excitation in the presence
of 1 equiv of chloride in CH,Cl,. For reference, the PL spectra of the non-ion-paired complexes are included (black A, dashed line).

dpa, respectively, and displayed one-to-one binding with the
ruthenium complexes with an equilibrium constant (Kyy,) in
the 1 X 10* to 1 X 10° M™' range. In competitive binding
experiments, a fixed concentration of the competitor was
present as the halide was titrated into the solution. This
competitive equilibrium allowed the desired equilibrium
constant to be quantified with eq 1.°*** As expected,
increasing the competitor concentration from 200 yM (50
equiv) to 1 mM (200 equiv) progressively reduced the
observed equilibrium constant (Kg,,) with halides (Table S1)
and gave within error the same values for the calculated K,

I<eq = <obs(l + Kcomp[comp]) (1)

Titrations of chloride and bromide into 1 mM ruthenium
solutions in CD,Cl, were monitored by 'H NMR spectroscopy
(Figures 4 and S23). For the amide-functionalized complexes,
the 3,3’ hydrogens on the amide-functionalized ligand, as well
as the amide hydrogens, displayed large downfield shifts as
halide was added to the solution. At halide concentrations
between 0 and 1 equiv, significant broadening of these
resonances was observed. Additionally, for Ru-deaOH and Ru-
dpaOH, the hydroxyl resonances also drastically shifted
downfield. The remaining aromatic and aliphatic resonances
did not experience significant shifts in the presence of halide.
With Ru-deeb, the analogous chloride and bromide titrations

produced vastly different results, where the most significant
shifts corresponded to the simultaneous deshielding of the 3,3’
hydrogens on the dtb ligand and the 6,6’ hydrogens on the
deeb ligand. Significantly, the 3,3’ hydrogens on the deeb
ligand did not shift during the course of the titration. The
spectral changes for the amide complexes saturated after the
addition of ~1 equiv of halide, which was indicative of 1:1
contact ion pair formation. The 3,3 dtb hydrogens of Ru-deeb
continuously shifted even up to 3 equiv of halide, but a Job
plot (Figure S24) revealed that this complex also forms a 1:1
ion pair.”® These data provided no evidence for halide
interactions with the deeb ligand in these CD,Cl, solu-
tions.”**¢

Steady-state and time-resolved photoluminescence (PL)
were used to study the excited states of the free and ion-
paired complexes. Upon absorption of visible light, all
complexes displayed room-temperature PL with maximum
ranging from 665 to 688 nm. The steady-state PL spectra of
the complexes were sensitive to the halide concentration
(Figures 3 and S20). For the amide-containing complexes, the
PL spectrum blue-shifted and experienced a 2- to 3-fold
increase in intensity with increasing chloride or bromide
concentrations, corresponding to an increase in the PL
quantum yield. These changes typically saturated between 1
and 2 equiv of halide. For Ru-deeb, the addition of chloride
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and bromide quenched the PL and caused a slight red shift in
the spectra.

The PL maximum of the free and ion-paired complexes was
taken as a crude estimate of the free energy stored in the
excited state (AGgg). These values (Table 1) in conjunction
with the ground-state K, allowed the excited-state equilibrium
constants (K*eq) to be calculated through Forster cycle
analysis (Figure $25). For the amide-functionalized complexes,
equilibrium constants for halide ion pairing decreased upon
excitation, but for Ru-deeb, K*  was greater than K.

The excited-state decay data were well-described by a first-
order kinetic model and yielded lifetimes 7 on the order of a
microsecond. However, the addition of halide to the amide
complexes yielded kinetics that were no longer first-order but
which were instead successfully modeled by biexponential
kinetics. Excited-state quenching was excluded as the cause of
this kinetic behavior, as the complexes were not strong enough
photo-oxidants to oxidize chloride or bromide.”’~*’ Addition-
ally, a biexponential fit using a weighted average of the lifetime
of the free and ion-paired species (Ru** and [Ru**, X~]*) did
not model the kinetic data. When a large excess of halide was
present (from 100 to 200 equiv), first-order decay kinetics
were recovered, from which the lifetime of the ion-paired
complexes was obtained. Ion pairing was found to increase the
excited-state lifetime by 200—500 ns.

The biexponential decay kinetics at intermediate halide
concentrations were further probed through transient PL
experiments (Figure S26) and were found to report on the
excited-state equilibrium, as predicted by the square-scheme
discussed below. With 1 equiv of chloride or bromide present,
the PL of the amide complexes was found to red shift with time
after pulsed laser excitation (Figures S and S27). Note that the
PL maxima obtained in the transient experiments were not the
same as those described in Table 1 or Figure 3, as the transient
spectra were not corrected for the instrument response. The
transient kinetic data were successfully modeled using a
square-scheme kinetic analysis to determine the forward (k*,,)
and reverse (k*,,) rate constants for ion pairing in the excited
state,1730-34

For Ru-deeb, the time-resolved PL data remained single
exponential even in the presence of halide, although a decrease
in the lifetime was observed. In previous reports, this behavior
was attributed to an average lifetime arising from the mixture
of the free and ion-paired species, which had similar excited-
state lifetimes.”> With the methods described in these reports,
K*,, for [Ru-deeb,CI"]" was calculated to be 2.1 X 10°
M~1?>%* This value was in good agreement with that obtained
from a Forster cycle. Transient PL experiments did not reveal
time-dependent shifts in the PL, so the kinetics of the excited-
state equilibrium could not be resolved.

B DISCUSSION

The experimental data clearly indicate that the ground- and
excited-state equilibrium constants for halide binding can be
controlled through molecular design. The results are in
agreement with a recent study that reported how visible light
excitation can be utilized to photorelease chloride ions,
provided that the excited state was localized on a bipyridine
ligand with an associated chloride ion.'” This comparative
study was undertaken to understand the generality of the
previous report and to better understand how functional group
variation at the receptor ligand influences the ground- and
excited-state equilibrium.

