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Tris(diimine)iron(i) complexes are aspirational photosensitizers but their small ligand fields confer lability and
distinct redox properties. We study these aspects in the gas phase using mass spectrometry and density-
functional theory of [Fe(NAN)s?* dications (NAN = 2,2’-bipyridine (bipy), 1,10-phenanthroline (phen), 4.4'-
dibromo-2,2/-bipyridine (bipy™), 4,4’-diltert-butyl)-2,2-bipyridine (bipy'®4). Collision-induced dissociation of
ion pairs {[Fe(NAN)sIX}* (X = BPh,~ and BAr,~; Arf = 3,5-bistrifluoromethylphenyl) requires high energies,
not because of strong ion pairing but because the tetraarylborates are poor ligands, such that the lowest-
energy pathway requires ligand dissociation. Dissociation of dications reveals contrasting thermal stabilities
(IFe(bipy" ®)s1** > [Fe(phen)sl** > [Felbipy®)sl** > [Fe(bipy)(phen),I** > [Felbipy)a(phen)** > [Fe(bipy)sl*),
while ion-mobility spectrometry reveals their relative collision cross-sections ([Fe(bipy™8¥)5>* > [Fe(bipy®)sl**
> [Fe(phen)s]?* > [Felbipy)iphen),]?" > [Felbipy),(phen)>* > [Fe(bipy)s**). Dications can be reduced to their
respective monocations with [1,3-dicyanobenzene]™, and the extent of reaction increases with calculated
redox potentials for [Fe(NAN)s]2+/* couples. Despite the ligand-centered nature of the redox processes, the
stabilities of the radical monocations ([Fe(bipy ™ Y]* ~ [Fe(phen)sl* > [Fe(bipy)(phen)sl™ > [Fe(bipy).(phen)]” >
[Felbipy®)sl* > [Felbipy)s]™) follow a similar order to the dications. This suggests that the n-donor and -acceptor
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Introduction

Tris(diimine)iron complexes’ have enjoyed renewed attention
because of their promise in photoredox catalysis.> For example,
octahedral Fe complexes of 2,2’-bipyridine (bipy, Fig. 1a) or
1,10-phenanthroline (phen) derivatives are archetypes®* from
which one can develop first-row-transition-metal photosen-
sitizers® for the synthesis of solar fuels and fine chemicals.®
Although the small ligand fields of first-row-transition-metal
complexes’ do not discount them from being useful photosen-
sitizers, such complexes have lower thermal stabilities than do
precious-metal d® analogs like [Ru(bipy);]**.® The weak metal-
ligand bonding in first-row-transition-metal complexes neces-
sitates care but affords rich chemistry. For example, mixtures of
[Fe(bipy)s]** derivatives undergo rapid ligand redistribution
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properties of diimines are apt to stabilize both charge states, as would be present in photoredox catalysis.

(Fig. 1b),” a process that is amenable to study by electrospray
ionization mass spectrometry (ESI-MS). ESI affords gas-phase
ions with similar internal energy distributions to those in
solution,'® ensuring that the data are reflective of the diverse
speciation in processes such as ligand exchange'™'? and
catalysis.'® This allows one to determine the relative thermal
stabilities of labile species in terms of their propensity to
undergo collision-induced dissociation (CID).

Much like their Ru analogs, photoexcited Fe diimines
[Fe(N~N);]*"* can, in principle, undergo oxidative or reductive
quenching. The latter reaction affords the topical reduced
species [Fe(N~N);]*, data for which are scarce. Solid salts of
monocations [Fe(bipy);]" and [Fe(bipy™®"),]" (bipy’™®" = 4,4’
di(tert-butyl)-2,2'-bipyridine, Fig. 1c) are known, and electro-
chemically- or chemically-generated [Fe(bipy)s]" gives rise to an
almost isotropic EPR signal (g = 1.996 with temperature-
dependent line-broadening),’* and a Méssbauer absorption
(6 =0.33 mms '; AEq = 0.37 mms ™ ')" that are consistent with
bipy-~ binding Fe™ as part of a [Fe"(bipy),(bipy-)]" description
with fast electron-hopping between ligands. In contrast, density
functional theory (DFT) calculations suggest the radical to be fully
delocalized.'® Despite the catalytic significance of such monocations,
satisfactory analytical or structural data on them are not available,"
which suggested to us that alternative methods may be necessary to
further understand these complexes.
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a. Iron and ruthenium diimines.
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b. Previous work: monitoring ligand exchange
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c. Previous work: chemical reduction of [Fe(N*N);]?* to [Fe(NAN),]*
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d. This work: evaluating anion binding, dissociation & redox properties
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Fig. 1 (a) Fe and Ru diimines [M(NAN)s]?* have contrasting photochemistry.
(b) [Fe(NAN)z]>* species undergo ligand exchange in solution, affording mix-
tures amenable to mass spectrometry. (c) Photoredox catalysis can involve
reduced species like ligand-centered radicals [Fe(NAN),(NAN-)I*. (d) This paper
describes homo- and heteroleptic [Fe(NAN)s]?* complexes in the gas phase:
how they bind anions, undergo collision-induced dissociation (CID), get
reduced and undergo electron-transfer dissociation (ETD).

