A Ter-lonic Complex that Forms a Bond Upon Visible Light Absorption
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ABSTRACT: A “ter-ionic complex” comprised of a tetra-
cationic Ru(Il) complex and two iodide ions was found to
yield a covalent I-I bond upon visible light excitation in
acetone solution. 'H NMR, visible absorption, and DFT
studies revealed that one iodide was associated with a lig-
and while the other was closer to the Ru metal center.
Standard Stern-Volmer quenching of the excited state by
iodide revealed upward curvature with a novel saturation
at high concentrations. The data were fully consistent
with a mechanism in which the Ru metal center in the ex-
cited state accepts an electron from iodide to form an io-
dine atom and, within 70 ns, that atom reacts with the io-
dide associated with the ligand to yield I>*~. This rapid
formation of an I-I bond was facilitated by the supramo-
lecular assembly of the three reactant ions necessary for
this ter-ionic reaction that is relevant to solar fuel produc-
tion.

Supramolecular chemistry, where chemical species are
held together through non-covalent interactions, has im-
pacted the fields of host-guest chemistry,'* chromatog-
raphy, * catalysis®® and artificial photosynthesis.” In nat-
ural and artificial photosynthesis, light absorption and ca-
talysis are separate processes,”!” yet integration into one
could potentially be more efficient and require fewer ma-
terials. In a move toward this goal a tetra-cationic ruthe-
nium polypyridyl chromophore, [Ru(dtb),(tmam)]**
(here Ru*"), where dtb is 4,4’-di-tert-butyl-2,2’-bipyri-
dine and tmam is 4,4 -bis(trimethylaminomethyl)-2,2’-
bipyridine (Figure 1), was ion-paired with iodide ions in
acetone solution. '"H NMR, UV-Vis and DFT studies re-
vealed that two iodides were ion-paired, one associated

with the tmam ligand and the second was closer to the Ru
metal center. Classical Stern-Volmer analysis revealed
upward curvature with saturation at high iodide concen-
trations, behavior consistent with a mechanism where
electron transfer forms an iodine atom that reacts with io-
dide to yield a covalent I-1 bond within the ter-ionic com-
plex.'®! Hence supramolecular chemistry allows two re-
actants to be brought into contact with a visible light ab-
sorbing chromophore that upon light excitation yields
chemical bonds of relevance to solar energy conversion.

The Ru*" complex was designed to include two im-
portant structural features: 1) a dicationic tmam ligand
that has previously been shown to possess an iodide bind-
ing pocket;?*?! and 2) two ancillary dtb ligands that en-
couraged the iodide ions to ion-pair proximate to the
tmam pocket. The excited-state reduction potential was
also tuned with the electron donating alkyl substituents in
the 4 and 4’ position of 2,2’-bipyridine that decreased the
oxidizing strength of the excited state.

Todide titration into an acetone solution of Ru* with an
"H NMR assay provided atomistic information on the ion-
pair structure. lodide additions induced dramatic upfield
shifts of the 3 and 3’ H atom resonances associated with
the tmam ligand, which were the most acidic in the com-
plex, with no significant change to the 3,3’-H resonances
of the dtb ligands, Figure 1d. The roofed-doublet pattern
for the methylene H atoms has been previously reported
and is fully consistent with the presence of an iodide in
the tmam pocket, Figure 1e.2*' A second site for iodide
interaction was identified through a large upfield shift of
the 5 and 6 H atoms of the dtb ligand consistent with a
secondary site for iodide pairing near the Ru
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Figure 1. a) The UV-vis absorption spectrum of Ru*" upon titration of TBAI in acetone. The inset shows the change
in ground state absorption at 460 nm for Ru*" upon titration of TBAL The photoluminescence (PL) spectra of Ru*" in
acetone at room temperature (red) and in butyronitrile at 77K (blue) are also shown. b) Time-resolved PL decays of
Ru**" (10 uM) with the addition of up to 15 equivalents of TBAI. Inset shows the corresponding steady-state PL spectra
with the addition of up to 15 equivalents of TBAI. ¢) Stern-Volmer analysis of the data in b) with fit overlaid according
to a modified Stern-Volmer equation. d) "H NMR spectra of Ru*" in deuterated acetone (black). Each circle represents
the chemical shifts observed upon titration of TBAI between 0 equivalent (bottom) and 5 equivalent (top) in deuterated
acetone. e) Ru*" ion paired with two iodides in positions consistent with "H NMR spectral shifts. 3D rendering of the

DFT optimized structure has been added to guide the eye.

center. Density Functional Theory (DFT) calculations
predicted a very similar optimized structure with one io-
dide in the tmam pocket and the other about 5.8 A away,
between the diimine ligands and more proximate to the
Ru metal center, Figure le.

