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Ruthenium diimines are common photoredox catalysts, yet their interactions with
anions are not well understood. Here, Schilter et al. describe the gas-phase
chemistry of ion pairs featuring dicationic complexes and common monoanions,
finding that the ion pairs are conformationally dynamic and more reactive than is
commonly believed.
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David Schilter,"** Umberto Terranova,? and Rebecca R. Robinson'-3

SUMMARY

The chemistry of cationic complexes depends on attendant anions,
yet we know little aboution pairing. Here, we use mass spectrometry
to study intra-cation and cation-anion interactions between ruthe-
nium diimines [Ru(bipy)s]®* (bipy = 2,2'-bipyridine), [Ru(phen)s]**
(phen = 1,10-phenanthroline), and [Ru(bipy)z(phen)]2+ and X" =F,
Cl~,Br 17, PFs,HCO, ,AcO ™, BPh,, and BArF,~ (Ar" = 3,5-bis(tri-
fluoromethyl)phenyl). lon pairs {[Ru(bipy)s]X}* undergo ionic bond
cleavage to give [Ru(bipy)s]?* or experience bipy loss or fracture.
X~ can effect hydride or electron transfer or deprotonation to afford
[Ru(bipy)2(bipyH)I*, [Ru(bipy)a(bipy-)I*, and [Ru(bipy)a(bipy—H)I*,
respectively. Electron transfer and deprotonation correlate with
anion redox potentials and proton affinities, respectively. lon
mobility spectrometry and density functional theory suggest that ha-
lides bind between diimines, while large anions protrude. lon pair
sizes follow radii of gyration predicted by molecular dynamics, which
show ion pairs of non-basic anions to be especially fluxional. Our
methods offer detailed information oninner-and outer-coordination
spheres.

INTRODUCTION

Molecular photocatalysis research often exploits highly absorbent sensitizers that
are, save for electron transfer reactions, chemically inert. Archetypal among sensi-
tizers are ruthenium diimines, whose excited states are good oxidants and reduc-
tants."? In the case of [Ru(bipy)g,]2+ (bipy = 2,2'-bipyridine; Figure 1A), the photoex-
cited species [Ru(bipy)s]?** undergoes oxidative or reductive quenching to
respectively afford [Ru(bipy)3]3+ or [Ru(bipy)s]". These radicals then either operate
on a substrate or engage in electron transfer with a metal redox catalyst. For
example, [Ru(bipy)s]™ derived from reductive quenching can reduce a co-catalyst
as part of the hydrogen evolution reaction (Figure 1B).”

Ruthenium diimines have found success because the strong splitting of their 4d
orbitals favors metal-to-ligand charge transfer® and confers structural stability
during catalysis, despite electronic excitation and redox. Yet, years before the
present “renaissance” in molecular photocatalysis came reports describing
the reactivity of bipy derivatives bound to ruthenium.” For example, the monoca-
tion [Ru(bipy)s]® is a good reductant in aqueous solution but can also add alkyl
radicals R+ to give [Ru(bipy)a(bipyR)]*, which feature dearomatized anionic
ligands [bipyR]_.5 Conversely, trication [Ru(bipy)3]3+ may oxidize a catalyst or
substrate but can be susceptible to nucleophilic addition, for example by HO™
to give [Ru(bipy)z(bipyOH)]2+, in which anionic [bipyOH]™ has a hydroxyl at a Cé6
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Figure 1. Ruthenium diimines are common photosensitizers

(A) The atom numbering in bipy and phen complexes.

(B) Reductive quenching (pink shading) of dications affords monocations, which are key
intermediates in catalytic reductions.

(C) This paper describes the covalent interactions within dications [Ru(NAN)5J?* and their non-
covalent interactions with anions. We learn of ion pairs’ stability and dissociation (MS), sizes (IMS),
structures (DFT), and dynamics (IMS).

Ruthenium diimines follow multiple photochemical® and thermal reaction channels,
both of which afford complex mixtures that can be made tractable using mass spec-
trometry (MS). In terms of thermal reactions, early work on [M(bipy)3]X5 (M = Fe, Ru;

~ = Cl7, ClO4~, PFs7) showed it to give [M(bipy)3]2+ as well as many fragment
ions.”'? Indeed, ionization of [M(bipy)s]Cl, salts and collision-induced dissociation
(CID) caused loss of bipy to afford [M(bipy),Cl]* (n = 1, 2). Similarly, [M(bipy)3](ClO,),
gave [M(bipy)202]", while [M(bipy)3](PFs)2 gave [M(bipy),FI" (n = 1, 2)—products of
anion abstraction from ClIO,~ and PF,™.