16-18

Although we were inspired by the above and other works,
important unanswered questions remained. What are the atomic and
electronic structures of ligand-exchange intermediates and fragments
thereof? Do dications [Fe(N*N),*" interact appreciably with mono-
anions and what are the stabilities of the resulting ion pairs? What are
the stabilities of the (homoleptic and heteroleptic) dications them-
selves? And, most crucially: how can we compare the propensities of
different dications [Fe(N*N),]* to get reduced to monocations
[Fe(N"N);]", and what are the relative stabilities of the latter? Here,
we answer these four important questions by studying [Fe(N*N),[**
(N*N = bipy, phen, bipy™, 4,4’-dibromo-2,2’-bipyridine (bipy™))
complexes in detail using MS, tandem MS (MS*) and ion-mobility
spectrometry (IMS). Our annotations of mass spectra are aided by DFT
and MD calculations, which further offer a detailed picture of atomic
structure and redox potentials of Fe diimines (Fig. 1d).

Results and discussion
Diimine ligand redistribution

Tris(diimine)ruthenium complexes are kinetically inert, in con-
trast to their first-row Fe counterparts, for which ligand dis-
sociation and redistribution are relatively rapid.'* One study on
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[Fe(bipy)s]*" derivatives bearing amide hydrogen-bond donors
(Fig. 1b) has described the catalytic effect that the basic anion
Cl™ has on ligand redistribution.” Being a hydrogen-bond
acceptor, Cl™ ‘gathers’ bipy ligands together, making ligand
exchange facile. Yet, we wondered if Cl™, aside from this
hydrogen-bonding role, may have a catalytic role as a ligand
for Fe intermediates. We considered equimolar [Fe(bipy)s]**
and [Fe(phen);]*" (without amide substituents) and used ESI-
MS to monitor ligand redistribution with: (i) no additive, (ii)
10 equivalents ["Bu,N]Cl or (iii) 10 equivalents ["BusN]PF, (we
used [Ru(phen);]Cl, as a substitutionally-inert (and redox inert,
under these conditions) internal standard), measuring intensi-
ties of [Fe(bipy)s]”* (m/z 262; Fig. 2a), [Fe(bipy),(phen)]**
(m/z 274), [Fe(bipy)(phen),]*" (m/z 286) and [Fe(phen);]**
(m/z 298). The relative intensity of [Fe(bipy)s;]**, for example,
approximately follows first-order decay on the approach to
equilibrium, which is slowest when no additive is present. It
is faster with added ["Bu,N]|Cl but even faster with ["Bu,N]PF,
present (Fig. S43-S48, ESIt). Thus, ligand redistribution is
faster in solutions of high ionic strength, particularly with the
non-coordinating anion PFs . We posit that although Cl™ may
help convert [Fe(bipy);]”" into labile intermediates like cis-
[Fe(bipy),Cl,], excess Cl~ present may compete with phen
for reaction with this intermediate, thereby slowing the subsequent
formation of the ligand-exchange product [Fe(bipy),(phen)]*".

Homoleptic complexes:

100, | Anion binding

v Fragmentation

v Reduction/fragmentation

—— [Fe(phen) 2 |

Heteroleptic complexes:
v Fragmentation
v Reduction/fragmentation

S 286.0858

. 298.5883
[Fe(bipy)(phen),]?
. 286.5881
[Fe(bipy),(phen)J2*
i 2+
[Fe(bipy)e} ” 026:: 5867 sesosee || 2670000 270882 -
262.0845
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cis-[Fe(bipy),Cl,] [Fe(bipy),CIl*

Fig. 2 (a) Example ESI-MS of a solution containing [Fe(bipy)sICl, (2 pM)
and [Fe(phen)s]Cl, (2 uM) after 4 h at 26 °C in MeOH. (b) DFT-calculated
structures of high-spin cis-[Fe(bipy),Cl,] and trigonal-bipyramidal
[Fe(bipy),Cl™ at the PBE/DVZP level of theory.
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Given the possible intermediacy of cis-[Fe(bipy),Cl,], we conducted
DFT calculations on this complex in the gas phase. The ligand field
for cis{Fe(bipy),Cl,] is weaker than that for [Fe(bipy);]*", so the
former certainly prefers a high-spin state (Fig. 2b), as it does in the
solid state according to magnetic measurements.” A high-spin
state is also preferred for trigonal-bipyramidal [Fe(bipy),CI]". The
solvated version of this complex cis{Fe(bipy),CI(MeOH)]" is also a
possible intermediate in ligand redistribution.” One reason for the
fast interconversion between diimine complexes [Fe(N*N);J*",
[Fe(N*N),CI]" and cis{Fe(N"N),Cl,] is that they all have the same
ground-state spin (S = 2), such that the reactions are spin-allowed.
Nevertheless, because our calculations are in the gas phase and the
ligand-exchange processes happen in MeOH, we cannot rule out
two-state reactivity (spin-crossover),”>> whereby the reactions also
occur over other spin manifolds.