A useful starting point for considering these equilibria is the
square scheme shown in Figure 6. The standard Gibbs free

Figure 6. Square scheme for ground- and excited-state equilibria with
halides (green sphere), that also depicts the excited-state localization
(blue shading). Note that the absorption of light promotes excitation
to the Franck—Condon excited state, which then undergoes fast
vibrational relaxation and intersystem crossing to the photo-
luminescent excited state. For simplicity, the square scheme only
represents the singlet ground state and the photoluminescent excited
state, which are assumed to be the only relevant states in halide
binding and photorelease.

energy changes for the ground and excited states of the six
complexes investigated are reported in Table 2. Related square
schemes have been widely used to quantify the excited-state
pK, values of photoacids and -bases, as well as excimer and

Table 2. Kinetic and Thermodynamic Parameters

AG'cs  AGs  AGgs—AGg k¥, Ky
-1

complex eV eV eV sTi(x10")?  s7(x10%)
Ru-

deaOH
+CI™ —0.45 —0.38 -0.07 2.4 2.3
+Br~ —0.45 —-0.38 —0.07 2.2 1.5
Ru-dpa
+CI™ —0.44 —-0.34 —0.10 2.2 4.5
+Br~ —0.41 -0.32 —-0.09 1.7 6.4
Ru-

daeaOH
+CI™ -0.39 —0.31 —0.08 1.8 9.1
+Br~ —-0.37 -0.32 —-0.05 2.1 8.7
Ru-da
+CI™ —0.34 —0.26 —0.08 1.3 47
+Br~ —-0.34 —0.26 —0.08 0.6 16
Ru-deeb
+CI™ —-0.30 -0.32 0.02 b b
+Br~ -0.30 -0.32 0.02 b b

“The k*,, values on the order of 1 X 10" M~ s™! are consistent with
a diffusion-limited rate, as calculated in the appendix of the
Supporting Information. bAs the time-resolved PL did not provide
evidence for differing ground- and excited-state equilibria, the kinetic
analysis could not be performed.
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exciplex formation.””™>* Note that in the square scheme in
Figure 6, ho refers to light population of the photoluminescent
excited state. Indeed, this is a simplification, as light absorption
creates a Franck—Condon state that subsequently relaxes to
the photoluminescent state through vibrational relaxation and
intersystem crossing. For all the ruthenium complexes reported
here, the ground-state equilibrium with chloride and bromide
is highly favored in CH,CIl,, and the free energies of halide
binding provide insights into halide coordination chemistry. In
the thermally equilibrated excited state, the square scheme
kinetic analysis and the corresponding differential rate
equations (eqs 2 and 3, where A is Ru’* and B is Ru®",X")
are used to model the experimental data. The analytical
solutions for these differential rate equations have been derived
elsewhere’ ™** and are here used to determine the excited-
state equilibrium constant and the forward (k*,) and reverse
(k*,,) rate constants. Significantly, biexponential excited-state
decay kinetics, which are predicted by the square scheme,”' ~**
are observed here for the amide-functionalized complexes. This
discussion of ground- and excited-state supramolecular
assembly included in the broader context of halide assembly
indicates that control of the ground- and excited-state
equilibria with halide can lead to practical applications and
fundamental insight into halide coordination chemistry.

d[A*
[dt Lo ks, + k)IAT + (k%) [BY] 2)

d[B* .

% = — (K%, + k)[BT + (k*,)[A] 3)

B GROUND-STATE SUPRAMOLECULAR ASSEMBLY

The ruthenium polypyridyl complexes investigated in this
study are designed to associate with halides through supra-
molecular assembly. Toward this end, hydrogen-bonding
functional groups® such as amides and alcohols are built
into the ligand framework to provide a specific site for halide
assembly.”” The cationic charge of each complex, as well as the
use of the low dielectric solvent CH,Cl, (¢ = 8.93), also
facilitate supramolecular assembly. Finally, the ancillary ligands
are designed with sterically bulky t-butyl groups to block other
halide interactions with the molecule. The characteristic
spectral features of these complexes are sensitive to chloride
and bromide, providing evidence for supramolecular assembly
formation.

A powerful technique for resolving the location of the bound
halide that also describes the specific hydrogen-bonding
interactions that occur within the ion pair is 'H NMR
spectroscopy. In previous studies on related complexes,
hydrogen bonding with halides was reported to lengthen the
covalent bonds that were involved in the hydrogen-bonding
interaction, resulting in downfield shifts of specific 'H NMR
signals.'>'7?%?7%°7 The results herein are consistent with that
finding. For the complexes with amide-functionalized ligands,
the 3,3’ C—H bonds and amide N—H bonds on the receptor
ligand are most responsive to halide, whereas for Ru-deeb, the
3,3’ hydrogens on the dtb ligand and the 6,6’ hydrogens on the
deeb ligand were most influenced. This indicates that
supramolecular assembly with halides is highly sensitive to
the functional groups present within the molecule. For the
amide-derivatized complexes, the amide groups clearly provide
a halide binding site. However, for Ru-deeb, the halide does
not associate with a specific ligand but instead is located

between ligands and in close proximity to the positively
charged ruthenium. These interactions are depicted in Figure

Figure 7. Ion-pairing location for the amide complexes (left) and Ru-
deeb (right) as determined by '"H NMR spectroscopy.

Table 3. Spectral Shifts of Relevant "H NMR Signals as
Halide is Added

Appm
Hjy Hyu Hou

complex CI Br~ CI Br~ CI Br~
Ru-deaOH 1.42 1.24 1.68 1.34 1.96 1.12
Ru-dpaOH 1.98 1.35 1.72 1.54 117 0.56
Ru-dpa 1.90 1.66 2.44 2.20 N/A N/A
Ru-daeaOH 1.24 0.99 1.33 1.02 a a
Ru-da 1.71 1.54 2.36 2.13 N/A N/A

“Were not observed in the 'H NMR spectrum. N/A indicates not
applicable.