We are motivated to study ion pairs because the nature of anions—even those
deemed "non-coordinating”—can greatly affect the chemistry of complex cations,
notleast those that starin thermal and photoredox catalysis. For example, derivatives
of the salt [Ir(ppy)2(bipy)IX (ppy~ = (2-phenyl)pyridyl anion) in 1,4-dioxane exist as
contact ion pairs when X~ = PF,~ but solvent-separated ion pairs when X~ =
BArT,~ (Arf = 3,5—bis(triﬂuoromethyl)phenyl).H The latter are more amenable to
reductive quenching than the former, which prompted us to ask more general and
fundamental questions. How do subtle differences in anions affect the chemistry of
ion pairs? How do the basicity and reducing power of X~ change their chemistry
with cationic complexes? Here, we answer these questions in the gas phase by
measuring mass spectra of charged ion pairs like {[Ru(bipy)s]X}" (Figure 1C), {[Ru(-
phen)s]X}", and {[Ru(bipy)z(phen)]X}* (phen = 1,10-phenanthroline). These each
feature complex dications and outer-sphere X~ monoanions, and we show how these
exhibit diverse binding and dissociation channels, many of which give topical charge-
reduction products featuring modified diimines. Briefly, we measure MS of
[Ru(bipy)3]2+/2X7 mixtures and mass-select the charge-reduction products and
ions pairs for further study by CID through MS/MS (Figure S1). The mass-selected
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ion pairs {[RUNAN)3]X}" (NAN = bipy, phen) we also study by ion mobility spectrom-
etry (IMS) to learn about the relative sizes of these non-covalent assemblies.'” Lastly,
we complement our experiments with static calculations and molecular dynamics
(MD), both based on density functional theory (DFT), to support structural assign-
ments and learn about the strengths and structural variability of cation-anion interac-
tions. Collectively, these methods let us probe the inner- and outer-coordination
spheres of our complex ions.

RESULTS AND DISCUSSION

Mass spectrometry

We first describe positive-ion electrospray ionization (ESI) MS of [Ru(bipy)s]Cl,
[Ru(phen);]Cl,, and [Ru(bipy)z(phen)]Cl,. We treated the racemic chloride salts
with two molar equivalents of tetra(n-butyl)lammonium salts "BusNX (X~ = F~, Br,
|-, PFs~, AcO™) or sodium salts NaX (X~ = HCO,~, BPh,~, BAr',") to give dilute
MeOH solutions for ESI-MS. We selected anions X~ that (1) span the gamut of coor-
dinating/basic to “non-coordinating” and/or (2) are popular in photoredox catalysis
or solar cells. Fully annotated high-resolution spectra for each complex-anion com-
bination (Figures S2-596), as well as a list of all ions observed (Table S1), are in the
supplemental information. Increasing the capillary voltage effects increasingly ener-
getic in-source fragmentation with N, gas. Thus, we go from having intact ion pairs
{[Ru(N~AN)3IX}" (green species in Figure 2A) and dications [Ru(NAN)3J?* (blue) as the
predominant Ru-containing ions to seeing fragments such as [Ru(NAN)X]* (black),
which form when coordinating anions such as halides and carboxylates in the outer
sphere replace N~N, forming a new Ru-X bond and lowering the charge of the
complex.

In addition to anion and diimine loss, ion pairs also undergo ligand-centered reac-
tions (maroon). For example, basic anions promote “rollover” ruthenation at a C3
site of bipy to give [Ru(bipy),(bipy—H)I" (n = 1, 2), complexes of the anionic N,C-
donor [bipy—H]™ (Figure 2B). Rollover, which is so named because one ring in a biaryl
rotates 180° about the central C-C bond,"*"'* is the reason why base-catalyzed
deuteration of [Ru(bipy)g]2+ exclusively affords [Ru(bi|oy—3,3’—d2)3]2+.WS In contrast,
[Ru(phen)s]** is inert toward deuteration because phen has less steric strain and flex-
ibility than does bipy. Thus, it is curious that we see deprotonation of [Ru(|ohen)3]2+
despite the impossibility of rollover, a prospect that we describe in later sections.

Aside from deprotonation, other ligand-centered reactions involve diimines being
attacked by H™ and Me™, which are decarboxylation products of HCO,™ and
AcO7, respectively. We also see phen methylation in the absence of AcO™, possibly
due to reactions with MeOH solvent. Decarboxylation is common in MS," and ex-
amples include conversion of group 10 acetates [M(phen)OAc]™ (M = Ni, Pd, Pt)
into the respective methyls'” and CO, extrusion from formate [Ag,(Ph,P(CH,)
PPh,)(O,CH)]* to give a hydride,“3 Our results are distinct because HCO,™ and
AcQO™ are counteranions rather than inner-sphere ligands, so H™ and Me™ attack li-
gands rather than the metal.

Lastly, the low electronegativity of | sees |~ reduce [Ru(bipy)3]2+ to the radical mono-
cation [Ru(bipy)s]", for which the consensus description [Ru”(bipy)z(bipy-)]+ is
favored over the [Ru'(bipy)3]+ alternative.” This electron transfer mirrors the chemis-
try in Ru-sensitized solar cells'” that feature I7/I3™ redox mediators.”® This redox re-
action and the aforementioned ligand-centered reactions are “charge-reduction”
processes that reflect how a system avoids charge-separation, which is very
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Figure 2. The products of {[Ru(bipy):]X}* CID depend on the identity of anion X

(A) CID affords diverse products/processes: ion pairs (green), diimine dissociation products (black),
ligand-centered reactions (maroon), and dications (blue).

(B) Coordinated ligands are often converted into anionic derivatives, examples of which are
pictured here in the case of bipy.

unfavorable in the gas phase because Coulombic forces are ~80X stronger in a vac-
uum than they are in liquid H,0, a strong dielectric.?'-*? Thus, the strong interactions
that charge-dense dications such as [Ru(NAN)5]%* have with anions in the gas phase
mean that collisionally separating [Ru(NAN)3]%* from X~ often leads to charge reduc-
tion—deprotonation, nucleophilic attack, electron transfer, or substitution of a
neutral diimine with an anion. This paper focuses on the ion pairs and their
charge-reduction products. The former we now describe in detail.