For comparison, solid [Fe(bipy);]Cl,-5H,0O is low-spin but
extrudes bipy at 200 °C to give high-spin [Fe(bipy),Cl,], which at
250 °C converts into [Fe(bipy)Cl,], also a quintet.® In that study,
[Fe(bipy)s;]** might access a high-spin quintet state that under-
goes rapid, spin-allowed pyrolysis into high-spin products.”?
We do not dwell on ligand redistribution here, and use it only
as a route to heteroleptic complexes. We now describe homo-
and heteroleptic complexes [Fe(N"N);]*" in terms of the:
(i) relative stabilities of ion pairs {[Fe(N"N);]X}", (ii) relative
stabilities of the complexes themselves, and (iii) nature of the
reduced species [Fe(N*"N);]".

Anion binding

Metal diimine photosensitizers are usually deployed in
solution, and the choice of anions can affect stability, solubility
and reaction selectivity. Ion pairing is amenable to study by ESI
because it is a gentle solution-phase process that affords
charged droplets that are subsequently desolvated. Although
ESI is a soft method, we must stress certain caveats in using
ESI-MS data to make conclusions about ions pairs in solution.
First, because we only observe charged species, we are blind to
2:1 ion clusters such as {[Fe(N"N);]X,}. Second, desolvation of
the droplets leads to high ionic strengths, and the observation
of ion pairs that may only be very weakly associated, were they
in solution.

ESI-MS of [Fe(N"N);]Cl, did not afford any detectable ion
pairs {[Fe(N"N);]Cl}', even when working at low RF energies,
capillary voltages and cone voltages. These ion pairs were
similarly not observed when switching to atmospheric-
pressure chemical ionization. Addition of "Buy,NOAc did not
afford detectable {[Fe(N"N);]OAc}’, which contrasts previous
detection by us™ and others,'®* of {Ru(N"N);]Cl}* and {{Ru(N"N),]
OAc}". However, we do observe ion pairs {[Fe(N"N);]JBPh,}" and
{[Fe(N"N);]BAr",}" (A" = 3,5-bis(trifluoromethyl)phenyl) on adding
NaBPh, and NaBAr',, respectively. If we consider the abundances of
the ion pairs {[Fe(N"N);]BAr,}" relative to the dicationic complexes
[Fe(N"N);P* (Table S2, ESIt), we see that [Fe(bipy)s]"" binds BPh,~
more strongly than BAr,”. In contrast, [Fe(phen);|" prefers BAr*,~
over BPh, . These intensities depend not only on the binding
strength of the complexes with the tetraarylborates, but also on the
relative binding strengths of other possible ions pairs and ionization

7884 | Phys. Chem. Chem. Phys., 2025, 27, 7882-7892

View Article Online

Paper

efficiencies. Thus, the relative intensities cannot be taken to
reflect the strength of the complex-tetraarylborate interaction.
Although the tetraarylborates are weakly-coordinating in
solution, they apparently experience strong interactions with
the complex dications in the gas phase. We mass-select the ion
pairs and plot the relative abundance (intensity divided by total
intensity) of these parent ions and their daughter ions as a
function of collision energy (CE). With respect to the parent
ions, their relative abundances (‘survival yield’) typically follows
a sigmoidal shape, fitting of which affords the energy required
for 50% dissociation of the parent ion (CEi a measure of
robustness).

CID of {[Fe(bipy);]BPh,}" (m/z 843; CE: = 1.7 €V; Fig. 3a, c and
Fig. S15 and S16 (ESIt) and Table 1) in Ar gas does not afford
[Fe(bipy),(BPh,)]" but instead gives [Fe(bipy)(BPh,)]" (m/z 531),
which our DFT calculations suggest exists in a quintet ground
state with two m'-Ph rings binding Fe (Fig. 3b), rather than an
arrangement with n®-Ph.>® We find that BPh, ™ also undergoes
B-C cleavage to give the aryl transmetallation products
[Fe(bipy),(Ph)]" (m/z 445) and [Fe(bipy)(Ph)]" (m/z 289). Our
calculations indicate that the quintet trigonal-bipyramidal
complex [Fe(bipy),(Ph)]" (Fig. S68, ESI{) is more thermodyna-
mically stable than tetrahedral [Fe(bipy)(bipyPh)]" (+0.18 eV,
Fig. S65, ESIf), wherein the anionic ligand [bipyPh]™ results
from Ph~ attacking a C6 site of bipy. The behavior of
{[Fe(N~N);]X}" ion pairs contrasts that of {{Ru(N*N);]X}" ana-
logs because the latter have such strong coordination bonds.
Thus, the BPh,  anion falls apart before the Ru complex does,
such that ligand-centered arylation of the intact complex
affords [Ru(bipy),(bipyPh)]" and BPh;.>*

The size of BPh,  prompted us to consider how much van
der Waals forces contribute to the cation-anion binding energy.
Our DFT calculations predict an energy change of —4.13 eV
when BPh,~ binds [Fe(bipy)s;]** to give {[Fe(bipy);]BPh4}". This
decreases to —4.53 eV when D3 dispersion corrections are
included, suggesting that dispersion forces account for
~10% of the total interactions between the ions. As mentioned
above, we did not observe the ion pair {[Fe(bipy);]Cl}*, but DFT
calculations suggest that the ion interaction would be —6.15 eV,
which is substantially stronger than that for the diffuse and
large anion BPh, . Accounting for dispersion in the formation
of {[Fe(bipy);]CI}' leads to an energy of —6.33 eV, suggesting
that the interactions contribute only ~2% in this case. That we
do not see ion pairs involving Cl™ is likely more due to its
strong solvation rather than C1~ binding poorly to the dications
in the gas phase.