The magnitude of the downfield shift (Appm) of specific
resonances in the '"H NMR spectra (Table 3) upon halide
addition was found to vary significantly based on the complex
and the identity of the halide. It is important to note here that
Appm does not correlate with the equilibrium constant. In
other words, the complexes with the largest Appm do not have
the largest K., values and vice versa. However, in this series of
complexes where binding uniformly occurs at the amide-
functionalized ligand (excluding Ru-deeb), the Appm value
provides insight into functional group effects on the supra-
molecular assembly. Clearly the 3,3" C—H, amide N—H, and
alcohol O—H (if present) bonds are most significantly affected
by the presence of halide. Amide®”*°™* and hydroxyl***’
groups are known to form hydrogen-bonding interactions with
anions, and hydrogen bonding with C—H groups, although
rare, can also occur when that bond is highly polarized or the
binding site is highly structured.**>' In Ru-deeb, the most
likely contributors to hydrogen bonding are the most acidic
3,3 hydrogens (9.02 ppm) on the deeb ligand. Of the
complexes studied herein, the electron-withdrawing ester
groups are best able to polarize this 3,3’ C—H bond, and
Ru-deeb should therefore provide the highest likelihood of
hydrogen-bonding interactions at this site. However, halide
addition does not perturb these 3,3’ C—H bonds, which
suggests that this functional group does not form significant
hydrogen-bonding interactions with halides. In the amide
derivatives, the 3,3" C—H bonds are slightly less polarized
(9.02—8.81 ppm) than those of Ru-deeb, making them even
less likely to engage in hydrogen-bonding interactions. The
observed halide-induced shifts at this position in the amide
complexes are therefore attributed to halide-induced repulsion
of electron density in the C—H bond, which deshields the
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hydrogen atom. The magnitude of this effect is consistent with
the distance between the halide and the 3,3’ hydrogens, as
discussed below.

As stated previously, hydrogen bonding with amide and
alcohol groups is proposed to lengthen the covalent N—H and
O-H bonds.”” For example, Ru-deaOH and Ru-dpaOH
contain the same hydrogen-bonding groups but differ by a
single methylene spacer in the aliphatic chain of the amide
ligand (Figure 8, right). The O—H bond of Ru-deaOH is

O

A
N £
(dtb)zRu/ H
NN
g
o}
Ru-dpa n = 1: Ru-deaOH

2: Ru-dpaOH

Figure 8. Depiction of the relative C—H, N—H, and O—H bond
length changes experienced by Ru-dpa (left) and Ru-deaOH (blue
hydrogens, right) or Ru-dpaOH (red hydrogens, right) upon
supramolecular assembly with halides. The complexes without alcohol
groups (left) have significantly longer amide N—H bonds than the
alcohol-containing complexes (right). In complexes with alcohol
groups, the changes in O—H and N—H bond lengths trend in
opposite directions as the chain length increases from ethyl to propyl.

lengthened more in the presence of halide than that of Ru-
dpaOH, while the Ru-dpaOH N—H bond is elongated more
significantly with halide than that of Ru-deaOH. This indicates
that the length of the aliphatic chain allows the alcohol group
on Ru-deaOH to interact more fully with halides, which in
turn positions the halide farther from the amide group. This
analysis is consistent with the electronic repulsion experienced
by the 3,3" C—H bond. In Ru-deaOH, the halide is positioned

slightly farther from the 3,3" C—H group, which results in less
significant changes to that bond. For Ru-dpaOH, the halide is
localized closer to the amide group, and the proximity to the
3,3" C—H bonds increases the electronic repulsion. Complexes
Ru-dpa (Figure 8, left) and Ru-da, which do not contain
alcohol groups, provide further evidence for this interpretation.
In these complexes, the amide groups are the sole contributors
to hydrogen-bonding interactions, and the N—H bond lengths
are elongated by nearly 40% more than in the complexes with
alcohol groups.

The ground-state equilibrium constants provide an addi-
tional means by which to characterize functional group effects
on the supramolecular assembly structure, which is highly
favored in all complexes (Keq > 1% 10° M™") in CH,Cl,. For
Ru-deaOH, Ru-dpaOH, and Ru-dpa, the equilibrium
constants for halide binding were so large that they could
not be resolved. To overcome this limitation, competitive
binding experiments’>** (depicted in Scheme 1) were
performed to determine the true equilibrium constant. In
this work, competitors were sought that displayed a 1:1
stoichiometry with the ruthenium complex and an equilibrium
constant that is ~1 to 2 orders of magnitude less than that of
the halide. The presence of a fixed concentration of an
appropriate competitor during halide titrations enabled
extraction of the desired K., with halide. Suitable competitors,
TBA triflate and TBA tetrafluoroborate, were found for Ru-
deaOH and Ru-dpa, respectively, which allowed for their
equilibrium constants with chloride and bromide to be
determined using eq 1. An adequate competitor was not
found for Ru-dpaOH.

The functional groups on the receptor ligands drastically
affect the equilibrium constants with halides, which span 2
orders of magnitude and increase in the order of Ru-deeb <
Ru-da < Ru-daeaOH < Ru-dpa < Ru-deaOH. A comparison
of the K., values with chloride (Table 1) enables one to
partition the fraction that each functional group contributes to
the equilibrium constant. For example, Ru-deeb, which

Scheme 1. Equilibrium Constants for Competitive Halide Association with Ru-deaOH and Ru-dpa“

Kcomp

“The competitive equilibrium in the presence of a competitor anion and halide experimentally provided an observed equilibrium constant (K,),

which was used to calculate K., with eq 1.
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contains two ester groups instead of amide functional groups,
displays the weakest equilibrium constant (1 X 10° M™'). As
discussed above, this complex does not contain specific
functional groups that stabilize halides through a well-defined
assembly structure, and so the halide assembly is mainly
attributed to the Coulombic attraction with the 2+ charge.
Complexes with amide groups, like Ru-da and Ru-dpa, provide
a specific hydrogen-bonding site for halide association, which
enhances the K., by at least a factor of S. Finally, complexes
with alcohol groups on the receptor ligand (Ru-deaOH and
Ru-dpaOH, with the exception of Ru-daeaOH) associate so
strongly with halides that K., could not be resolved in the
absence of a competitor. These results suggest that the
hydrogen-bonding functional groups additively contribute to
the K., values.