Intra- and intermolecular forces in ion pairs

Our MS data highlight the reactivity of the salt mixtures under the duress of ESI and
collisions with N». To evaluate relative stabilities and confirm reaction channels of ion
pairs, we conduct CID with tandem mass spectrometry (MS/MS). We select the
parent ion pairs {{RUNAN)3IX}" with a quadrupole, collide them into Ar, and then
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separate the cationic products in a time-of-flight (TOF) analyzer. We plot the fraction
of parent ions intact as a function of collision energy to obtain breakdown curves. In
favorable cases, CID of {{Ru(N~AN)s]X}" gives a sigmoidal curve, and we can estimate
the collision energy required for 50% dissociation (CEy,; Table S2), a useful relative
metric of stability. The following focuses on ion pairs featuring [Ru(bipy)3]2+ or
[Ru(phen)3]2+. We find intermediate behavior for [Ru(bipy)z(phen)]2+ and do not
describe it in detail here (Figures S68-596). Our discussion is organized according
to the anions involved.

{[Ru(N~N)3]F}*, {[Ru(N~N);]CI}*, and {[Ru(N~N)s]Br}*

We begin with the smallest and most basic halide, F~, whose high charge density
should see it bind [Ru(NAN);]?* dications strongly. However, the reactivity of F~,
including toward solvents, lets us observe {[Ru(bipy)3]F}" (Figures S4 and S5) and
{[Ru(bipy)2(phen)IF}" (Figure S71) only in very low abundance and {[Ru(phen)3]F}*
not at all. The ion pair {{Ru(bipy)s]F}* is fragile (CEy, = 0.2 V; Figure 3A) and loses
HF to give [Ru(bipy)a(bipy—H)I*, which loses bipy to give [Ru(bipy)(bipy—H)]*.
Even more facile is bipy extrusion from the ion pair to give [Ru(bipy)2F]*. In both
cases, Ru loses ligands because it is compensated by (1) an anion moving from
the outer to the inner sphere or (2) a remaining diimine NAN getting converted
into a more basic anionic derivative such as [NAN—H]". We see similar chemistry
for {[Ru(bipy)2(phen)]F}*, whose fragmentation tells us that loss of bipy is more facile
than loss of phen (Figures S70 and S71).

Ruthenium diimines are readily available as their Cl™ salts, so the interactions be-
tween [Ru(NAN)3]2* and CI™ are of practical relevance. CID of {[Ru(bipy)s]CI}*
(CEy, = 1.4 eV) sees it lose bipy to give [Ru(bipy),Cl]* or lose CI™ to give the dication
[Ru(bipy)3]2+ (Figures 3B and S7). The latter "ionic” bond cleavage is trivial in dielec-
tric solvents but rarely dominates in the gas phase. At high energies, [Ru(bipy)CI]*
eliminates HCl to give [Ru(bipy)(bipy—H)I™, a fragment that could also arise should
[Ru(bipy)g]2+ extrude [bipyH]*—a Coulombic fission that sees a dication convert
into two monocations. The analog {[Ru(phen);]Cl}* (Figures 3C and S41) is more
robust than {[Ru(bipy)3]Cl}" and loses phen only at higher energies. Ligated phen
is less acidic than bipy, so we get a simple breakdown curve for {[Ru(phen)s]CI}*
(CEy, = 6.7 eV). The bromide {[Ru(bipy)3]Br}" (Figures S9 and S10; CEy, = 3.6 eV) gives
similar CID products to {[Ru(bipy)3]Cl}*, albeit with less deprotonation. In the case of
{[Ru(phen)sIBr}*, we get smooth phen loss that mirrors that of the CI™ ion pairs.
Loss of bipy is more facile than phen and can be accompanied by HBr loss. Like
{[Ru(phen)3]CI}*, {[Ru(phen);]Br}" undergoes only phen loss, so the ion pair and
{[Ru(phen),Brl* are the only intense ions over a range of collision energies
(Figures S43 and S44; CEy, = 8.8 eV).

{[Ru(N~N);]I}*

HX loss from {[Ru(bipy)3]CI}* is faster than it is from {[Ru(bipy)3]Br}" and does not
occur at all from the iodide ion pairs {[Ru(bipy)s]l}* (CEy,, = 7.7 eV) or {[Ru(phen)s]
}* (CEy, = 11.1 eV). These extrude NAN but do not dehydrohalogenate; they instead
exhibit electron transfer, as elimination of I+ gives reduced species [Ru(NAN)3]* (Fig-
ures 4, 513, and S46). We will describe these topical cations below; for now, we note

23-25

that | loss is the reverse of a harpoon reaction, with the loss of anions as corre-

sponding neutral radicals being common in MS.

{[Ru(N~N)3]PF¢}*
Relative to the halide salts, [Ru(N~AN)3](PF¢), can be more desirable because it is
amenable to photoredox catalysis in polar organic solvents. Yet, the lability of
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Figure 3. CID of fluorides is quite distinct to the more robust chloride ion pairs
(A) {[Ru(bipy)3]F}" initially loses bipy or HF.

(B) {[Ru(bipy)3]Cl}* primarily loses bipy or CI™.

(C) {[Ru(phen)s]CI}" almost exclusively loses phen.