In contrast to {[Fe(bipy)s;]BPh,}", the analog {[Fe(bipy)s]
BAr*,}* (m/z 1387) does not cleanly lose bipy (CEs = 27.4 eV,
Fig. 3d and Fig. $17-S19 (ESIt) and Table 1) because BAr",~
cannot take its place by ligating Fe. However, the ion pair
{[Fe(bipy);]BAr",}* does give the five-coordinate species
[Fe(bipy),(ArF)]" (m/z 581) as well as the F~ abstraction products
[Fe(bipy),F]" (m/z 387) and [Fe(bipy)F]" (m/z 231). BAr",™ is
more weakly coordinating than BPh,™ in solution, so dearyla-
tion of the former occurs only at higher CE: values.
The analogous phen-containing ion pairs {[Fe(phen);]BPh,}"

This journal is © the Owner Societies 2025
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Fig. 3 (a) CID of {[Fe(bipy)slBPh4}" affords monocationic fragments. (b)
DFT-calculated structure of high-spin [Fe(bipy)(BPh,)* at the PBE/DVZP
level of theory. Fe speciation during dissociation of (c) {[Fe(bipy)sIBPh,}*
and (d) {[Fe(bipy)sIBAr )"

(m/z 915; Fig. S28-S30 (ESIY); CE: = 3.9 eV) and {[Fe(phen);]BAr",}
(m/z 1459; Fig. $31-S35 (ESIT); CE: = 27.5 eV) behave similarly to
the bipy derivatives but have greater CE: values because phen
binds Fe more strongly than does bipy. Although tetraarylborates
are prized as weakly-coordinating anions in solution, it may at
first seem strange that their ion pairs require high energies for
dissociation in the gas phase. But it turns out that each ion pair
{[Fe(N"N);]BAr,}" extrudes neutral species rather than relinquish-
ing its ‘ionic’ bond to give [Fe(N~N);]**, a process that would be
prohibitive given the strength of the electrostatic interactions in
the absence of solvent. Overall, MS is a powerful means to study
the effects that counterions have on metal complexes.””® We
now describe our investigations of the homo- and heteroleptic
[Fe(N~N),;]** complexes in isolation using MS> and ion-mobility
spectrometry (IMS).
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Table 1 MS? and MS-IMS-MS data for [M(NAN)s]?* complexes and their
derivatives

Ion m/z CE%/eV tq/ms
Fe(bipy),]** 184 26.2 7.45
Fe(bipy)(phen)]** 196 30.0 7.87
Fe(phen),]** 208 37.3 8.24
Fe(bipy)s]*" 262 3.6 9.11
Ru(bipy); > 285 26.4° 9.36
Fe(bipy),(phen)]** 274 4.4 9.39
Ru(bipy),(phen)** 297 28.5° 9.74
Fe(bipy)(phen),]*" 286 5.6 9.74
Fe(phen);]** 298 21.3 10.18
Ru(phen);]** 321 38.4° 10.30
Fe(bipy®);]* 498 11.0 13.48
Fe(bipy”®");** 430 24.7 16.85

{[Fe(bipy)s]BPh,}" 843 1.7 33.14

{[Fe(phen);]BPh,}" 915 3.9 34.83

{[Fe(bipy)s]BAr",} 1387 27.4 N.D.

{[Fe(phen);|BAr",}* 1459 27.5 N.D.

[Co(bipy)s]** 263 2.3 9.58

[Co(bipy).]** 185 23.8 7.87

“ Values obtained from ref. 24.N.D. not determined.

Comparing stabilities and sizes of [Fe(N*N),]**

The stabilities of cationic complexes [M(N~N);]"" are often
assessed in solution by methods such as potentiometry, spec-
trophotometry, NMR spectroscopy and calorimetry.>® Though
invaluable, these data are for mixtures that include anions and
solvent, which may perturb the metal-ligand interactions we
are concerned with. Here, we do away with anions and solvent
by studying [Fe(N~N);]** species in the gas phase, comparing
the stability against CID of the complexes [Fe(bipy)s]",
[Fe(bipy)s(phen) ", [Fe(bipy)(phen), ", [Fe(phen)F*, [Fe(bipy™),]*
and [Fe(bipy ™");]*". Each of these [Fe(N"N);]** species loses diimine
NN to give the unsaturated fragment [Fe(N~N),J**. This reaction is
clean because we have sigmoidal breakdown curves—plots of
survival yield versus collision energy (Fig. 4a; see Fig. S10, S23, S37,
S39, S52 and S56 (ESIT) for speciation plots).