The cumulative effect of functional group variation can be
seen through a comparison of the ground-state free energies
(AG®gg) for halide assembly. The complexes Ru-deeb, Ru-
dpa, and Ru-deaOH were chosen for this comparison, as the
variations in the steric bulk of the receptor ligand are minimal,
while the chemical composition of that ligand is changed in a
modular fashion. In CH,Cl,, the free energy for both chloride
and bromide assembly with a 2+ ruthenium polypyridyl
complex that does not have a specific receptor ligand for
halides (Ru-deeb) is —0.30 eV. The addition of hydrogen-
bonding amide groups (Ru-dpa) increased the magnitude of
AG°gs (—0.41 and —0.44 eV) by 37—47% for bromide and
chloride, respectively. Finally, the combination of alcohol and
amide groups (Ru-deaOH) provided a 50% increase in AG°gg
(—0.45 eV) with both halides as compared to the Ru-deeb
case.

Some apparent outliers are observed in this analysis, but
these exceptions can be explained through consideration of the
steric bulk or additional functional groups surrounding the
amides. For example, Ru-daeaOH contains a terminal alcohol
group but has a smaller K, value (3.5 X 10° M™") than Ru-dpa
(2.8 X 107 M™"), which has no terminal alcohol. The alcohol
group of Ru-daeaOH was not resolved by '"H NMR, which
precluded the observation of interactions between the alcohol
and the halide. However, halide interactions with the 3,3’ C—
H and N—H bonds are significantly less than those of the other
complexes, suggesting on average an increased distance
between these groups and the halide. This is consistent with
the amine group in the daeaOH ligand destabilizing the
associated halide, which in turn lowers the K. The drastically
different equilibrium constants of Ru-dpa (2.8 X 10’ M™") and
Ru-da (5.7 X 10° M™") are also surprising, as both complexes
have the same hydrogen-bonding functional groups. In the 'H
NMR spectrum of Ru-dpa, the aliphatic propyl resonances
shift downfield with increasing halide concentration, indicating
that this group contributes to halide association. The alkyl
chain likely enhances the interaction by better encompassing
the halide and preventing its dissociation. This suggests that
tuning the sterics of the receptor ligand is important for
optimal supramolecular assembly.

To summarize, in these complexes, contributions from
molecular charge, hydrogen-bonding functional groups, and
steric bulk all affect ground-state halide assembly in CH,Cl,.
The inherent 2+ charge of the ruthenium complexes
contributes significantly to halide binding in this solvent,
while the amide functional groups provide a binding site that
further stabilizes the halide. Additional functional groups such
as alcohols can influence the halide location within the

supramolecular assembly and enhance stability yet again.
Finally, the appropriate steric bulk is important for allowing
halides to approach the receptor site and for preventing their
dissociation after assembly.

B EXCITED-STATE SUPRAMOLECULAR ASSEMBLY

In a prior report, we showed that halide photorelease can be
achieved with ruthenium complexes that form a 1:1 ion pair
with chloride.'” This behavior was clearly observed after
pulsed-laser excitation of an ion-paired complex [Ru**,Cl"]*
that resulted in time-dependent shifts in the PL spectra,
consistent with chloride photorelease and PL from the free
ruthenium complex. In that report, the excited-state dipole
orientation was paramount for controlling the excited-state
assembly with halides. Excited-state localization on the
receptor ligand led to halide photorelease, while excited-state
localization away from that ligand led to enhanced halide
binding. In this study, the excited-state dipole is oriented
toward the ester- or amide-functionalized ligands, leading to
halide photorelease for all complexes except Ru-deeb. The
differences in the excited-state kinetic and thermodynamic
parameters (Figure 6) between complexes are here related to
the functional groups on the receptor ligand.

Photoexcitation greatly affects the excited-state supra-
molecular assembly of all complexes, leading to photoinduced
release of halides from the amide-containing complexes and
enhanced binding in Ru-deeb. For instance, the PL maxima of
the complexes as monitored by steady-state PL spectroscopy
shift significantly during the course of chloride and bromide
titrations. For the amide complexes, the PL blue-shifts up to
810 cm™ and is accompanied by a 2—3-fold increase in
intensity. For Ru-deeb, supramolecular assembly results in a
slight red shift and a concurrent decrease in the PL intensity.
The opposing PL shifts to low (Ru-deeb) or high (amide
complexes) energy are due to the excited-state dipole
orientation relative to the location of the halide."”

It has been shown for this class of complexes that the MLCT
excited state is localized on a single Ii§and, and that ligand is
the one which is most easily reduced.” These complexes were
designed such that, in the MLCT excited-state, an electron
resides on the amide- or ester-functionalized ligand, and this
was confirmed through electrochemical experiments that
showed that the first reduction potential of the complexes
most closely aligned with [Ru(bpy-CONHELt);]*"/* (—880 mV
vs NHE)** or [Ru(deeb);] **/* (=720 mV vs NHE)>* and not
[Ru(dtb),;] */* (=1000 mV vs NHE).”> In the amide
complexes, where the excited-state dipole is oriented toward
the ligand that binds the halide, the MLCT excited state is
destabilized by Coulombic repulsion with the halide, which
results in a higher-energy PL.

For Ru-deeb, the MLCT excited state is localized on the
deeb ligand. However, chloride does not associate directly with
this ligand, but is instead in close proximity to the Ru(II)
center. Therefore, upon absorption of a photon, the excited-
state dipole is not directed toward the halide. Photoexcitation,
which formally generates a Ru(III) metal, thereby increases the
Coulombic attraction to the halide. This stabilizes the excited
state, as manifest in the lower-energy PL spectrum. Concurrent
with this red shift is a decrease in the PL intensity, which is
caused by an increase in the nonradiative rate constants (k,,)
as predicted through the energy gap law and which has been
reported previously.”>*’
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The halide-induced shifts in the steady-state PL were used to
calculate the excited-state binding constants (K*,) through
Forster cycle analysis (Figure S25). The K*,, values for the
amide complexes were found to be at least an order of
magnitude less than the ground-state K., values, as was
expected based on the excited-state dipole orientation. For Ru-
deeb, supramolecular assembly is stronger in the excited state
by a factor of 2.