PF,~ itself should not be underestimated,'® and CID of {[Ru(bipy)3]PF¢}" results
mostly in loss of bipy and PFs to give [Ru(bipy)2FI" (Figures S17 and S18; CEy, =
13.5 eV). The other major channel affords [Ru(bipy)2(bipy—H)]" and HPF,, though
it is unclear whether intact PF,~ or F~ is the base. The analog {[Ru(phen)3]PFs}" is
more robust but affords similar products (Figures S48-S50; CEy, = 21.6 eV), with
the main difference being that phen extrusion to give [Ru(phen),F]* is slow, such
that deprotonation to give [Ru(phen),(phen—H)]" and HPF, dominates instead.
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Figure 4. lodide is redox active, so its ion pairs undergo diverse chemistry
(A) CID of {[Ru(bipy)s]I}" results principally in bipy loss and/or | loss.
(B) {[Ru(phen)s3]l}" exhibits similar reactivity but is more robust.

{[Ru(N~N);]O,CH}*

Our interest in formates {[Ru(NAN)3]O,CH}" comes from “O,CH being an important
intermediate in carbon cycles.? {[Ru(bipy)3]O,CH}" is labile (CEy, = 1.7 eV) and even
at low energies extrudes either bipy to give [Ru(bipy)2(O,CH)I" or CO; to give
[Ru(bipy)2(bipyH)I™ (Figures 5A and S20).

The regiochemistry of the hydride addition that affords the [bipyH]™ ligand is un-
clear. DFT calculations suggest that attack at C4 is 0.14 eV more thermodynamically
favorable (Figure S101) than at Cé6 (Figure S102). At high collision energies,
[Ru(bipy)2(bipyH)I™ and [Ru(bipy)2(0O2CH)I" lose bipyH, and HO,CH, respectively,
to give [Ru(bipy)(bipy—H)]*. We even see C2-C2’ scission of bipy to afford the puta-
tive ligand NCsH; ~, which may be a dehydrogenated pyridyl anion ruthenated at C2
or may couple to bipy to form a larger ligand. The competing hydride addition and
deprotonation channels reflect the hydricity and basicity of "O,CH. A common
theme here is that Ru'' binds phen so tightly that ligand-centered reactions predom-
inate, even though phen is less reactive than bipy. So {[Ru(phen)3]O,CH}* converts
into [Ru(phen)a(phenH)]* (Figures 5B and S53; CEy, = 1.3 eV), which at higher en-
ergies loses phen to give [Ru(phen)(phenH)]". A plausible alterative reaction chan-
nel, which we did not observe, would see the imine-amido ligand [phenH]™ in
[Ru(phen)z(phenH)]™ deprotonate a phen in the same complex to give phenH; (pu-
tatively 1,2-dihydro-1,10-phenanthroline) and [Ru(phen)(phen—H)]™.

{[Ru(N”~N);]OAc}*

The carboxylates “O,CH and “OAc have comparable basicities, but the latter is
not a hydride source. Instead, {[Ru(bipy)3]OAc}" (CEy, = 2.3 eV) loses either (1)
HOAc to give [Ru(bipy)a(bipy—H)I* or (2) bipy to give [Ru(bipy)2(OAc)]*. Both
[Ru(bipy)2(bipy—H)I" and [Ru(bipy)2(OAc)™ can turn into [Ru(bipy)(bipy—H)I" or
undergo C2-C2' bipy scission (Figures 6A and S24). CID of the phen analog
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Figure 5. Formates undergo facile CID and primarily lose CO,
(A) {[Ru(bipy)3]O,CH}" mostly loses CO, to give [Ru(bipy).(bipyH)]*, which further loses bipyH,.
(B) {[Ru(phen)3]O,CH}" gives [Ru(phen),(bipyH)]*, which is robust.

{[Ru(phen)3]OAc}" is dominated by the first diimine-centered reaction channel
(Figures 6B and S57; CEy, = 5.8 eV), with preferential loss of HOAc at all collision en-
ergies giving [Ru(phen)z(phen—H)]*. This reaction is unusual because phen is not
amenable to rollover, making the regiochemistry unclear.

{[Ru(N~N);]BAr,}*

Ruthenium diimines are often used as tetraarylborate salts because these anions
confer solubility in many organic solvents.?” However, association between the
heavy aromatic cations and anions in the gas phase is strong because solvent cannot
interfere with the electrostatic, van der Waals, and w— interactions. Here, tetraaryl-
borates {{RUNAN)3;]BArs}*" do not dissociate into [Ru(NAN)3]>* and BAr,~ ions we
would see in solution but rather into charge-reduction products. Thus, {{Ru(N~AN);]
BPh,}" species give reduced complexes [Ru(N~AN);]" through an electron transfer
analogous to that in {{Ru(NAN)s]I}* (Figures 7, $28, 529, and S62). Aside from elec-
tron transfer, two minor CID channels see Ph™ deprotonate or add to diimines, in
the latter case giving [Ru(NAN)(NANPh)]* (Figure 2, top left), which features the ary-
lated dearomatized ligand NANPh™. The arylation regiochemistry is unclear, but C4
attack seems likely based on steric availability and analogy with hydride attack. Mov-
ing from BPh,~ to the poorer reductant BAr";~ sees deprotonation and arylation
dominate the CID of{[Ru(bipy)3]BArF4}+ (Figures S31 and S32; CE,, = 53.8 eV). Lastly,
the phen analog {[Ru(f:)hen)3]BArF4}+ gives reduced species [Ru(phen),]”, perhaps via
[Ru(phen)s]*, because arylation of phen is far slower than bipy (Figures S64-567;
CEy, = 68.8 eV).