Relative to [Fe(bipy);]*" (CE: = 3.6 eV, Table 1), [Fe(bipy"™);]*"
(CE: = 24.7 eV) is more robust on account of the electron -donating
t-Bu substituents making bipy"®" more basic towards the Fe" Lewis
acid. We were curious whether intramolecular van der Waals forces
also contribute to the greater robustness of the heavier complex, so
we obtained energy-minimized DFT-calculated structures of
[Fe(bipy"™");]*" at the PBE/DVZP level of theory both with and
without D3 dispersion corrections. The structures are virtually
identical (for example, r(Fe-N) distances are within 0.01 A), suggest-
ing that van der Waals forces are not a significant contributor in
this case. Given this, we might also infer that the greater stability of
[Fe(bipy™)s]*" (CE; = 11.0 eV) relative to [Fe(bipy);]*" cannot arise
from dispersion interactions involving the heavy Br atoms. An
alternative explanation may be that the electron-withdrawing Br
substituents allow for stronger n-backbonding from Fe" to bipy®™".
Replacing bipy with phen ligands gives more stable complexes,
reflected in increased CE: values. That Fe** binds phen more
strongly than it does bipy is also reflected in [Fe(bipy),(phen)**
(CE: = 4.4 V) and [Fe(bipy)(phen),]"" (CE: = 5.6 V) preferentially
losing bipy instead of phen. Yet, unlike [Ru(N*N);]** analogs, even
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Fig. 4 (a) Breakdown curves of [Fe(NAN)s]®™ as a function of collision

energy. (b) DFT-calculated structures of quintet [Fe(bipy)s]>* and
[Fe(bipy),l2* at the PBE/DVZP level of theory.

without applying collision energy [Fe(N*N);]*" affords ions for
unsaturated [Fe(N"N),]*" species, enabling us to select and
study them. These species are very resistant to further dissocia-
tion (Table 1) because each Fe-N bond gets much stronger
when there are only four of them. In terms of structure, DFT
suggests that [Fe(bipy)s]*" favors a quintet state (Fig. 4b) over
triplet (+0.55 eV) and singlet states (+0.56 eV). CID of
[Fe(bipy)s]** gives [Fe(bipy),]*", which favors a high-spin tetra-
hedral structure (Fig. 4b) over low-spin distorted-square-planar
(+1.09 eV, Fig. S66, ESIT) or high-spin distorted-square-planar
(+0.62 €eV) alternatives. As with the parent complex, the quintet
for brominated derivative [Fe(bipy®);]*" (Fig. $67, ESIY) is lower
in energy than the triplet (+0.59 eV) and singlet (+0.64 €eV)
states.

We noted above that intramolecular van der Waals forces are
not major contributors to the binding energy of a complex. The
heavier complexes have greater CE; values likely because their
mass also results in the complex and the Ar collision gas having
a lower centre-of-mass kinetic energy. The multiple collisions
experienced by the complex ions here preclude us from per-
forming this coordinate transformation.’® Although the Fe
complexes discussed here are similar in structure, we cannot
be certain that their kinetic energy distributions are similar.
For this reason, we exercise caution when comparing our CEy
values.

In addition to studying the robustness of complex dications,
we also performed IMS, wherein we pass ions through N, gas
and measure the arrival time (¢4, Table 1 and Fig. S62 and S63,
ESIT) of each. For a given charge, ions with smaller collision
cross-sections are more susceptible to a traveling voltage wave,
affording smaller ¢4 values. Complexes with more phen ligands
have larger t4 values, consistent with their larger size. The
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lability of some [Fe(N~N),;]** species means that we also learn
about the sizes of unsaturated fragments [Fe(N"N),]>".

Along with [Fe(bipy);]*, we also studied the analog
[Co(bipy)s]** (m/z 263), which forms on reductive quench-
ing of photoexcited [Co(bipy);]*"™*. Chromophores such as
[Co(bipy);]*" and [Co(bipy®)s]** have found renewed interest
because of the Marcus-inverted nature of their photochemistry,
making them long-lived and amenable to electron-transfer with
a catalyst.’® Relative to [Fe(bipy);]*", we find that the 19e~
complex [Co(bipy);]”" has a greater t5, which reflects longer
M-N bonds (Fig. S57 and S58, ESIf). Our measurements are
consistent with related gas-phase measurements,'”'® as well as
crystallographic data for [Fe(bipy);](ClO4), (r(Fe-N)average =
1.965 A)** and [Co(bipy);](Cl04); ((CO-N)ayerage = 2.129 A).*

The reduced state: [Fe(N"N),]*

We now arrive at the final and most important part of our
study. Oxidative quenching of photoexcited [M(NAN);]**
(M = Fe, Ru) can afford trications [M(N~N);]**, for which our
ESI-MS data here for Fe (and earlier® for Ru) do not give any
evidence ([Fe(bipy);'"*", E & +0.61 V vs. "% [Ru(bipy); ">,
E ~ +0.80 V vs. Fc"%).* Conversely, reductive quenching of
[Ru(N~N),;]*** affords monocations [Ru(N*N),]" ([Ru(bipy);]*""*,
E ~ —1.65 V vs. Fc"?).*® We recently found that solutions
containing [Ru(bipy);]*" and the weak reductant I~, when
subjected to ESI, also give [Ru(bipy)s]’, albeit in low relative
abundance.”® This is rather distinct from the gas-phase
reduction of [Ru(bipy);]>" with reductants such as Cs atoms®’
or [fluoranthene].*® The role of the monocation in photocata-
lysis has seen its valence description attract great interest. The
reduction is bipy-centered and gives [Ru"(bipy),(bipy-)]", which
features the radical anionic ligand*® bipy-~ and a metal ion that
maintains its 18e” valence count.