To assess how the excited-state orientation affects the
equilibrium constants for supramolecular assembly, the
difference in free energy between the ground and excited-
state ion pairs (AG%gs — AG%;) was calculated (Table 2). A
negative value provides an estimate of the destabilization in the
excited state, while a positive value is indicative of enhanced
binding. For all of the amide complexes, the free energy of
supramolecular halide assembly decreases in the excited state
by —80 =+ 10 meV. This shows that, upon excitation, a halide
associated with the amide ligands of Ru-deaOH, Ru-dpa, Ru-
daeaOH, or Ru-da will be destabilized by 80 meV, behavior
that is attributed mainly to the Coulombic repulsion of the
halide with the excited state. The different functional groups
on these ligands have no discernible impact on the repulsion
that is felt by the halide. Because of the similarities of the
complexes, the electron density in the thermally equilibrated
MLCT excited state is likely distributed primarily on the
coordinating nitrogen atoms, as has been suggested for
ruthenium polypyridyl complexes.”® Additionally, the distance
between the ion-paired halide and these nitrogen atoms does
not vary significantly from complex to complex. As the small
structural differences between ligands do not affect these
contributors to the excited-state repulsion, photoexcitation
reduces the free energy of halide binding by approximately the
same amount in each complex. Thus, the trend in ground-state
equilibrium constants (Ru-da < Ru-daeaOH < Ru-dpa < Ru-
deaOH) is retained in the excited state.

Although the difference between the ground- and excited-
state equilibria is controlled primarily by the excited-state
localization, the kinetics of photorelease are sensitive to
individual functional group variations between the ligands.
Examination of these rate constants is beneficial to understand
the observed photorelease. The rate constants for halide
association, k*,, are all within error the same, and on the
order of 1 X 10" M~ s™". This value is in agreement with the
calculated diffusion limit as described in eq S1 (Appendix,
Supporting Information).”” This suggests that the association
of the ruthenium complex and the halide in the excited state is
diffusion-limited. Therefore, the K*.; values are determined by
the rate constant for photorelease, k*,;, for each complex.
These rate constants correspond to halide dissociation from
the ligand on the nanosecond to microsecond time scale. As
halide release is a unimolecular reaction, the dissociation could
proceed on the time scale of molecular vibrations (ps), but as
the rate is much slower, a barrier for halide photorelease is
inferred. This barrier likely involves solvent reorganization to
solvate the ruthenium complex and the halide, but this
contribution is expected to be approximately the same for all
complexes. The energy required to break the hydrogen-
bonding interactions between the receptor ligand and the
halide is also expected to contribute to this barrier. In this
series, k*,; was found to increase in the order of Ru-deaOH <
Ru-dpa < Ru-daeaOH < Ru-da. This implies that Ru-deaOH
has the largest barrier for halide photorelease, while Ru-da has
the lowest barrier. Unsurprisingly, the trend for increasing k*,,

is the opposite of that observed for the ground-state
equilibrium constants. This reinforces the result that hydro-
gen-bonding functional groups significantly stabilize halide
assemblies, as these interactions provide a significant barrier to
halide release in the excited state.

The excited-state kinetics and thermodynamics discussed
above pose many challenges that hinder anion photorelease in
polar solvents such as CH3;CN or water. For example,
supramolecular assembly is known to be inversely proportional
to the dielectric of the solvent.’® In fact, previous work on Ru-
deaOH determined that K., with chloride in CH;CN is 8.5 X
10° M™L"® as compared to the K4 of 3.6 X 10’ M~ reported
here in CH,Cl,. To even facilitate supramolecular assembly
through hydrogen-bonding interactions in polar solvents, it
would be necessary to design a complex with many strong
hydrogen-bond donors that outcompete the solvent’s ability to
stabilize halide. However, the presence of these groups
inevitably increases the barrier for halide photorelease. This
approach would also adversely affect the halide dissociation
rate constants (k,;). As the energy barrier for the halide release
would necessarily be large, k,, would be slow, and so long-lived
excited states would be needed to ensure that the halide would
be released before relaxation to the ground state.

To address these challenges, it is helpful to look to the alkali
and alkaline earth metal cation binding literature, where several
strategies have been employed to photoinitiate metal release in
polar solvents like water and CH3;CN. Many of the techniques
offer varying degrees of reversibility. For instance, photo-
reactivity’”~°* (irreversible) or photoisomerization®*** (parti-
ally reversible) of cation receptors leads to large increases in
cation concentrations in polar solvents and even under
biological conditions. Completely reversible photorelease
mechanisms, which are of particular interest to this work,
have been achieved with rhenium bipyridine complexes
bearing an azacrown-ether conjugated to the metal center.*> ™
In cation-binding studies in CH;3CN, pulsed-laser excitation of
the assembly structures led to photorelease of the associated
cations that was attributed to the conjugation of the azacrown
nitrogen with the metal center. Upon MLCT (Re to bpy)
excitation, this nitrogen contributed significant charge density
to the metal center, weakening its interaction with the cation in
the crown ether. In this case, photoexcitation not only
provided an energy input to overcome the barrier for cation
release but also directly reduced the barrier by weakening
interactions that contributed to cation association. A similar
strategy could be utilized to facilitate anion photorelease in
polar solvents. If the specific functional groups that recognized
anions also accepted significant charge density in the excited
state, the intermolecular forces that contribute to anion
assembly would inherently be weakened. This approach
could lead to complexes that strongly bind halides in the
ground state in polar solvents but which have a modest barrier
to halide photorelease in the excited state.