Tetraarylborates are robust, but [H(OEt,),]BArF,, for example, decomposes into the
arene HAr" and borane BAr"3, which is analogous to aryls deprotonating coordi-
nated NAN. As for arylations of diimines, [Ru(NAN)>(NANAN]* could form by two
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Figure 6. CID of acetate ion pairs highlights acid-base non-innocence
(A) {[Ru(bipy)3]OAc}* eliminates HOAc or bipy.
(B) {[Ru(phen)s]OAc}" also loses HOAc but loses phen to a lesser degree.

mechanisms: (1) aryl anion transfer or (2) electron transfer followed by radical
addition. The second route, [Ru(NAN)3]** + BAr,~ — [Ru(NAN)]* + BAr, —
[RUNAN)(NANAN]* + BArs, involves tetraarylborate oxidation. Mechanism (2)
would account for us seeing reduced species [Ru(NAN)3]*, with the ensuing aryl
addition being analogous to the reaction noted in the introduction: [Ru(bipy)s]™ +
Re — [Ru(bipy)z(bipyR)]+.5 But, both pathways may be operative, as for some
Grignard reactions.’® We treated [Ru(bipy)3](BArF4)2 with (Mes)MgBr (Mes =
2-mesityl) in THF in an attempt to generate the related species [Ru(bipy).(bipyMes)]"
in solution. A red — deep-brown color change signaled a reaction, and although we
could not isolate a product, ESI-MS afforded ions (m/z 689 and 344) that we puta-
tively formulate, supported by MS/MS data (Figure S33), as [Ru(bipy).(bipyMes)]*
and [Ru(bipy)z(bipyMesfH)]z*, where bipyMes—H is a neutral bipy derivative in
which an H atom has been substituted for Mes.

Charge-reduction products

Our MS/MS measurements showed how the ion pairs {{RuNAN)3]X}* undergo disso-
ciation of (outer-sphere) ionic bonds or (inner-sphere) Ru-N bonds, as well as ligand-
centered reactions (Figure 2). To see what drives deprotonation and ruthenation, for
each ion pair {[RU(NAN)3]X}", we summed the abundances of [Ru(NAN),(NAN—H)]"
(n=1, 2) at the same collision energy (20 eV; Table S3 and Figure S97). The extent of
deprotonation correlates with (1) proton affinity”” of X~ and (2) number of bipy
ligands, which are more acidic than phen. Anomalies exist because deprotonation
competes with other channels. Relative to deprotonation, the electron transfer
{[RUNAN)IXY" — [Ru(NAN)3]™ + X channel is less prominent and with the halides
only in the case of I~ because the electron affinity of | (3.06 eV)*° is much less
than that of Br (3.36 eV),”’ CI (3.61 eV),’” and F (3.40 eV).”" Our MS/MS data
for {[Ru(NAN)s]l}* reveal substantial formation of [Ru(NAN)s]*, the relative
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Figure 7. Tetraphenylborate ion pairs are surprisingly robust
(A) {[Ru(bipy)s]BPhs}" undergoes interion electron transfer.
(B) {[Ru(phen)3]BPh4}* exhibits similar chemistry but at higher collision energies.

abundance of which decreases in an order [Ru(bipy)s]* (0.76) > [Ru(bipy).(phen)]™
(0.44) > [Ru(phen)s]™ (0.32) consistent with standard potentials (E([Ru(bipy)3]2+/+) =
-1.31 V** and E([Ru(phen)3]2+/+) = —1.35 V versus saturated calomel electrode).®*
BPh,~ and BAr",~ also reduce dications but only at high energies less relevant to
catalysis.

Complexes of anionic bipyridine derivatives

Notable among ligand-centered reaction products (Table S1, maroon entries)
is our series [Ru(bipy)a(bipyH)]™ (m/z 571), [Ru(bipy)z(bipy+)]™ (m/z 570), and
[Ru(bipy)a(bipy—H)* (m/z 569), which differ only by H atoms. These complexes
feature anionic ligands [bipyH]™ (from hydride addition), [bipy:]™ (from electrona-
tion), and [bipy—H]™ (from deprotonation and rollover). Here, we have an opportu-
nity to compare complexes of underexplored anionic bipy variants. We noted above
that [Ru(bipy)2(bipyH)]" is the product of hydride attack, most likely at a C4 or Cé site.
The main CID channel for this complex sees its [bipyH]~ ligand deprotonating bipy
to liberate [Ru(bipy)(bipy—H)]" and bipyH, (Figures 8A, S21, and S22; py = pyridine;
CEy, = 17.1 eV). CID tells us that bipyH, binds Ru more weakly than does bipy or
[bipy—H]~, suggesting that bipyH; is likely hydrogenated at the N and C4 or
Cé atoms. The reaction that gives bipyH; is similar to the bimolecular aqueous-
phase reaction [Ru(bipy)2(bipyR)I" + H,O — [Ru(bipy)z(bipyRH)]2+ + OH™, in which
alkylated anion bipyR™ undergoes protonation.” Less-important reactions
of [Ru(bipy)z(bipyH)]* are loss of hydride and [bipyH]™ scission. Relative to
[Ru(bipy)2(bipyH)I*, the analog [Ru(phen)(phenH)]* dissociates more cleanly but
gives [Ru(phen)(phenH)]™ and phen rather than [Ru(phen)(phen—H)]" and phenH,
(Figures S53-S55; CEy, = 27.0 eV) because [phenH] " is too rigid to be an internal
Bronsted base like [bipyH] ™.
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Figure 8. Breakdown curves for complexes of anionic ligands allow comparison of stabilities
(A) [Ru(bipy),(bipyH)]* cleanly loses bipyHs.