The visible absorption spectrum of Ru*" displayed a
metal-to-ligand charge transfer (MLCT), absorption band
near 450 nm (Figure 1a).”> The addition of iodide re-
sulted in a small blue shift of this band and a substantial
increase in the absorbance at 330 nm. Titration data was
best described with two equilibrium constants Keq1 = 1.7
£0.5x 10° M and Keqp = 1.5 £ 0.5 x 10> M! correspond-
ing to the singly and doubly iodide paired species, respec-
tively. Importantly, the ten-fold difference in equilibrium
constants has implications for the excited-state reactivity
described below. For example, almost equal concentra-
tions of the two ion-paired species were present with 3
equivalents of iodide, while nearly complete conversion
to the more interesting doubly-ion paired species required
greater than 10 equivalents of iodide (Figure S4).

Light excitation into the MLCT band resulted in room
temperature photoluminescence (PL) with a maximum at
685 nm. The PL spectrum measured at 77K was modeled
with a Franck-Condon line-shape analysis**** that pro-
vided an estimate of the Gibbs free energy stored in the
excited state AGgs = 1.98 V. With this value and the first
reduction potential of the complex at -0.77 V vs NHE, the
excited-state reduction potential was estimated to be
(E°(Ru**"3%) = 1.21 V), which is within 20 mV of the ac-
cepted reduction potential of iodide E°(I7") = 1.23 V. %

Novel excited-state quenching behavior was observed
in iodide titration experiments. The PL spectra were
found to slightly blue-shift by 15 nm, which corresponded
to 30 meV. Furthermore, the PL spectra decreased in in-
tensity when up to 10 equivalents of iodide were added,
after which the spectra were largely insensitive to addi-
tional iodide, Figure 1b. Time resolved PL decays meas-
ured after pulsed light excitation were exponential, T,=
450 ns, and the lifetimes decreased with added iodide and



again saturated at 120 ns when > 10 equivalents were pre-
sent. Interestingly, no excited-state quenching was ob-
served in 50 mM tetrabutylammonium perchlorate
(TBACIO4) acetone solutions corroborating the im-
portance of the supramolecular iodide-paired complex.

Stern-Volmer plots of the quenching data are shown in
Figure 1c¢ that reveal upward curvature followed by satu-
ration at high iodide concentrations. Such upward curva-
ture is often invoked when both static and dynamic (dif-
fusional) quenching are operative. In the classic model,
the ‘static’ component corresponds to a ground state ad-
duct that is completely non-luminescent.??” In contrast,
the adduct formed here is luminescent with a lifetime of
120 ns. The overlaid red curve was based on the presence
of three photoluminescent species that are as follows: (i)
the initial complex with an excited-state lifetime 1o = 450
ns, (ii) a singly ion-paired species with the same lifetime
that was dynamically quenched by iodide, and (iii) the ter-
ionic species with an excited-state lifetime of 120 ns.

Nanosecond transient absorption spectroscopy was
used to unravel the excited state reaction chemistry. Fig-
ure 2c shows transient difference spectra measured after
pulsed light excitation of Ru*" in the presence of excess
iodide. Overlaid is a simulation based on the formation of
a 1:1 mixture of the reduced Ru complex, Ru*", and I,*.