B CONCLUSIONS

A series of ruthenium polypyridyl complexes containing ester-
or amide-functionalized bipyridine ligands formed strong
assembly structures (K., > 1 X 10° M™") with chloride and
bromide in CH,Cl,. Amide and alcohol functional groups on
the receptor ligand significantly enhanced the equilibrium
constant, as compared to a complex (Ru-deeb) without these
groups. This allowed K., to be tuned by over 2 orders of
magnitude. Photoexcitation of the ion-paired complexes led to

DOI: 10.1021/acs.inorgchem.8b03383
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03383/suppl_file/ic8b03383_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03383/suppl_file/ic8b03383_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b03383

Inorganic Chemistry

a modest enhancement in the equilibrium constant (K*,,) of
Ru-deeb, while an order of magnitude decrease in K* ., was
observed for the amide complexes. The decrease in K*,
resulted in the photorelease of associated halide ions. The
excited-state rate constants for halide dissociation (k,;) were
largest for the complexes with the fewest hydrogen-bond
donors (Ru-da), while the presence of functional groups that
stabilized halides contributed to an energy barrier that
decreased the rate of photorelease. The results show that
excited-state supramolecular assembly can be controlled
through molecular design.

B EXPERIMENTAL SECTION

Materials. Sulfuric acid (H,SO,, Fisher, 98%, certified ACS Plus),
methanol (Fisher, certified ACS), chloroform (Fisher, certified ACS),
ethanolamine (Sigma-Aldrich, >98%), acetone (Sigma-Aldrich,
certified ACS), acetonitrile (CH,CN, Burdick and Jackson,
99.98%), and dichloromethane (CH,Cl, 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 (NH,PF,, Sigma-Aldrich, >98%), tetrabutylam-
monium chloride (TBACI, Sigma-Aldrich, purum >97%), tetrabuty-
lammonium bromide (TBABr, Acros Organics, 99+%), tetrabuty-
lammonium perchlorate (TBACIO,, Sigma-Aldrich, for electro-
chemical analysis, >99%), and ruthenium trichloride hydrate
(Oakwood Chemicals, 97%) were used as received. NMR solvents
were purchased from Cambridge Isotope Laboratories, Inc. Ru-
(dtb),Cl,-2H,0,”° 4,4'-dicarboxy-2,2-bipyridine,”* 4,4'-dimethyles-
ter-2,2'-bipyridine,"* 4,4'-diethylester-2,2'-bipyridine (deeb),”” [Ru-
(dtb),(dea)](PF),, (Ru-deaOH),"> and [Ru(dtb),(daea)](PF,),
(Ru-daeaOH)"” were synthesized according to previous procedures.
All solutions were sparged with argon for at least 30 min before all
titration and transient PL experiments.

Synthesis of Ligands. General method for synthesis of amide-
functionalized ligands. To 4,4’-dimethylester- or 4,4'-diethylester-
2,2'-bipyridine in methanol was added an excess of the appropriate
amine. The mixture was refluxed for 4 h. When cooled, acetone was
added to the mixture, 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 a white powder.

deaOH. Refluxing 4,4'-diethylester-2,2'-bipyridine (2.0 g, 6.7
mmol) and ethanolamine (10 mL, 166 mmol) in methanol (40
mL) yielded 1.7 g (77%) of deaOH. 'H NMR ( di-DMSO, 500
MHz): 8.91 (2H, t), 8.85 (2H, d), 8.78 (2H, s), 7.85 (2H, dd), 4.83
(2H, t), 3.55 (4H, m), 3.38 (4H, m).

dpaOH. Refluxing 4,4’-dimethylester-2,2'-bipyridine (1.0 g, 3.7
mmol) and 3-amino-1-propanol (S mL, 83 mmol) in methanol (20
mL) yielded 1.1 g (92%) of dpaOH. 'H NMR (ds-DMSO, 600
MHz): 8.95 (2H, t), 8.87 (2H, d), 8.78 (2H, s), 7.85 (2H, dd), 4.52
(2H, t), 3.48 (4H, m), 3.36 (4H, m), 1.71 (4H, p). *C NMR (d,-
DMSO, 150 MHz): 164.57, 155.52, 150.07, 143.03, 121.95, 118.22,
58.56, 36.81, 32.24.

dpa. Refluxing diethylester-2,2’-bipyridine (0.5 g, 1.6 mmol) and
propylamine (3 mL) in methanol (10 mL) yielded 0.292 g (54%) of
dpa. "H NMR (ds-DMSO, 500 MHz): 8.96 (2H, t), 8.87 (2H, d),
8.79 (2H, s), 7.85 (2H, dd), 3.26 (4H, m), 1.57 (4H, m), 0.91 (6H,
t). ¥C NMR (ds-DMSO, 150 MHz): 164.53, 155.53, 150.07, 143.09,
121.97, 118.22, 41.18, 22.26, 11.53.

daeaOH. Refluxing dimethylester-2,2’-bipyridine (1.0 g, 3.7 mmol)
and 2-[(2-aminoethyl)aminoJethanolamine (5 mL, 49 mmol) in
methanol (20 mL) yielded 1.1 g (72%) of daeaOH. '"H NMR (d-
DMSO, 500 MHz): 8.93 (2H, t), 8.86 (2H, d), 8.79 (2H, d), 7.85
(2H, dd), 4.48 (2H, t), 3.44 (4H, q), 3.38 (4H, q), 2.72 (4H, t), 2.60
(4H, t).

Synthesis of da. 4,4'-Dicarboxy-2,2"-bipyridine (10g, 41.0 mmol)
was refluxed under argon overnight in thionyl chloride (100 mL). The
solvent was then removed from the mixture under reduced pressure,
and the residue was dissolved in toluene. NH;(g) was bubbled

through the reaction mixture for 1 h, causing a precipitate to form.
The precipitate was filtered and then washed with a minimum amount
of DMSO and, finally, with excess acetone. The final product was
obtained as a white powder (4.3 g, 42%). '"H NMR (d,-DMSO, 600
MHz): 8.86 (2H, dd), 8.80 (2H, dd), 8.42 (2H, s), 7.87 (2H, dd),
7.79 (2H, s). 3C NMR (de-DMSO, 150 MHz): 166.30, 155.62,
150.04, 142.80, 122.00, 118.53.