(B) [Ru(bipy)a(bipy=)]* is labile and readily loses bipy and/or fragments thereof.

(C) [Ru(bipy),(bipy—H)]* is more robust and affords species with deprotonated heterocycles.

The radical [Ru(bipy)s]” (Figures 8B, S14, and S15; CEy, = 10.9 eV) is more labile than
dication [Ru(bipy)3]2+ (Figures S2 and S3; CEy, = 26.4 eV). These results qualitatively
agree with previous DFT studies that show the activation energy for bipy extrusion
from [Ru(bipy)s]® (E, = 2.57 eV, M06/TZ2P; E, = 2 eV, B3LYP/def2-TZVP)** to be
less than that for [Ru(bipy)g]2+ (E, = 4.54 eV, M06/TZ2P).>° Although both reactions
see cleavage of two Ru"-N bonds, we reconcile the E, differences in terms of charge-
transfer from [bipy-]~ to Ru", which lessens the impact that Ru experiences on losing
bipy. Thus, [Ru”(bipy)z(bipy-)]+ — [Ru'(bipy)2]+ + bipy is more facile than is
[Ru"(bipy)s]** — [Ru'(bipy)2]** + bipy, because Ru in the latter product is more elec-
tron-poor.

The last complex in our series, [Ru(bipy)a(bipy—H)]*, dissociates through C2-C2’
scission of the [bipy—H]™ ligand or loss of bipy (Figures 8C, S25, and S26;
CEy, = 18.6 V). At higher energies, these processes are sequential and give
[Ru(bipy)(py—H)I", which putatively bears a 2-pyridyl anionic ligand. Overall,
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Table 1. MS-IMS-MS data, computed binding energy, average radius of gyration, and standard deviation for selected monocations

lon m/z to/ms CCSep/A? CCS.ai/A? Eo/eV <Rg>/A o(Rg)/A
[Ru(bipy)a(bipy—H)I* 569 6.18 215.3 N/D N/D N/D N/D
[Ru(bipy)s]* 570 6.37 215.6 N/D N/D N/D N/D
{[Ru(bipy)sICI}* 605 6.55 223.2 238.4 ~6.17 4.24 0.019
{[Ru(bipy)s]Brt* 649 6.74 225.5 238.9 -5.73 4.28 0.018
{[Ru(bipy)s]l}* 697 6.93 228.6 248.1 —5.44 435 0.025
{[Ru(bipy)s]O2CH}" 615 N/D N/D 240.8 —5.47 4.28 0.024
{[Ru(bipy)s]OACH 629 6.93 229.7 245.4 -5.35 4.47 0.047
{[Ru(bipy)3]PF&* 715 7.30 236.7 N/D N/D N/D N/D
{[Ru(bipy)s]BPha}" 889 10.49 293.9 N/D N/D N/D N/D
[Ru(phen)(phen—H)J* 641 7.12 234.3 N/D N/D N/D N/D
[Ru(phen)s]* 642 7.12 234.1 N/D N/D N/D N/D
{[Ru(phen)sIClY* 677 7.49 239.8 N/D N/D N/D N/D
{[Ru(phen)s]Br}* 721 7.68 242.1 N/D N/D N/D N/D
{[Ru(phen)3]ly* 769 7.68 244.6 N/D N/D N/D N/D
{[Ru(phen)s]OACH 701 7.87 246.6 N/D N/D N/D N/D
{[Ru(phen)s]PFe}* 787 8.24 253.3 N/D N/D N/D N/D
{[Ru(phen)3]BPh,}* 961 11.05 305.6 N/D N/D N/D N/D

CCSeyp values correlate with average radii of gyration <Rg> determined from MD, as well as with CCS,,c values predicted from static DFT structures. N/D, not
determined.

the thermal stabilities for our series fall in the order [Ru(bipy) (bipy—H)" =
[Ru(bipy)2(bipyH)I* > [Ru(bipy)a(bipy+)]*. The phen analogs [Ru(phen)z(phenH)]"
(Figures S53, S54, and S55) and [Ru(phen)y(phen—H)]* (Figures S58, S59, and
S60) are more stable but do cleanly lose phen at high energies. Overall, complexes
of the dearomatized ligands [NANH]™ are about as stable as those of deproto-
nated ligands [NAN—H]™ and are more stable than those of the radical [bipy:]~,
a more common ligand.?” Again, we posit that this is because the latter ligand en-
gages in charge transfer to Ru", while the former do not.

Intra- and even intermolecular forces can be strong in the gas phase, as evidenced
by the many charge-reduction processes we observe. Given the high energies at
which many of these occur, we now study the ion pairs {{Ru(NAN)3]X}* without im-
parting collision energy to learn about ruthenium diimines under conditions more
relevant to catalysis.