The Ru*"* excited state spectra revealed two isosbestic
points that were conveniently located near the absorption
maxima of the two reaction products: 400 nm (I,*") and
541 nm (Ru*"). Kinetic data at these isosbestic points as
a function of the iodide concentration are shown in Fig-
ure 2a and b. Upon initial addition of iodide, the rates
increased with the I” concentration from which rate con-
stants for the formation of Ru** (kg =2.5+ 0.3 x 10" M-
U'shy and for L* (ki = 1.7 £ 0.1 x 10" M s!) were ob-
tained. However, when greater than 10 equivalents of I
were present, the rates became I independent with
kobs(Ru*) = 1.3+ 0.1 x 107 s and kops(I2*) = 1.2 £ 0.1 x
107 s, The insensitivity to the I' concentration was con-
sistent with the electron transfer reactivity occurring
within the ion-pair. The rate constant for the formation of
I,*~ was determined to be 3.1 £0.3 x 10" M! 5! (Figure
S5). In the saturation region, the formation of I,*~ was
substantially slower (by a factor of 5 at 1.7 mM I') than
what would be expected for diffusional I,*~ formation.
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Figure 2. Single wavelength absorption changes measured
after pulsed light excitation of Ru*" with 1 eq (a) and 25
equivalents (b) of TBAI in acetone with an overlaid fit in
yellow. ¢) Transient absorption difference spectra obtained
500 nanoseconds after pulsed light excitation of a solution
containing Ru** and TBAI. Overlaid is a simulation based
on the formation of a 1:1 mixture of the reduced Ru complex,
Ru?**, and I>*. d) Observed rate constants for the formation
of the Ru** complex and I~ as a function of the iodide
equivalents. The region highlighted in blue corresponds to
dynamic quenching whereas that in green corresponds pre-
dominantly to the static bond formation within the ion pair.

The kinetic data demonstrate that Ru** was a primary
photoproduct, that appeared with the same rate constant
as excited state decay, while I,*"appeared on a longer time
scale that at high iodide concentrations was attributed to
the reaction of the iodine atom with iodide in the ion-pair.
The ter-ionic complex formed enables a more detailed de-
scription of the light induced bond formation that is dis-
cussed below with the help of Scheme 1.

The ground state structure locates one iodide in the
tmam pocket and another iodide between the ligands and
more proximate to the Ru". DFT calculations indicate the
two iodides are about 5.8 A apart. Light excitation for-
mally oxidizes the metal center and reduces the tmam lig-
and and the resultant excited-state dipole influences the
ter-ionic structure. Coulombic repulsion will move the
iodide in the tmam pocket away from the 3,3’-H atoms of
the bipydine toward the cationic amines. Indeed, prior re-
search has shown full photorelease of chloride anions as-
sociated with a ligand where the excited state resides. 2
Coulombic repulsion of the other iodide is expected to be
less, as it is not directly associated with the tmam ligand,

and may be attracted to the more Lewis acidic Ru'™.

Scheme 1: Proposed mechanism for visible light exci-
tation of {Ru**,2I'} to yield an I-I bond within the su-
pramolecular complex.
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This iodide is hence more strongly coupled to the Ru in
the excited state and is the one that likely transfers an
electron to the metal center. Further evidence for this el-
ementary reaction comes from the observation that static
excited-state quenching was absent within the first tmam
ion-paired species. Furthermore, DFT calculations® esti-
mated a stabilization of nearly 48 kJ/mol upon ion-pairing
(Figure S6) which is close to the 35 kJ/mol obtained from
the equilibrium constant. Hence, the data support a mech-
anism where the tmam ion-paired iodide was stabilized to
such an extent that the excited state did not oxidize it.

Electron transfer from the proximate iodide forms the
reduced Ru" complex that will have even greater electron
density on the tmam ligand and hence stronger repulsion
toward the iodide in the pocket. The iodine atom, on the
other hand, will be polarized by this field but as a neutral
atom will not experience the Coulombic repulsion of the
iodide ion. Within 60 ns the iodine atom then moves a
few angstroms to react with the iodide ion to form 1™ with
an I-I bond distance of 3.1 A.3° This mechanism points
toward the importance of the excited state being localized
on the ligand that initially ion-pairs with iodide and sug-
gests that more rapid bond formation will be realized with
excited state localized away from the reaction site.

In conclusion, a ter-ionic complex was prepared
through the rational design of a Ru complex bearing a di-
cationic tmam ligand with an iodide binding pocket as
well as steric constraints that keep the second iodide in
close proximity. Upon visible light excitation, this ter-
ionic excited-state complex underwent “intra-ionic” elec-
tron transfer and successive covalent I-I bond formation
that gave rise to novel excited state quenching. More gen-
erally, supramolecular assembly with ions provides the
opportunity to spatially arrange reactants at desired loca-
tions prior to light excitation that are necessarily main-
tained in the initially formed excited-state. Hence utiliz-
ing excited-states to make covalent bonds within ter-ionic

complexes precludes the need for diffusion and may ulti-
mately enhance specificity for more widespread applica-
tions in photocatalysis.
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