Synthesis of deeb. 4,4'-Dicarboxy-2,2’-bipyridine (Sg, 20.5 mmol)
and H,SO, (5 mL) were refluxed in ethanol (100 mL) for S d. The
reaction mixture was added to CHCl; (200 mL), and H,O (150 mL)
was added. The aqueous layer was extracted with CHCl;. The organic
fraction was dried with MgSO,, and the solvent was removed under
vacuum, yielding 5.28 g (85%) of deeb. "H NMR (CDCl,, 500 MHz):
8.93 (2H, s), 8.85 (2H, d), 7.90 (2H, dd), 4.45 (4H, q), 1.43 (6H, t).

Synthesis of Ruthenium Complexes. General method for synthesis
of ruthenium complexes Ru-deaOH, Ru-dpaOH, Ru-dpa, Ru-
daeaOH, and Ru-deeb. To a 10 mL glass microwave vial was
added Ru(dtb),Cl,-2H,0, 1 equiv of the appropriate ligand, and ~§
mL of EtOH or a 1:1 mixture of H,O/EtOH. The mixture was heated
under microwave radiation by an Anton Paar Monowave 300 at 150
°C for 10 min. The red solution was filtered, and the solvent was
removed by rotary evaporation. The resulting solid was dissolved in
minimal H,O, and a few drops of saturated aqueous NH,PF, were
added, causing a precipitate to form. The solid was collected with
vacuum filtration, washed with excess H,O, and dried under vacuum
at 100 °C overnight, yielding a red solid.

[Ru(dtb),(deaOH)](PFy),, (Ru-deaOH). Ru(dtb),Cl, (75 mg, 0.096
mmol), deaOH (32 mg, 0.097 mmol) and ~S5 mL of H,0/EtOH
(1:1) were heated at 150 °C for 10 min under microwave irradiation,
yielding 86 mg (71%) of Ru-deaOH. "H NMR (CD,Cl,, 400 MHz):
8.95 (2H, s), 8.27 (4H, d), 7.83 (2H, dd), 7.77 (2H, d), 7.60 (2H, t),
7.57 (4H, q), 7.4S (4H, td), 3.78 (4H, m), 3.58 (4H, m), 2.86 (2H,
s), 1.42 (18H, s), 1.40 (18H, s).

[Ru(dtb) ,(dpaOH)](PF), (Ru-dpaOH). Ru(dtb),Cl, (7S mg, 0.096
mmol), dpaOH (34 mg, 0.095 mmol), and ~5 mL of H,0/EtOH
were heated at 150 °C for 10 min under microwave irradiation,
yielding 110 mg (89%) of Ru-dpaOH. 'H NMR (CD,Cl, 400
MHz): 8.84 (2H, d), 8.27 (4H, dd), 7.81 (2H, dd), 7.77 (2H, d), 7.72
(2H, t), 7.57 (2H, d), 7.53 (2H, d), 7.46 (2H, dd), 7.43 (2H, dd),
3.70 (4H, t), 3.61 (4H, q), 1.82 (4H, p), 1.43 (18 H, s) 1.41 (18 H).
High-resolution mass spectrometry (HRMS) electrospray ionization
mass spectrometry (ESI-MS). Caled for Cg4H,oF;,NgO,P,Ru;Na,
([M + Na]*): m/z 1309.37. Found: m/z 1309.37.

[Ru(dtb),(dpa)l(PFy), (Ru-dpa). Ru(dtb),Cl, (75 mg, 0.096
mmol), dpa (31 mg, 0.095 mmol), and ~5 mL of H,O/EtOH were
heated at 150 °C for 10 min under microwave irradiation, yielding 80
mg (66%) of Ru-dpa. 'H NMR (CD,CN, 500 MHz): 8.91 (2H, d),
8.48 (4H, dd), 7.84 (2H, d), 7.70 (2H, dd), 7.54 (4H, dd), 7.51 (2H,
t), 7.42 (2H, dd), 7.35 (2H, dd), 3.37 (m, 4H), 1.63 (4H, h), 1.41
(18h, s), 1.39 (18h, s), 0.96 (6H, t). HRMS (ESI-MS). Calcd for
CyHoFNgO,P Ru, ([M]**): m/z 482.24. Found: m/z 482.23.

[Ru(dtb),(daeaOH)](PFy); (Ru-daeaOH). Ru(dtb),Cl, (75 mg,
0.096 mmol), daeaOH (40 mg, 0.096 mmol), and ~S mL of H,0/
EtOH (1:1) were heated at 150 °C for 10 min under microwave
irradiation, yielding 96 mg (74%) of Ru-daeaOH. '"H NMR (CD,CN,
500 MHz): 9.02 (s, 2H), 8.48 (dd, 4H), 7.84 (d, 2H), 7.73 (d, 2H),
7.55 (d, 4H), 7.42 (dd, 2H), 7.35 (dd, 2H), 3.56 (t, 4H), 3.51 (m,
4H), 2.85 (t, 4H), 2.73 (t, 4H), 1.41 (s, 18H), 1.39 (s, 18H).

[Ru(dtb),(deeb)](PFy), (Ru-deeb). Ru(dtb),Cl, (100 mg, 0.141
mmol), deeb (42 mg, 0.140 mmol), and ~S mL of EtOH were heated
at 150 °C for 10 min under microwave irradiation, yielding 144 mg
(83%) of Ru-deeb. "H NMR (CD,CN, 500 MHz): 9.02 (2H, d), 8.48
(4H, dd), 7.90 (2H, d), 7.83 (2H, dd), 7.52 (4H, dd), 7.42 (2H, dd),
7.34 (2H, dd), 4.45 (4H, q), 1.41 (24 H, m), 1.39 (18H, s). HRMS
(ESI-MS). Caled for C,Hg,N4O Ru; ([M]2+): m/z 469.2. Found:
m/z 469.2.