Structures and dynamics of ion pairs

lon mobility spectrometry

To learn about the structures and dynamics of example {[Ru(NAN)3]X}" ion pairs, as
well as deprotonated [Ru(NAN)(NAN—H)]" and reduced species [Ru(NAN)3]", we
selected the ion pairs and subjected them to traveling-wave IMS, whereby we mea-
sure the time it takes a traveling voltage wave to propel ions through a Ny -filled
mobility cell before MS detection. This overall MS-IMS-MS workflow afforded us
peak arrival times (ty, Tables 1 and S4 and Figures S98-5100), which we converted
into experimental collision cross-section (CCS.,,) values. CCSeyy for {{[RU(NAN);]
X}" increases with increasing size of X~,%8 such that {[RUNAN)3]BPh4}* ion pairs
are the largest, followed by {{[Ru(NAN)3]PFs}* and {[Ru(N~AN)3]JOAc}". We conclude
that halides do not protrude much from the pockets between diimines, particularly
the large phen ligands, as is corroborated in DFT structures (see below). These
halide ion pairs are only marginally larger than the radical cations [Ru(NAN)3],
which, in turn, are similar in size to deprotonated species [RuNAN)x(NAN—H)]*.
Although the differences are small, [Ru(bipy)s(bipy—H)]* being smaller than
[Ru(bipy)s]* is consistent with rollover metalation removing H* protruding from a
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C3 site. In contrast, [Ru(phen)z(phen—H)]* and [Ru(phen)s]™ have very similar arrival
times, consistent with deprotonation ata C2 site adjacent to an N atom, which would
barely affect CCS. In general, t4 values for an ion have a distribution, the breadth of
which is related to the intrinsic structural variability of an ion but also experimental
aspects like the number of ions pushed from our quadrupole to the ion mobility
cell and longitudinal diffusion (Figures S98 and S100). Thus, we do not make infer-
ences between breadth and fluxionality here. To learn more about these dynamics,
we instead turn to computational chemistry.

DFT-calculated structures

We performed DFT calculations to get minimum-energy structures of the halides
{[Ru(bipy)sICIt*, {[Ru(bipy)s]Br}*, and {[Ru(bipy)sll}", as well as the carboxylates
{[Ru(bipy)3]O,CH}* and {[Ru(bipy)s]OAc}" (Figures S103-5107; Tables S5-59). These
structures allow us to implement a trajectory method and Lennard-Jones potential to
predict CCS,ic (Table 1), with the resulting values being consistent with our mea-
surements. This supports our model that {{[Ru(bipy)3]X}* species indeed are ion pairs
rather than covalent adducts, such as those that would arise from the anion attacking
the diimine. We also got binding energies (Ey; Table 1) of the ion pairs relative to
separated [Ru(bi|oy)3]2+ and X™. For halides, the strength of binding decreases
with increasing effective ionic radius (1.81, 1.96, and 2.20 A for Cl7, Br, and I,
respectively), in line with Coulomb’s law. Similarly, the higher charge density of
HCO,™ compared to AcO™ is responsible for the stronger binding (i.e., more nega-
tive Ep) of the former.

MD of ion pairs

We simulated MD trajectories over 25 ps for each canonical ensemble—the ion pair
and a heat bath used to fix the temperature at 300 K. The center of mass of each ion
pair depends on the location of the anion, so we reasoned that the difference in size
between the ion pairs would be reflected in the radius of gyration Ry. In each case, Ry
fluctuates (Figure 9A; Videos S1 and S2), so it is useful to consider its frequency dis-
tribution (Figure 9B).

The time-averaged values <Rgy> (Table 1) fall in the same order as ty and CCS (Ta-
ble 1). Further, the <Rg> values predict t4 of {[Ru(bipy)3]O,CH}" to be similar to
that of {{[Ru(bipy)s]Br}*. We interpret the standard deviation ¢(R,) as a measure of
size variability (Table 1). Thus, while this value is similar for {[Ru(bipy)s]Br}"
(0.018 A) and {[Ru(bipy)s]C}* (0.019 A), it is greater in the case of {[Ru(bipy)s]i}*
(0.025 A) because this latter ion pair is more flexible. The contrast in (Rg) is more
striking for carboxylates {[Ru(bipy)s]O,CH}* (0.025 A) and {[Ru(bipy)s]OAc}*
(0.047 A) because AcO™ is larger and induces surprisingly large geometric distor-
tions in the bipy ligands. Both carboxylates engage in O--+H-C interactions with
[Ru(bipy)s]?*, as illustrated by the number of hydrogen bonds between the ions
over the MD trajectory. The average number of hydrogen bonds in {[Ru(bipy)s]
O,CH}* (2.49; Figure S108) is higher than that in {[Ru(bipy)3]OAc}" (2.34; Figure S109)
because hydrogen bond formation is sterically hindered in the latter. This hindrance
toward forming a more stable static structure may be why the acetate experiences
large structural changes.

When subjected to high-energy collisions, ruthenium diimine ion pairs undergo
diverse gas-phase reactions dominated by charge reduction. Such pathways, which
depend greatly on the basicity and reducing power of the anion, include ligand-
centered reactions that give topical anionic ligands. Much has been made of redox
and (to a lesser extent) acid-base non-innocence of coordinated diimines, but less is
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Figure 9. lon pairs are highly fluctional on the picosecond timescale

(A) {[Ru(bipy)3](OAc)}* features hydrogen bonding and samples the fewest geometries, in contrast
to {[Ru(bipy)s]CI}".