Reductive quenching of [Fe(bipy);]""™* gives the analogous
monocation [Fe(bipy)s;]’, the thermal stability of which we
probed in the gas phase. Thus, we mass-selected [Fe(bipy);]**
(m/z 262, Fig. 5a and b) and reduced it with [1,3-
dicyanobenzene]” ([DCB]") to give [Fe(bipy)s]" (m/z 524), albeit
in low conversion. About 24% of the monocations lose bipy to
give [Fe(bipy),]" (m/z 368), indicating that [Fe(bipy);]" is more
fragile than the dication [Fe(bipy)s]**, which experiences less
than 20% dissociation under the same conditions.

For  comparison, reduced  [Fe(bipy),(phen)]*",
[Fe(bipy)(phen),]*" and [Fe(phen);]*", as well as dibromo deri-
vative [Fe(bipy®);]** and dialkyl derivative [Fe(bipy"®");]*" to
their respective monocations (Fig. 5c-g). The intensity of
reductant anions [DCB]™ (~2 x 10°) was consistent for each
experiment and far greater than that of all Fe complex cations
combined (~10%). This ensures pseudo-first-order conditions,*>*"
such that the intensity of monocations—[Fe(N*N);]" and fragments
such as [Fe(N"N),]"—is proportional to the combined intensities of
all Fe complex cations, which equals the starting [Fe(N*N);**
intensity because this is the parent ion. Thus, the intensity
ratio {{[Fe(N"N);]" + [Fe(N"N),]'}/{[Fe(N"N);]" + [Fe(N"N),]" +
[Fe(N~N);]*'} is the fraction of [Fe(N*N);]*" that gets reduced.
We find that the extent of reduction decreases in the order
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Fig. 5 (a) Reduction and dissociation of [Fe(bipy)s]°*. Dissociation of the
parent dication is negligible. Cationic reaction products of [DCB]~ with (b)
[Fe(bipy)sl®*, (c) [Felbipy)o(phen)l?*, (d) [Felbipy)(phen)l®*, (e) [Fe(phen)sl®*,
() [Felbipy®)sl** and (g) [Felbipy'BY)3]%*. Intensities in selected m/z regions
are increased 15x for clarity.

[Fe(bipy)s"* > [Fe(bipy)a(phen)* > [Fe(bipy)(phen),]*’ >
[Fe(phen);]*" (Table 2). The complex [Fe(phen);]*" is not readily
reduced because the planar phen ligand does not accept an
electron as well as bipy does. Likewise, the extent of reduction
of the bulky, electron-rich derivative [Fe(bipy”®");]** is negligi-
ble. Curiously, we find [Fe(bipy®);]** to be an outlier—its
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electron-withdrawing groups suggest a strong driving force
for reduction but the conversion to [Fe(bipy®);]" was very low.

If our electron transfers are outer-sphere, the rate of
reduction should be related to the potential difference between
the [Fe(N*N);]*""* and [DCB]”~ couples, as per the Marcus
cross-relation. To learn about the driving force for reduction,
we calculated potentials®® (Ecq, Table 2) for gas-phase couples
[Fe(N~N);]**"* relative to [DCB]”~ using the linear response
approximation (LRA) as part of the thermodynamic integration
method.** Briefly, we took snapshots from ab initio molecular
dynamics (MD) trajectories, and used these to compute redox
potentials at the DFT level of theory. E.,. values are qualita-
tively consistent with experimental solution-phase values for
[Fe(bipy)s]*"* (E = —1.66 V vs. Fc"°)** and [Fe(bipy ®"),]*""*
(E = —1.85 V vs. Fc'°).’> Moreover, E.,. values are consistent
with our MS data for the [Fe(bipy);_,(phen),]**
complexes with more bipy ligands are more rapidly reduced.
However, the high E.,. for [Fe(bipy™);]**"* was not reflected in
the observed extent of reduction, perhaps due to steric hin-
drance. Lastly, in addition to reducing the octahedral
[Fe(N~N),]*" species, we could generate, select and reduce the
unsaturated fragments [Fe(N~N),]*", with the reduction yields
being high (40% for [Fe(bipy),]”" and 57% for [Fe(phen),]*";
Fig. S14 and S27, ESIt) because these ions are more electron-
poor than the octahedral dications.

Dissociation of [Fe(N*N);** is slow under our conditions, so we
only observe negligible [Fe(N~N),]**. Thus, the reduced complex
[Fe(N*N);]" is the main precursor to [Fe(N"N),]", whence the
monocation intensity ratio [Fe(N*N);]"/([Fe(N"N);]" + [Fe(N~N),]")
is the ‘survival yield’ of [Fe(N"N);]'—a measure of how stable it is to
diimine loss (Table 2). Complexes in the [Fe(bipy)s;_.(phen),]’
series are more robust if they bear more phen ligands. Although
this is to be expected for the dications [Fe(bipy);_,(phen),J*, it is
not a priori obvious for monocations because the bipy derivatives
are better electron acceptors in view of their higher potentials.
The substituted monocation [Fe(bipy”®);]" is more robust than
[Fe(bipy®)s]", which shows appreciable fragmentation due to the
poor basicity of bipy™. The electron-withdrawing Br atoms stabilize
the ligand in its radical anionic [bipy®] - form, as would be present
in a [Fe(bipy™),(bipy®")]" valence description for [Fe(bipy™),]". Yet
this stabilization is insufficient to overcome the low ligand basicity,
such that the complex is somewhat labile, with 84% remaining
intact (Table 2).