[Ru(dtb),(da)](PFy), (Ru-da). [Ru(dtb),Cl,] (500 mg, 0.071
mmol) and da (188 mg, 0.078 mmol) were dissolved in 12 mL of
a 1:1 H,O/EtOH mixture and refluxed overnight under argon. After
reaction, the mixture was brought to room temperature and
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evaporated to dryness under vacuum. The residue was dissolved in 5
mL of water, and upon addition of a saturated aqueous NH,PFq
solution, a precipitate formed. The precipitate was collected by
filtration and purified by column chromatography on alumina using
CH,CN/H,O mixture, yielding 341 mg (41%) of Ru-da. 'H NMR
(CD,Cl,, 500 MHz): 8.87 (2H, s), 8.27 (4H, dd), 7.83 (2H, dd), 7.79
(2H, d), 7.57 (2H, d), 7.54 (2H, d), 7.46 (2H, dd), 7.44 (2H, dd),
7.07 (2H, s), 6.02 (2H), 1.43 (18H, s), 1.41 (18H, s). HRMS (ESI-
MS). Caled for CygHsF;,NgO,P,Ru;Na; ([M + Nal*): m/z 1193.29.
Found: m/z 1193.29.

Nuclear Magnetic Resonance. Characteristic NMR spectra were
obtained at room temperature on a Bruker Avance III 400, 500, or
600 MHz spectrometer. Solvent residual peaks were used as internal
standards for "H (8 = 7.26 ppm for CDCl, 2.50 ppm for DMSO, 5.32
for CD,Cl,, 1.94 for CD;CN) and “C (6 = 77.16 ppm for CDCl,,
39.52 ppm for DMSO) chemical shift referencing. NMR spectra were
processed using MNOVA.

Mass Spectrometry. Samples were analyzed with a hybrid LTQ
FT (ICR 7T) (ThermoFisher) mass spectrometer. Samples were
introduced via a micro-electrospray source at a flow rate of 3 yL/min.
Xcalibur (ThermoFisher) was used to analyze the data. Each mass
spectrum was averaged over 200 time domains. Electrospray source
conditions were set as spray voltage 4.7 kV, sheath gas (nitrogen) 3
arb, auxiliary gas (nitrogen) 0 arb, sweep gas (nitrogen) O arb,
capillary temperature 275 °C, capillary voltage 35 V, and tube lens
voltage 110 V. The mass range was set to 150—2000 m/z. All
measurements were recorded at a resolution setting of 100 000.
Solutions were analyzed at 0.1 mg/mL or less based on
responsiveness to the ESI mechanism. Low-resolution mass
spectrometry (linear ion trap) provided independent verification of
molecular weight distributions.

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 integrated for 0.1 s at 1 nm resolution and averaged
over three scans. The PL quantum yields were measured by the
optically dilute method using [Ru(bpy);]Cl, in acetonitrile (® =
0.062) as a quantum yield standard.”?

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 monochroma-
tor terminated into a LeCroy Waverunner LT322 oscilloscope.
Decays were monitored at the PL maximum and averaged over 180
scans. Nonradiative and radiative rate constants were calculated from
the quantum yields (® = k./(k, + k,.)) and lifetimes (z = 1/(k, +
knr))‘

Transient Photoluminescence. Transient photoluminescence
data were obtained on the nitrogen dye laser described above.
Excited-state decay traces were obtained every 10 nm from 560 to 770
nm and averaged over 60 scans. The amplitude of each PL decay after
a specific time delay from the laser pulse (45 ns to 3 us at given
intervals) was plotted versus the wavelength, and the data were
normalized to give the transient PL spectra shown in Figure S.

Excited-State Equilibrium. The square scheme analysis used to
resolve the excited-state kinetics are described elsewhere.®' ~**

Electrochemistry. Square-wave voltammetry was performed with
a BASi Epsilon potentiostat in a standard three-cell in CH,Cl,
electrolytes. The cells consisted of a platinum working electrode
and a platinum mesh as an auxiliary electrode. A nonaqueous silver/
silver chloride electrode (Pine) was used as a reference electrode that
was referenced to an internal ferrocene (724 mV vs NHE)”* or
decamethylferrocene”® (Me,oFc) standard (250 mV vs NHE).

Halide Titrations. UV—Vis, PL, and time-resolved measurements
were performed in CH,Cl, or CH3CN using ~10 uM solutions of the

nr.

ruthenium complexes. Titration measurements were performed for
each of the spectroscopies with TBACI or TBABr through additions
of 025 equiv. Throughout all titrations, the concentration of
complexes remained unchanged. To do so, a stock solution of each
complex with an absorbance of ~0.1 at 450 nm (~6—10 yM) in the
desired solvent was prepared. The stock solution was transferred into
a spectro-photometric quartz cuvette (S mL). A titration solution was
then prepared with 25 mL of the complex’s stock solution. TBACI or
TBABr were added to the stock solution to obtain the desired
concentration of halide. These solutions were then titrated to the
quartz cuvette.

To perform the competitive binding experiments with Ru-deaOH
and Ru-dpa, ruthenium solutions with an absorbance of ~0.1 at 450
nm were prepared as described above. The desired amount of
competitor (TBA triflate for Ru-deaOH, TBA tetrafluoroborate for
Ru-dpa) was then added to the ruthenium solution to give a stock
solution that contained excess (0.280—1.19 mM) competitor
concentration. Three stock solutions were prepared with a 50, 100,
and 200:1 ratio of competitor to ruthenium. Then, 5 mL of the stock
solution was transferred to a quartz cuvette. A titrating solution was
also prepared by dissolving the desired amount of TBACI or TBABr
in 10 mL of the stock solution. The observed equilibrium constant
(Kops) at each competitor concentration was used to determine the
halide equilibrium constant (K,,) with eq 1, and the three trials were
averaged to give the reported values.

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 uL of deuterated
solvent, and 0.25 equiv additions of TBACI or TBAI were added in 10
uL 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 of analysis was performed in
Mathematica, version 11.
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