(B) The ion pairs exhibit different size distributions.

known about their susceptibility to hydride attack. This underscores the importance
of our detection of anionic diimine derivatives, especially hydride adducts relevant
to hydrogen evolution. At lower energies, the ion pairs persist, so we can learn their
relative sizes by IMS, which agree with those determined by MD simulations. The
latter paint a picture of ion pair flexibility, which is greatest for larger ion pairs and
least for smaller ones. Information from MS can be relevant to bulk reactions because
internal energy distributions in CID are qualitatively similar to thermal energy distri-
butions.®>” However, there are caveats that come with extending lessons from gas-
phase studies to bulk solution, where most photoredox catalysis is conducted. First,
our ions are dilute, desolvated, and often subjected to large collision energies. Sec-
ond, we only detect charged species. It is for this reason that we used dicationic
complexes, so even when charge reduction occurs, we still see monocationic frag-
ments and can infer the identity of neutral species lost. The basicity and reducing po-
wer of most anions we use in photocatalysis are not usually considered to be strong
enough to influence reactivity. A key lesson we present here is that we should not
underestimate this reactivity, steering clear of certain anions (e.g., I~ and AcO") if
we want Ru diimines to maintain their integrity.

Overall, MS is a sensitive approach that yields detailed information about the inner-
and outer-coordination spheres of diimine complexes, which may guide us toward
more effective photosensitizers. Our experimental and theoretical case study is gener-
alizable to ion pairs in general. All we need is for the ion pairs to be charged, a condi-
tion best met when the magnitudes of the constituent ionic charges are nonequal.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Requests for further information should be directed to and will be granted by the
lead contact, Dr. David Schilter (schilter@txstate.edu).
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Materials availability
This study did not generate new materials.

Data and code availability
Any additional information required to reanalyze the data reported in this paper is
available from the lead contact on request.

Experimental details

The racemic salts [Ru(bipy)s]Cl; and [Ru(phen)g,](:lz,40 [Ru(bi|oy)2(|ohen)]C|2,‘H and
[Ru(bi|oy)3](BArF4)242 were prepared as previously reported. Stock solutions were
prepared using HPLC-grade MeOH and MeCN and deionized/millipore-filtered
H,O. [Ru(NAN)ICl; (10 mM in H,0), "BusNX (X~ = F~, Br, |7, PFs~, AcO;
10 mM in H,0), NaX (X~ = BPh,~ and BAr,~; 10 mM in MeOH), and NaO,CH/
HO,CH buffer (NaOH [0.4 mg, 10 pumol], HO,CH [20 pL, 0.53 mmol] in H,O
[4.3 mL], and MeCN [16 mL]) solutions were prepared and stored in a refrigerator.

Solutions for MS were prepared by diluting stock solutions of [Ru(N~AN)3]Cl; (5 pL x
10 mM) and the anion X~ (10 pL x 10 mM) with MeOH (985 pul), such that
[[RU(NAN)3]?*] = 50 uM and [X~] = 100 uM. A syringe pump infused these solutions
(10 pL min~") into a Waters Synapt XS ion mobility mass spectrometer, in which ESI-
generated ions encounter a resolving quadrupole, traveling-wave ion mobility cell,
and then a TOF analyzer. Data were acquired in high-resolution positive-ion mode
with cone of 10V, source offset of 4.5, source of 80°C, and N, desolvation temper-
ature of 200°C.

MS data were acquired at different capillary voltages over the range 0.31-1.51 kV.
MS/MS data were acquired at a capillary voltage of 1.25 kV, acquiring scans at
different transfer collision energies until all parent ions dissociated. The low-mass
resolution of the quadrupole was typically ~4, whence most isotopologs of the
parent ions were transmitted. The resolution was increased up to 15 if necessary
to ensure the parent ion was pure. 10 MS scans were acquired at each capillary
voltage, and 10 MS/MS scans were acquired at each transfer collision energy. The
spectra were combined and integrated in MassLynx v4.2. For MS-IMS-MS, we
used a capillary voltage of 1.07 kV and a low-mass resolution of 15 to select the
most intense isotopologs of the parent ion envelope to enter the N,-filled mobility
cell. The final mobiligrams depict elution of the most intense isotopolog. The wave
velocity was 4.6 ms~', and the wave height was either 43.1V (data presented here) or
24.7 V (data presented in the supplemental information). In each case, 117 scans
were acquired and allowed conversion of arrival times ty into CCS using
DriftScope v3.0. Selected measurements were repeated after 1 week, with no
change in ty. We calibrated our instrument with a solution containing succinic
acid, salicylic acid, theophylline, pantothenic acid, stearic acid, perfluoroheptanoic
acid, perfluorooctanoic acid, perfluorononanoic acid, perfluorodecanoic acid, per-
fluorododecanoic acid, poly(pL-alanine), and ultramark 1621 in MeCN-H,O (1:1) +
0.089% HCO,H. These species form ions with known CCS values.*®

Computational details

DFT calculations were performed on the QUICKSTEP program within the CP2K pack-
age,*® using GTH pseudopotentials.** We used the Perdew-Burke-Ernzerhof func-
tional*> and DZVP-MOLOPT beasis set.*® We did not set any periodicity. The geom-
etry optimizations relied on a limited memory algorithm (LBFGS)*” with a force
convergence criterion of 0.02 eVA~'. DFT-based MD simulations were started
from the optimized structures, which we equilibrated for 3 ps to converge the
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potential energy (Figure S110) in the NVT ensemble with a Nosé-Hoover thermo-
stat*® set at 300 K. We used a time step of 0.5 fs to integrate the equations of motion.
We count O«++H-C contacts as H bonds if f{OC) < 3.2 A and ZOHC > 90°. The
optimized structures were also used to predict collision cross-section CCSyc
through N, at 300 K. We implemented the trajectory method within the IMoS pro-
gram, wherein a Verlet algorithm computes a Lennard-Jones 4-6-12 potential for
the ion and N species.”’

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2024.102071.
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