Our data reveal two distinct trends. First, the extent of
reduction trends with redox potential—complexes with higher
redox potentials experience a greater extent of reduction. The
weakness of the trend is likely due to ligand substituents, which
can perhaps attenuate reduction with [DCB]~ because of steric
or other effects. Second, the robustness of the monocations
follows the opposite trend, and mirrors the trend in measured
stability of the dications (Table 1). Thus, ligands that best
stabilize the dications also stabilize the monocations, perhaps
because diimines (i) are intermediate between being hard and
soft, and (ii) confer adaptability in the form of redox non-
innocence. A theoretical study on [Fe(bipy);]** derivatives has
described how diimines act not only as weak m-acceptors but

series—
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512*/* couples correlate with intensity ratios for the gas-

phase reduction [Fe(NAN)32* + [DCB]~ — [Fe(NAN)s]* + [DCBI, and the dissociation reaction [Fe(NAN)s* — [Fe(NAN),I* + NAN

Precursor ion Ecaie/V vs. DCB”™ E/V vs. Fc° %reduction % [Fe(N~N);]" intact
[Fe(bipy)s]** 6.07 -1.66" 11 76
[Fe(bipy),(phen)]** N.D. N.D. 6 85
[Fe(bipy)(phen),]* N.D. N.D. 4 89

[Fe(phen);]** 5.90 N.D. 3 100

Fe(bipy™), 6.29 N.D. 2 84

[Fe(bipy™);]**

[Fe(bipy ®),]** 5.28 —1.85” 1 100

@ value from ref. 42. ? Value from ref. 15.Fc = ferrocene.

also n-donors,”® and this might explain how the ligands stabi-
lize the different charge states.

The gas-phase reduction used here—referred to as electron
transfer dissociation (ETD) or electron transfer with no disso-
ciation (ETnoD)*>*"—is useful for inorganic chemistry because
it can afford species that are challenging to generate in
solution. ETD is a common feature even on low-resolution
mass spectrometers, making it accessible to non-specialists.
Whether used in this study to generate [Fe(N"N);]", or else-
where to make [Ru(bipy);]*,*® [M(phen),]" (M = Fe, Co, Ni, Cu,
7Zn),*® [Cu(bipy),]",* [M(cyclam)]" (M = Ni, Cu)**”° or multi-
nuclear complexes,®® the technique is a powerful way to gen-
erate low-valent species, not least those involved in photo- and
electrocatalysis. Elegant research has shown how the nature of
the reductant anion and charge density of the analyte cation
affect the extent of the latter’s dissociation,*®***3 which is
desirable in the case of biomolecular sequencing using ETD.
However, the influence of analyte redox potential is not well-
explored, and our systematic study here shows how the extent
of reduction—whether dissociative or non-dissociative—is
indeed sensitive to redox potential.

Conclusion

The literature on [Fe(bipy);]*" dates back to 1898,>! yet Fe
diimines continue to yield new knowledge in coordination
chemistry and its application to catalysis. We tease out this
knowledge using gas-phase experimental and theoretical meth-
ods to study a range of diimine complexes [M(N~N);]**. ESI of
MeOH solutions affords ion pairs {[Fe(N"N);]X}" in the case of
tetraarylborates. The lability of [Fe(N*N);]**, which increases in
solutions of high ionic strength, enables us to generate hetero-
leptic species, and the propensity of the complexes to undergo
CID is related to the basicity, mass and rigidity of the ligands
N”N. Although we do not have absolute stabilities or activation
energies, the relative gas-phase stabilities gleaned here are
relevant to solution chemistry because species in the two
different phases can nevertheless have similar qualitatively
similar energy distributions."’

The first report on [Fe(bipy);]** described its oxidation to
[Fe(bipy)s]**,>* yet the monocation [Fe(bipy);]" has received
much less attention, despite its role in photocatalysis. Here,
we uncovered how redox potential and ligand substituents
influence the extent to which [Fe(N*N);]*" gets reduced to

7888 | Phys. Chem. Chem. Phys., 2025, 27, 7882-7892

[Fe(N~N);]". Moreover, the extent to which [Fe(N*N),]" dissoci-
ates gives us clues on the robustness of these monocations.
Overall, we have demonstrated a sensitive and rapid method to
probe Fe diimines in the di- and monocationic forms, which
are charge states relevant to catalysis. We hope that this
methodology proves useful in developing sustainable photo-
sensitizers that also maintain their integrity.

Methods

Experimental section

[Fe(bipy);]Cl,-5H,0 and [Fe(phen);]Cl,-5H,0,® [Fe(bipy);](PFs),
and [Fe(phen);](PFs),,”> [Co(bipy)s](PFe),>® were prepared
according to literature procedures. [Fe(bipy“®");](PFe), has pre-
viously been described.™ [Fe(bipy”®");]Cl, and [Fe(bipy™");]Cl,
were prepared in a N,-filled MBraun LabStar glovebox equipped
with an Al,O;3-charged solvent purification system. NMR data
were acquired at room temperature using a Bruker Avance 400.
The solvent was CD,0D, with residual CHD,OD (5(*H)@3.31 ppm
relative to SiMe,) and (5(**C)@49 ppm relative to SiMe,) used as
ref. 57.

[Fe(bipy”®");]Cl,. FeCl, (41.2 mg, 0.325 mmol) and bipy®"
(270.5 mg, 1.008 mmol, 3.1 equivalents) were suspended in
MeCN (2 mL) and stirred for 3 days. The suspension was cooled
to —30 °C, and the fine red precipitate isolated by filtration,
washed with MeCN (2 mL) and dried to give the product as a
red powder (245.9 mg, 0.2639 mmol, 81%).

'H NMR: 6 8.73 (m, 6H, H3,3"), 7.54 (dd, *Jy = 6.0 Hz, *Jyy =
2.0 Hz, 6H, H5,5'), 7.34 ppm (d, *Juy = 6.0 Hz, 6H, H6,6').
BC{'H} NMR: § 165.25, 160.65, 154.41, 126.05, 122.49, 36.59,
30.60 ppm. ESI-MS: m/z calc. for Cs,H,,FeNy": 430.2578. Found:
430.2572.

[Fe(bipy®);]Cl,. FeCl, (17.9 mg, 0.141 mmol) and bipy®"
(137.5 mg, 0.438 mmol, 3.1 equivalents) were suspended in
MeCN (2 mL) and stirred for 3 days. The suspension was cooled
to —30 °C, and the blue-grey precipitate was isolated by filtra-
tion, washed with MeCN (2 mL) and dried to give the product as
a blue-grey powder (138.9 mg, 0.1300 mmol, 92%).

'H NMR: § 9.08 (s, 6H, H3,3’), 7.75 (m, 6H, H6,6), 7.37 ppm
(m, 6H, H5,5'). *C{'"H} NMR: § 160.39, 156.01, 137.70, 132.71,
129.78 ppm. ESI-MS: m/z calc. for C;oH,gBrgFeNg': 498.7989.
Found: 498.8000.

Caution! [Fe(bipy“®%);]Cl, and [Fe(bipy®);]Cl, are new com-
pounds with unknown toxicities. The hazards associated with
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their handling are likely minor and comparable to those of
[Fe(bipy)3]SO4 (NFPA: Health 1, Flammability 0, Instability 0,
Physical Hazard 0).

Methods for ESI-MS sample preparation and measurement
were similar to those in our previous study on Ru compounds>*
and are detailed in the ESL{ The collision energies reported
here (eV) are the product of the transfer collision energy
(principally voltage, V) used on our Synapt XS spectrometer,
and the ion charge (1e or 2e). Electron transfers were performed
using the Synapt XS ETD option, flowing DCB vapor in He
(30 mLmin™") over a glow discharge source at 1.5 kV and
selecting the generated [DCB]~ (m/z 128) with the quadrupole
set at low-mass resolution of 4.7 in negative-ion mode. The
same quadrupole periodically switches polarity to select the
parent dications [Fe(N~N);]** for chemical reduction. Due to
the different ionization efficiencies of the complex salts, we
adjusted the concentration and low-mass resolution of the
quadrupole in positive-ion mode (Table S1, ESIf) to obtain
comparable ion intensities, which were much lower than the
[DCB]™ intensity. In each case, the data presented are sums of
40 scans.

Computational methods

We calculated the redox potentials by the linear response
approximation (LRA) within the thermodynamic integration
method.** The redox potential E,. for a reaction transferring
n moles of electrons is related to the standard Gibbs free energy
change AG by E.,. = —AG/nF, where F is the Faraday constant.
In the LRA, AG is calculated by AG =1 ((AE)req + (AE)ox), where
(AE)eq and (AE),, are the vertical energy gaps Ereq — Eox
averaged over the configurations of the potential energy surface
for reduced and oxidized species, respectively.>®>° In this work,
both (AE);.q and (AE), were calculated at the DFT level, using
configurations extracted from ab initio MD trajectories.

All atomistic simulations were performed within the CP2K
package,®® using the PBE functional,®® DZVP-MOLOPT basis
set,®” and GTH pseudopotentials.®® We did not set any periodi-
city and used a time step of 0.5 fs to integrate the equations of
motion. All DFT optimizations relied on a limited memory
algorithm (LBFGS)®* with a force convergence criterion of
0.02 eV A™". Systems were successfully equilibrated for 2 ps to
converge the potential energy in the NVT ensemble at 300 K.°°
During the subsequent 2 ps production run, 100 evenly spaced
snapshots were saved for the single-point calculations required for
(AE)eq and (AE).,. The PBE functional is known to overestimate
the stability of low-spin states relative to high-spin states of Fe
complexes.®® To address this, more expensive hybrid functionals
are typically used.®” Here, relative spin-state energies were assessed
by single-point calculations with B3LYP*.%®
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